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a b s t r a c t

ZnO nanofibers doped with different Al concentration were fabricated by electrospinning method. The
nanofibers annealed at 600 ◦C showed a polycrystalline hexagonal structure with the diameter of about
150 nm. The grain size of the nanofibers decreased after Al doping. The photoluminescence spectra of all
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the samples presented two luminescence bands at green and orange ranges. And both bands decreased
simultaneously with the Al concentration increasing. The luminescence centers of the green and orange
bands could be attributed to oxygen vacancies and excess oxygen, which might reside inside the poly-
crystalline grains and near the grain boundaries, respectively. And the simultaneous decrease of both
luminescence bands in the Al-doped ZnO nanofibers might be due to the inwards penetration of excess
lectrospinning
hotoluminescence

oxygen.

. Introduction

One-dimensional ZnO nanomaterials have attracted great atten-
ions due to their fascinating properties. During the recent years,

uch effort has been devoted to synthesize ZnO nanomaterials
hrough various approaches [1–6]. Among them, electrospinning
echnique is a versatile and economical approach. The electro-
pun ZnO nanofibers are long in length, uniform in diameter, and
iverse in composition [7–9]. As a wide band-gap semiconduc-
or, ZnO nanomaterials should also be considered as a promising
andidate to be used as the host materials for doping other ele-
ents. Numbers of studies have pointed out that the doped

nO nanomaterials showed enhanced and controllable electri-
al, optical, and magnetical performances [10–12]. In particular,
l-doped ZnO nanomaterials, which have shown competitive prop-
rties as indium tin oxide and with much lower fabrication cost,
ave triggered tremendous motivation because of their potential
pplications as transparent conductive oxide material [13]. Thus
nvestigations on optical properties, including photoluminescence
PL) property, of Al-doped ZnO nanomaterials are of great impor-
ance.

On the other hand, PL spectroscopy has been widely used to

haracterize the defects and impurities in the materials. Gener-
lly, three luminescence bands in the ultraviolet (UV), green, and
ellow–orange ranges can be observed from both undoped and Al-
oped ZnO [11,14]. And, it is well understood that UV emission
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at about 380 nm is derived from near-band-gap emission (NBE)
of ZnO. However, the origins of the luminescences in the visible
range are still in controversy. Several models have been estab-
lished to explain these luminescence bands [15–18]. Djurisic et al.
have observed that the green emission shown a direct correlation
with the surface hydroxide concentrations, and suggested that the
green luminescence of ZnO nanostructures should be attributed to
the surface centers [15,16,19]. Whereas several researchers have
reported that the green luminescence in ZnO could be assigned to
the oxygen vacancies related defects [17,20,21]. Besides, the ori-
gin of yellow–orange luminescence band has not been completely
understood either, most studies were mainly focused on the excess
oxygen [18,22,23] and OH groups on the surface [24,25]. Therefore,
it is still of great interests in further investigating the origins of the
green and yellow–orange luminescences of ZnO nanomaterials.

In the present work, undoped and Al-doped ZnO nanofibers
were fabricated by electrospinning technique. The dependence of
PL spectra on the Al doping has been mainly explored. And the ori-
gins of the green and orange luminescence bands have also been
discussed.

2. Experimental

Al-doped ZnO nanofibers were prepared by electrospinning technique with a
sol–gel aqueous solution. First, the sol–gel aqueous solutions were prepared by dis-
solving zinc acetate dihydrate (Zn(CH3COO)2·2H2O), aluminum nitrate nanohydrate

