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bstract

ZnO nanorods and ZnO nanorods doped with Ce3+ have been synthesized by a solvothermal method. The properties of as-synthesized nanorods

ere investigated by TEM, X-ray diffraction and photoluminescence spectroscopy. The results showed that Ce3+ doping and increasing concentration

ould induce the enhancement of photoluminescence.
2007 Elsevier B.V. All rights reserved.

eywords: Zinc oxide; Solvothermal; Cerium doping; Green emission; Concentration

o
e
e
e
t

s
w
d
r
o
n
s

a
t
c

. Introduction

In the recent years, ZnO has attracted much attention of re-
earchers due to its special properties and a potential application.
nO is a typical semiconductor with a wide band gap of 3.37 eV
nd a large exciton binding energy of 60 meV at room temper-
ture [1], which provides it a wide application field including
ptoelectronic devices [2], field-emission transistors [3], light-
mitting diodes [4], solar cells [5], nanoresonators [6], and gas
ensors [7]. ZnO with different shapes has been synthesized,
ncluding nanorods [8], nanowires [9], core–shell nanotubes
10], nanobelts [11], nanoribbons [12], nanotetrapods [13],
anowire-formed microtubes [14], comb-like nano-structures
15] and so on. And one-dimensional single crystalline semi-
onductors have little surface disorder and less deficiency, which
ill decrease the contribution of the surface-related nonradiative

ecombination and are predicted high photoluminescence (PL)

fficiency.

The introduction of impurities can modulate the structure of
emiconductors and cause dramatic change of photoelectric and
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ptical properties [16]. In the case of transition metals or rare-
arth elements, the radiative efficiency of the impurity-induced
mission increases significantly. It is possible to get more inter-
sting PL properties when transition metals are introduced into
he lattice of semiconductor nanorods and nanowires.

Thus, doping impurities into one-dimensional ZnO nano-
tructure to improve the band-gap structure and PL properties is
orthy to be explored. However, although much work has been
one to investigate the optical properties of transition metal or
are-earth metal doped semiconductor particles, the study on the
ptical properties of rare-earth ions doped one-dimensional ZnO
ano-structure is seldom, probably due to rare-earth ions limited
olubility and larger radius compared with Zn2+.

In this work, we synthesized Ce3+ doped ZnO nanorods using
simple solvothermal method and investigated the PL proper-

ies of the sample. The results indicated that the rare-earth ions
ould be partly doped into ZnO lattice and greatly change the PL
roperties of ZnO nanorods. The changes in emission intensity
ith Ce3+ doping were attributed to the lattice defects increase

aused by Ce3+ doping into ZnO lattice.

Besides doping, there might be other factors that could effect

n PL intensities of ZnO nanorods. Here, we changed our sam-
le concentration during PL testing and found PL intensities
ncreased with increasing the concentration.

mailto:cyliu@mail.ipc.ac.cn
dx.doi.org/10.1016/j.jphotochem.2007.09.017
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. Experimental

.1. Materials

Zinc acetate dihydrate [Zn(Ac)2·2H2O, >99%], sodium
ydroxide (NaOH, >99%), anhydrous ethanol and cerium nitrate
exahydrate [Ce(NO3)3·6H2O, >99%] are all obtained from
eijing Chemical Reagents Co. and used without further purifi-
ation.

.2. Synthesis

The synthesis of ZnO nanorods was performed using a
olvothermal method described by Cheng and Samulski [21] and
acholski et al. [22]. Typically, 40 mL 0.25 M NaOH solution

n ethanol was added to 20 mL 0.05 M Zn(Ac)2·2H2O ethanol
olution, and the mixture was stirred for about 30 m. Then, it was
ransferred to a Telfon-lined stainless steel autoclave and heated
t 150 ◦C for 24 h. The system was allowed to cool to room tem-
erature and a final product was collected, washed with distilled
ater and ethanol for several times, separated by a centrifuge,

nd then dried in the air.
Ce3+ doped ZnO nanorods was synthesized by a simi-

ar approach as described above, except for the addition of
e(NO3)3·6H2O into Zn(Ac)2·2H2O solution before the addi-

ion of NaOH solution. The quantities of Ce(NO3)3·6H2O added
as varied to get different doping concentration of Ce3+ in ZnO
anorods. And thermal annealing to as-synthesized samples at
00 ◦C for 3 hours was taken to discuss the origin of the deep-
evel emission.
.3. Characterization

