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Abstract

ZnO sub-micrometer and micrometer rods with hexagonal structure were synthesized by the hydrothermal method and characterized
by X-ray diffraction (XRD) patterns, scanning electron microscopy (SEM) images and Raman spectra. Their luminescent properties
including room-temperature emission spectra, fluorescent dynamics and temperature dependence of luminescence were studied. The
results indicated that, as Zn(NO3), - 6H,O and NaOH satisfied the stoichiometric ratio (1:2) in precursor solution, the ZnO rods were
with an average diameter of 100 nm and length of 1 pm. As NaOH was insufficient or excessive, both diameter and length of the rods
increased significantly. And more, a large number of defect states were involved, which greatly affected the photoluminescent properties
of ZnO rods. The ultraviolet (UV) emission of excitons (3.2 eV) and visible emission (2.0 eV) from deep levels (DLs) of defects were
observed. As NaOH was insufficient or excessive, the relative intensity of the defect emission increased, while that of the exciton emission
decreased. The lifetimes of the excitons decreased with the increase of DLs. Two decay components were observed for the fluorescent
dynamics of DLs. According to temperature-dependent luminescence, some important parameters were obtained and compared, such

as the Einstein temperature for the excitons, the thermal activation energy of excitons or DLs etc.

© 2005 Elsevier B.V. All rights reserved.

PACS: 78.55.Et; 61.46.+w; 33.50.Dq

1. Introduction

As a wide direct band gap (~3.3eV) semiconductor,
ZnO has been attracting much attention due to its potential
applications in short-wavelength UV laser and blue-green
optoelectronic devices [1-7]. The large exciton binding
energy (~60meV) permits exiton recombination well
above room temperature [8-10]. Laser under optical
excitation has been experimentally demonstrated at room
temperature [3—7]. Recently, one-dimensional (1-D) struc-
tures, such as nanowires, nanorods and nanotubes have
aroused remarkable attention due to a great deal of poten-
tial applications in data storage, advanced catalyst, photo-
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electronic devices etc. [11,12]. Moreover, in comparison
with zero-dimensional (0-D) structures, the space anisot-
ropy of 1-D structures provides a better model system to
study the dependence of electronic transport, optical and
mechanical properties on size confinement and dimension-
ality [6,13]. As an important photoelectronic material, 1-D
ZnO nanomaterials also attracted extensive interests in the
past decade. Especially, UV-nanowire laser under optical
excitation in ZnO was realized at room temperature by
Yang et al. in 2001 [6].

Up to now, different techniques have been used to
prepare 1-D nanocrystalline ZnO, such as electrodeposit-
ion method, vapor transport method, vapor deposition
method, vapor-liquid-solid process, wet chemical method
and so on [14-20]. It is conceived that preparation of 1-D
ZnO nanostructures via wet chemical routes without
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involving catalysts or templates provides a promising
option for large-scale production of well-dispersed materi-
als [21-24]. The photoluminescent properties of semicon-
ductors, such as the luminescence of excitons or DLs,
depend upon the preparation techniques strongly [7].

Recently, we systematically synthesized ZnO sub-
micrometer and micrometer rods by a hydrothermal
method, which was originally reported by Liu and Zeng
[25]. The diameter and length of 1-D ZnO rods were mod-
ified, only by changing the concentration of NaOH solu-
tion. In this paper, we mainly reported the structural and
photoluminescent properties of the ZnO rods prepared by
hydrothermal method, including their Raman spectra, pho-
toluminescence (PL), dynamics at room-temperature and
temperature-dependent PL.

2. Experiments
2.1. Sample preparation

All chemicals were analytic grade reagents without fur-
ther purification. In a typical synthesis, 10 mL of 1 M
NaOH aqueous solution was added into 10 mL of 1M
Zn(NO3), - 6H,O aqueous solution at room temperature
under magnetic stir. When white suspension formed,
60 mL of ethanol was introduced under stir for 10 min.
The resultant suspension was transferred into five 25 mL
Teflon-lined stainless steel autoclaves averagely, and main-
tained at 180 °C for 20 h. After the reaction, the Teflon-
lined autoclaves were cooled naturally to room tempera-
ture. Then the white precipitate was collected and washed
with deionized water and ethanol for several times to
remove the ions possibly remaining in the final products.
Finally, the white product (ZnO rods, a) was obtained by
centrifugation and dried at 80-90 °C for 12 h in a vacuum
condition. As comparison, three other similar experiments
have also been performed, only by changing the concentra-
tion of NaOH solution. The concentration of 10 mL
NaOH aqueous solution was changed from 1 M for a to
2M, 8M, 10M for b, ¢, d, and 1 M Zn(NO3), - 6H,O
aqueous solution was 10 mL for all samples. Therefore,
the concentration ratios of Zn(NO;), - 6H,O to NaOH
for a, b, ¢, d were 1:1, 1:2, 1:8, 1:10, respectively.

2.2. Measurements

All samples were characterized by XRD using a rotating
anode X-ray diffractometer with CuKoa radiation (4=
1.5405 A). Raman spectra were measured by a LabRam
Raman Spectrometer (Jobin—-Yvon Company, France). A
488-nm continuous argon ion laser was used as scattering
light source. Photoluminescent spectra were measured by
the same LabRam Raman Spectrometer under the excita-
tion of a 325-nm He—Cd laser source. In the measurements
of the temperature dependence of PL, the samples were put
into a cryogenic unit cooled by liquid nitrogen, in which
the temperature varied from 78 K to room temperature.

Fluorescent dynamics were measured on an FL920-Fluo-
rescence Lifetime Spectrometer (Edinburgh Instruments)
with MCP-PMT. The excitation source was an optical
parametric amplifier (OPA) pumped by a Ti/sapphire
regeneration amplifier (Spectra Physics Co. Ltd.),
which provided a 130fs full width at half maximum
(FWHW) pulse (wavelength of 345 nm, repetition rate of
1 kHz).

3. Results and discussion
3.1. Sample characterization

The XRD patterns of different ZnO samples were shown
in Fig. 1. As seen, all the samples were well crystallized. All
diffraction peaks in the XRD patterns of all ZnO samples
can be indexed as the pure hexagonal structure, which
are consistent with the results in the standard card (JCPDS
05-0664). Apparently, the diffraction peaks in the range of
30-40° (20, the 100, 002 and 101 facets) had a little vari-
ation in different samples. The lattice constants a and ¢ in
all samples were calculated according to the diffraction
locations of 100 and 102 facets, respectively, which were
listed in Table 1. In the standard bulk ZnO powders, lattice
constants a and ¢ are 3.249 A and 5.205 A, respectively.
The values of lattice constants @ and ¢ in these hydrother-
mal synthesized ZnO powders decreased at different extent
in comparison to the bulk powders.

Fig. 2 shows the SEM images of all samples. It can be
seen that rod-like ZnO powders formed in all the samples.
The diameter and length of the rods varied with different
preparation conditions. As Zn(NOs), - 6H,O and NaOH
satisfied the stoichiometric ratio (1:2), the average diameter
of the rods was 100 nm and length was 0.8 um. As NaOH
was insufficient or excessive, the aspect ratio varied little
but the diameter and length both increased. The average
diameter and length of the ZnO rods in different samples
were also listed in Table 1.

Fig. 3 shows the Raman spectra for different ZnO sam-
ples. In the figure, the vibrational peaks at 332, 383, 438,
583, 987, 1101 and 1154 cm™' appeared. All these peaks
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Fig. 1. XRD patterns of different ZnO rods.
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Table 1
Lattice constants, sizes and decay time constants for different samples
Sample Lattice constant Morphology: nanorods Lifetime

a (A) ¢ (A) Size Exciton emission Deep-level emission

Diameter (nm) Length (um) T (ps) 7 (ns) T, (n8) R, (%)

a 3.248 5.193 ~300 ~1.2 101 0.35 7.4 8
b 3.244 5.194 ~100 ~0.8 144 0.28 4.7 6
c 3.245 5.198 ~300 ~3.0 30 0.20 15.3 15
d 3.239 5.196 ~1000 ~10.0 40 1.3 20.6 33

Fig. 2. SEM images of different ZnO rods.
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Fig. 3. Raman spectra of different ZnO rods excited by a 488-nm laser.

were assigned on the basis of group theoretical analysis.
The results as well as a comparison with previous works
were listed in Table 2, from which a good agreement was
evident [26-28].