Transmission electron microscopy (TEM) images of samples
nd selected area electron diffraction (SAED) were obtained

c
p
s
s

ig. 1. Typical TEM images of ZnO nanorods doped with Ce3+ ions. (a) Undoped; (b
articles in (b and c). The inset was SAED patterns of corresponding ZnO nanorods.
otobiology A: Chemistry 195 (2008) 151–155

ith a JEOL JEM-CX200 microscope operating at 160 kV. The
amples were prepared by ultrasonically dispersing the prod-
cts in ethanol, and dropped onto a Formvar coated copper grid
200 mesh; placed onto filter paper to remove excess solvent).
he solvent evaporated and dried in the air at room tempera-

ure.
X-ray powder diffraction (XRD) patterns were measured

sing Rigaku DMAX-RB X-ray diffractometer with the Cu K�
adiation (λ = 1.5406 Å), operating at 40 kV. The samples for
RD were repeatedly rinsed and dried at 80 ◦C for more than
0 h. And then it was put onto glass substrates for measure-
ents.
The spectra of the products were recorded on a Hitachi F-

500 fluorescence spectrometer with a lamp source of 150 W
enon. The samples were well dispersed in ethanol by ultra-

onication and prepared with different concentration, from an
riginal concentration of 0.1 mg/mL to a diluted concentration
f 0.01 mg/mL. Measurements were performed using a quartz
ell with a path length of 10 mm. The intensity of emitted light
as detected at a right angle to the incident light.

. Results and discussion

As shown in Fig. 1, the average diameter of ZnO nanorods
as around 40 nm and the aspect ration was larger than 10

Fig. 1a). The introduction of Ce3+ ions induced the changes of
he size and morphology of final products. It is extremely evident
hat the width of the ZnO rod doped with Ce3+ ions increased and
he aspect ratio decreased (Fig. 1b and c). The SAED patterns
the insert in Fig. 1a–c) indicated that the nanorods were single-

rystalline ZnO with a wurtzite structure. In addition, some small
articles were also observed in Fig. 1b and c. The lattice con-
tants calculated from the ED rings in Fig. 1d showed that the
mall particles (in Fig. 1b and c) were not ZnO but Ce impurity,

and c) doped with 1.0% and 3.0% Ce3+, respectively. (d) ED pattern of small
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ig. 2. Power XRD patterns of as-synthesized ZnO doped with Ce3+ ions, (a)
ndoped; (b–e) doped with the initial Ce3+ concentration of 0.5%, 1.0%, 2.0%
nd 3.0%, respectively.

ndicated that Ce3+ ions could only partly dope into the ZnO
ods and others were excluded out of ZnO lattices during the
olvothermal process.

Fig. 2 showed the powder XRD patterns of as-synthesized
nO. Sharp diffraction peaks corresponding to a hexagonal
urtzite structure of ZnO particles were observed, indicating

he ZnO rods prepared by the present method are highly crys-
allized. The lattice constants (a = 3.27 Å and c = 5.24 Å) of the
ndoped samples calculated from the XRD pattern are closed to
he standard values of the reported bulk ZnO (JCPDS file, No.

67-1451, a = 3.249 Å, c = 5.2066 Å). While the lattice parame-
er c increased from 5.239 Å of the sample undoped to 5.251 Å
f the sample doped with the lowest concentration of 0.5%
e3+(calculated from the (0 0 2) peak of each sample). The
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ig. 3. PL and PL excitation spectra of ZnO nanorods doped Ce3+ with ions excited b
t 500 nm.

ig. 4. PL spectra of ZnO nanorods before and after thermal annealing at 500 ◦C, exc
efore and after annealing; (5) (6) 3% doping, before and after annealing.
tobiology A: Chemistry 195 (2008) 151–155 153

ncrease of the lattice parameters revealed that Ce3+ ions have
een incorporated into the ZnO lattice and substituted the Zn2+

on sites, since the ionic radius of Ce3+ (1.03 Å) is much bigger
han that of Zn2+ (0.74 Å). The possible reason that Ce3+ ions
ould be doped into ZnO rods was due to the high pressure of
he hydrothermal process, which pressed the Ce3+ ion into the
attice of ZnO.

PL spectra of ZnO and Ce3+doped ZnO at room tempera-
ure were showed in Fig. 3a. It can be seen that there were two
pparent emission peaks in the spectra, in good agreement with
revious reports [17]. One was at about 381 nm, corresponding
o the near band edge emission. The other was the green emis-
ion band centered at about 500 nm, which is commonly referred
o as the recombination of electrons in single occupied oxygen
acancies with photogenerated holes [18]. As Fig. 3a shown,
he doping of Ce3+ into ZnO nanorods could increase the green
mission intensity obviously. When the doping concentration
eached 1%, the green emission intensity got a maximum in our
xperimental condition.

Fig. 3b was PL excitation spectra of the samples. Similar to
he emission spectra, ZnO nanorods doped with 1% Ce3+ exhib-
ted a maximum intensity. The peaks of the excitation spectra
ppeared at about 366 nm, corresponding to the energy gap of
nO.

Previous work [17] has showed that the increase of the width
f ZnO nanorods and the decrease of aspect ratio did not influ-
nce the PL properties of ZnO nanorods so much. Therefore,

he changes of the PL intensities are mainly caused by doping
f Ce3+.