3.2. Photoluminescent spectra and dynamics at room
temperature

Fig. 4 shows the photoluminescent spectra for different
ZnO powders at room temperature under a 325-nm excita-
tion. It can be seen that all samples have two emission

peaks, a narrow peak at ~3.2eV and a broad peak at
~2.0 eV. The near-UV peak at 3.2 eV (~380 nm) originates
from the recombination of excitons [29], while the peak at
2.0eV (~600nm) from the recombination emission
between the conduction band or shallow donors and inter-
stitial oxygen (O;), which acts as deep-level (DL) O; center
[30,31]. For a and b, the UV-exciton emissions were stron-
ger than the visible emissions originated from the recombi-
nation of oxygen defects. For ¢ and d, the exciton emissions
became much weaker than the visible emissions. In the
other words, the more the oxygen defects are, the less the
excitons are. This suggests that, when they are excited, exci-
tons could be captured by the DL defects, which leads to
the quenching of the exciton emission and the enhancement
of the emission originated from the recombination of the
oxygen defects [7]. This conclusion was also proved further
by the following dynamics of fluorescence. It should be
mentioned here that the main near-UV peak for d, in com-
parison to other samples, shifted to the lower energy side
and a shoulder appeared at the higher energy side of the
main peak. Therefore, the global FWHW become broad.
This can be attributed to the existence of more types of
excitons in the sample d.

Fig. 5(a) and (b) shows the fluorescent dynamics of the
exciton and the defect emission, respectively. The fluores-
cent lifetimes for excitons and DLs were obtained by fitting
and listed in Table 1. It can be seen from Fig. 5(a) that the
exciton-emission decays deviated from exponential rule.
The exciton lifetimes in different ZnO rods varied from
30ps to 144 ps (see Table 1), which agreed with the
reported results (50-300 ps) of bound-exiton lifetime in
bulk ZnO [32]. Decays of the exciton emissions in a and
b were slow, while in ¢ and d were fast. The fluorescence
decay is dominated by radiative decay of the excitons
and various nonradiative processes such as captured by
DL traps, low-lying surface states, and multiphonon scat-
tering [33]. According to the emission spectra in Fig. 4,
more defect states were involved in ¢ and d in comparison
to a and b. This will lead the nonradiative relaxation to
increase. As a consequence, the exciton decay becomes fast.
In Fig. 5(b), there existed two decay components for the
defects emission, a fast one and a slow one. The relative
proportions of the slow process (R,) in a and b were very
small and nearly the same, but increased greatly in ¢ and
d (see Table 1). The existence of two decay components
suggests that two kinds of defect states were involved.
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Table 2
Wavenumber (in cm ') and symmetries of the modes found in Raman spectra and their assignments
Wave number Symmetry Process Ref. [26] Ref. [27] Ref. [28] My result
331 A Acoust. overtone 331 332
383 A, (TO) First progress 383 381 397 383
410 E,; (TO) First progress 407 426
438 E, First progress 438 441 449 438
540 A, (LO) First progress 549 559
584 E, (LO) First progress 584 583 577 583
660 A Acoust. overtone 660
776 Ay, E; Acoust. opt. comp.
987 Ay, E, Opt. comp. 987
1101 Ay, E, Acoust. comp. 1101
1154 A Opt. overtone 1154

olm =
a b ¢ d
Sample
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Fig. 4. Photoluminescent spectra of different ZnO rods excited by a 325-

nm laser at room temperature. Insert: the ratios of integral intensity of the
visible to the UV emission for a, b, ¢, d.
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Fig. 5. Fluorescent decay curves of (a) exciton emission at 392 nm and (b)
defect emission at 600 nm.

The long-lived defect states in ¢ and d increased more
greatly than those in a and b.

3.3. Temperature dependence of photoluminescent spectra

As shown in Fig. 6(a) and (b), the temperature depen-
dence of PL for b and ¢, as the examples of the ZnO rods
containing less and more defect states, were studied respec-
tively. It can be seen that, with increasing temperature, the
main exciton-emission location red shifted, while the inten-
sity decreased and the FWHM became broad for the both
samples. For b, a low shoulder (3.22 eV) appeared at low
energy side of the main exciton peak (3.28 eV) at low tem-
perature and decreased gradually with increasing tempera-
ture. It disappeared completely around 200 K. The
shoulder may come from the emission of some bound exci-
tons. For ¢, the shoulder did not appear. This was attrib-
uted to the strong energy transfer from the excitons at
3.22 eV to the defect states.

The energies of the exciton emissions for b and ¢ were
plotted as a function of temperature, as shown in Fig. 7.
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Fig. 6. Temperature dependence of photoluminescent spectra for (a)
sample b and (b) sample ¢, excited by a 325-nm laser.
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Fig. 7. Peak energy of the exciton emission as a function of temperature.
The scattered dots are the experimental data and solid lines are fitting
functions.

It can be seen that for the both samples, the transition ener-
gies decreased with increasing temperature and changed
more rapidly for c¢. Considering the exciton—phonon inter-
action, the exciton energy as a function of temperature
obeys the Bose—Einstein relation [34],

E(T) = Eo — A/[exp(@k/T) — 1], (1)

where Ej is the transition energy of excitons at 0 K, 4 is the
proportional coefficient, @ is the Einstein characteristic
temperature and 7 is the absolute temperature. By fitting,
Ey was determined to be 3.289 eV for b and 3.260 eV for
¢, A to be 0.24 for b and 0.36 for ¢, O to be 427K
(44.6 meV) for b and 443 K (45.8 meV) for c¢. The values
of Ey are smaller than that assigned to the free excitons re-
ported in bulk or thin-film ZnO (~3.37 eV) [35-37]. Pres-
ently, the lattice constants for the ZnO rods are close to
the standard ZnO powders, and the size confinement effect
should not work at all. Thus the band gap or free-exciton
energy in ZnO rods should be close to that in the bulk
one, i.e. 3.37 eV [35]. Although the fitting was taken in a
narrow temperature range (78-290 K) and the results of
Ey may be not so accurate, we consider that the wet chem-
ical method may introduce various impurities unavoidably,
which act as donors or acceptors in the products. The en-
ergy of free excitons which could be captured by these
impurities, transformed into the luminescence of the bound
excitons or defect states. Therefore we are inclined to as-
sign the main exciton peak in ZnO rods to be the bound-
exciton emission instead of the free-exciton emission and
the emission originated from the free excitons was not ob-
served. According to the fitting results, the obtained values
of O for b and ¢ are very close, suggesting that the modes
of exciton—phonon coupling are the same. The value of 4
for ¢ is larger than that for b, indicating the stronger exci-
ton—phonon interaction.

It is noted that the temperature dependence of exciton
energy was also fitted by the empirical function developed
by Varshni [38]. The results indicate that the Bose—Einstein
fitting function is more suitable for this work. It has been
shown that in polar semiconductors which have optical
phonon branches energetically next to the acoustic ones.

Using the empirical equation that assumes Einstein pho-
nons to fit the variation of exciton-transition energy with
temperature is better than Varshni fitting which assumes
Debey phonons [34].

Fig. 8 shows the temperature dependence of the emis-
sion intensity of excitons. It can be seen that the exciton
intensity decreased more rapidly for ¢ than that for b. In
the figure, the intensity as a function of temperature was
fitted by the well-known thermal activation function [36],

I(T) = Io/[1 + o - exp(—Ea/(ks - T))], (2)

where I is the emission intensity at 0 K, o is the propor-
tional coefficient, E4 is the thermal activation energy, kg
is the Boltzmann’s constant and 7 is the absolute tempera-
ture. By fitting, I, was determined to be 238 for b and 239
for ¢, o to be 2.7 for b and 5.9 for ¢, E4 to be 32.4 meV for b
and 41.5 meV for ¢. The values of E5 obtained for the two
samples are smaller than the binding energy (60 meV) of
free excitons, which also suggests that the excitons do not
come from the free excitons. E, for ¢ is a little bit larger
than that for b, while « for ¢ is much lager than that for b.