Generally green emission was attributed to deep trapped
nergy level caused by defects in ZnO lattices, but which type

y 325 nm (a) emission spectra excited by 325 nm (b) excitation spectra detected

ited by 325 nm. (1) (2) undoped, before and after annealing; (3) (4) 1% doping,
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s of ZnO nanorods undoped prepared at different concentration.
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Fig. 5. PL spectra and maximum green emission intensitie

f defects caused the green emission was not clear yet, now.
ommonly, available explanation was recombination of photo-
lectrons and singly occupied oxygen vacancies VO

• [18].
esides, other defects such as zinc interstitial Zni [19], oxide
ntisite defect OZn [20] were also introduced as possible reasons.
n our work, however, the enhancement of the green emis-
ion intensities might be attributed to lattice defects increase
aused by Ce3+ doping into ZnO lattice. Thermal annealing
ould decrease deep-level defects, and result in a reduction
f deep-level emission. Thus, the samples undoped and doped
ith 1%, 3% Ce3+ were heated at 500 ◦C for 3 hours. Fig. 4

howed the PL spectra change of samples before and after ther-
al annealing. For all the three samples, obvious reduction of

reen emission was found, which proved the green emission
ame from deep-level lattice defects.

The PL spectra of the naked ZnO in ethanol with different
oncentrations were shown in Fig. 5. There were three evident
eaks in most cases. The UV peak and green peak appeared at
bout 380 nm and 500 nm, as mentioned above. An extra peak
ppeared at about 360 nm and the intensity became higher at
ow concentration. From the blank PL measurement of ethanol,
t could be confirmed that the 360 nm peak came from ethanol.
t a low concentration of ZnO, the UV peaks at 380 nm could
ot be observed, perhaps the weaken emissions were covered up
y the 360 nm peaks of ethanol.

As shown in Fig. 5a, both the UV emission intensity and
reen emission intensity increased with the concentration of the
ure ZnO. The green emission intensity as a function of the con-
entration showed in Fig. 5b. It can be found that there was a fine
inear relation between the intensity and sample concentration
t the concentration lower than 0.02 mg/mL. At a higher con-
entration, the increasing speed of the intensity reduced. This
ould be explained by Lambert–Beer’s law:

t = I0 e−εcl (1)

here ε and c represent extinction coefficient and concentration
f the sample solution, respectively, and l is the path length of
he light in the solution.

As shown in Fig. 6 , considering a thin liquid layer dx with a
istance x to the surface of the solution, using dI and dF to rep-

esent light energy absorbed by this thin layer and fluorescence
mission intensity, we can get:

F = K dI (2)

i
m
0
E

Fig. 6. A sketch map of fluorescence in the solution.

ight intensities before and after entering this thin layer can be
alculated as I0 e−εcx and I0 e−εc(x+dx), so:

I = I0[e−εcx − e−εc(x+dx)] = I0 e−εcx[1 − e−εc dx] (3)

s εc dx is a small amount, we can get:

I = I0 e−εcxεc dx (4)

fter making the substitution of Eq. (4) into Eq. (2), we can
btain:

F = KI0εc e−εcx dx (5)

luorescence intensity of the solution is an integral though the
hole light path length l, that is:

= KI0εc

∫ l

0
e−εcx dx = KI0(1 − e−εcl)

= KI0

[
εcl − (εcl)2

2!
+ (εcl)3

3!
− · · ·

]

= KI0εcl

[
1 − εcl

2
+ (εcl)2

6
− · · ·

]
(6)

The experimental values of PL intensities and the concentra-
ion of the sample were fitted well, using the Eq. (6), as shown
n Fig. 7 . At a low concentration, emission intensities increased
ith concentration, as light-emitting centers increased at a
igher concentration. When the concentration was higher than a
ertain value, the emission intensity would reduce, because the

nteraction of light-emitting centers became drastic. The maxi-

um emission intensity appeared at the concentration of about
.07 mg/mL. Extinction coefficient ε can be calculated using
q. (6), where c = 1/εl is the concentration corresponding to the
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Fig. 7. Peak value of green emission (a) and UV emission intensity

trongest emission peak. The calculated results show, the emis-
ion peak intensity for green and UV emission are 0.0738 and
.0652 mg/mL respectively. The average value 0.0695 mg/mL
s used to calculate ε. In our experiment l equals to 1 cm, so ε is
4.39 L/g·cm.

The same tests were also carried out with the samples doped
e3+, and similar results were obtained.

. Conclusions

ZnO nanorods doped with different concentrations of Ce3+

ons have been synthesized by a simple solvothermal process.
esults showed that the doping of Ce3+ ions greatly changed the
L properties of the ZnO nanorods, which could be caused by

attice defects increase due to Ce3+ doping into ZnO lattice.
aked samples dispersed in ethanol with different concen-

rations showed different PL spectra and emission intensities
ccorded Lambert–Beer’s law.
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