The initial temperature (78 K) is not low enough to
resolve the contributions of bound and free excitons in
the near-band-edge emission in this work, however, com-
bining the PL spectra, fitting results and the hydrothermal
method and so on, we also consider that the main exciton
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Fig. 8. The integral intensity of the exciton peak as a function of
temperature. The scattered dots are the experimental data and solid curves
are the fitting functions.
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Fig. 9. FWHM of the exciton emission as a function of temperature.
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Fig. 10. The integral intensity of the deep-level peak as a function of
temperature. The scattered dots are the experimental data and solid curves
are the fitting functions.

peaks in ZnO rods should be assigned to the bound-exciton
emission instead of the free-exciton emission.

Fig. 9 shows the dependence of FWHM of the exciton
emission on temperature. It can be seen that for the both
samples, the FWHM increased with the elevating tempera-
ture. The FWHM for ¢ is broader than that for b at any
temperature, suggesting that there existed more types of
structure or point defects in ¢ than that in b. This was con-
sistent with the dynamics results that the exciton-emission
lifetime for ¢ decreased more quickly than that for b.

Fig. 10 shows the dependence of the emission intensity
of the DL peaks as a function of temperature. It can be
seen that the emission intensity of the DL peaks decreased
with elevating temperature for both the samples, which was
just like the situation in the bulk ZnO reported previously
[39]. For ¢, the intensity changed more rapidly. The inten-
sity as a function of temperature was also well fitted by Eq.
(2). By fitting, I, was determined to be 2.3 x 10° for b and
3.6 x 10° for ¢, o to be 3.9 for b and 47.2 for ¢, E4 to be
39.7 meV for b and 86.4 meV for c¢. The thermal activation
energy for ¢ is much larger than that for b. This is due to a
large number of long-lived defect states involved in ¢, as
discussed by fluorescent dynamics. The long-lived defect
states should have smaller nonradiative relaxation rate
and larger thermal activation rate than that of the short-
lived defect states.

4. Conclusions

In summary, ZnO sub-micrometer and micrometer rods
with hexagonal structure were synthesized by the hydro-
thermal method. As Zn(NO;), - 6H,O and NaOH satisfied
the stoichiometric ratio (1:2), the ZnO rods were with an
average diameter of 100 nm and length of 0.8 pm. As
NaOH was insufficient or excessive, both diameter and
length of the rods increased significantly. And more, a large
number of defect states were involved, which influenced the
photoluminescent properties of ZnO rods significantly. The
UV emission coming from the bound excitons (3.2 eV) and
visible emission (2.0 eV) coming from the DLs were
observed in all the samples. As NaOH was excessive (¢

and d), the intensity of the defect emission increased lar-
gely, while those of the exciton emission decreased at room
temperature. The lifetimes of the excitons varied from 30 ps
to 144 ps at room temperature. The stronger the emission
of the DLs was, the shorter the exciton lifetime was, indi-
cating the nonradiative relaxation of the excitons to the
DLs. Two decay components were observed for the fluores-
cent dynamics of DLs. One lifetime varied from one hun-
dred to several hundreds ps and another one varied from
several to 20 ns. The stronger the emission of DLs was,
the larger the component with long lifetime was, suggesting
long-lived DLs were involved largely in the NaOH-exces-
sive samples. As a function of temperature the exciton
energy was fitted by Bose-Einstein relation, while the
intensity was fitted by the thermal activation relationship,
for the both samples containing less and excessive DLs.
These results indicated that the exciton—phonon interaction
and the thermal quenching became stronger for the DLs-
excessive samples. The thermal activation energies of the
excitons for b (less defects) and ¢ (more defects) were
32.4 and 41.5 meV, respectively. The intensity variation
of the DL emissions also obeyed the thermal activation
relationship, with thermal activation energies of 39.7 and
86.4 meV for b and ¢ respectively.
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