(Al(NO3)3·9H2O), and PVA powder (10 wt%) in deionized water. Zinc acetate and alu-
minum nitrate were used as precursor and doping source, respectively. The mole
ratio of Al/(Zn + Al) ranged from 0 to 5%, respectively. Then the solutions were heated
at 60 ◦C under a vigorous magnetic stirring to yield clear and homogeneous solutions.
After stirring for 6 h, the solutions were injected into an electrospinning apparatus,
which was assembled with a glass syringe, a stainless needle with the inner diam-
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estimated from the most prominent three peaks of the XRD patterns
by Scherrer formula, expressed as

d = 0.89�

B cos �
, (1)
ig. 1. SEM images of the as-spun ZnO with PVA (a), the obtained undoped ZnO (b),
orresponding enlarged images.

ter of about 0.5 mm, a DC high-voltage source, and a grounded iron sheet as the
ollector of nanofibers. During the electrospinning process, the distance and the
oltage between the needle and the iron sheet were 15 cm and 18 kV, respectively.
nd the spun nanofibers were collected on the n-type (1 1 1) silicon substrates in
ir for further treatments. Finally, the as-spun nanofibers collected on the silicon
ubstrates were annealed in O2 or air ambient at 600 ◦C for 2 h to decompose PVA
nd obtain undoped or Al-doped ZnO nanofibers.

The morphologies of the samples were observed by FE-SEM (Hitachi S-4800)
t an accelerating voltage of 5 kV. XRD spectra of the samples were conducted
n a Philips X’pert Pro X-ray diffractometer equipped with a CuK� source
� = 0.15406 nm) at an incident angle of 1◦ . Micro-Raman spectra of the samples
ere recorded on a JY-HR800 micro-Raman spectrometer using a 532 nm wave-

ength YAG laser. The PL properties of the ZnO nanofibers were measured on a
pectrofluorophotometer (RF-540, Shimadzu Ltd.) using 325 nm line of He–Cd laser
s excitation source. All the measurements were taken at room temperature.

. Results and discussion

Fig. 1 shows the SEM images of the electrospun ZnO nanofibers,
nd the insets are their corresponding enlarged images. Fig. 1(a)
resents the typical morphologies of the as-spun undoped ZnO
anofibers before annealing. The randomly-oriented nanofibers
ith smooth surface and regular morphology show uniform diam-

ter of about 150 nm and length up to several centimeters. After
nnealing in O2 at 600 ◦C for 2 h, the obtained undoped and
% Al-doped ZnO nanofibers remain a continuous nanostructure,
s shown in Fig. 1(b) and (c), respectively. The surfaces of the
anofibers become rough and granular with grain size of 20-30 nm.
esides, compared with the grains of undoped ZnO nanofibers, the
rains of 5% Al-doped ZnO nanofibers are much more loosely com-
acted.

Fig. 2 shows the XRD patterns of the Al-doped ZnO nanofibers
ith the Al concentration ranging from 0 to 5%. The observed peaks
an be assigned to the (1 0 0), (0 0 2), and (1 0 1) etc. crystalline plane
f hexagonal crystalline phase of ZnO materials (PDF# 361451).
hile no other XRD peaks corresponding to Al2O3 are detected in

he Al-doped ZnO nanofibers. XRD analysis indicates that all the
anofibers are predominantly of polycrystalline hexagonal struc-
% Al-doped ZnO (c) nanofibers after annealing at 600 ◦C in O2. The insets show their

ture, in despite of the Al dopants. Further comparing the diffraction
patterns of the undoped and doped samples, a shift to the large
angle of diffraction peaks of 5% Al-doped ZnO compared with that of
the undoped ZnO is observed, as shown in inset of Fig. 2. The shift of
(1 0 0) and (0 0 2) peaks between the two samples were found to be
0.055◦ and 0.068◦, respectively. The small shift could be attributed
to the smaller atom radius of substituted Al3+ (0.53 Å) than that of
Zn2+ (0.60 Å) in the polycrystalline lattice. The shift of the diffrac-
tion peaks indicates the incorporation of Al into the ZnO lattice. In
addition, all samples exhibit broadened diffraction peaks.

Average diameters of the nanocrystallites of the samples were
Fig. 2. XRD patterns of undoped and Al-doped ZnO with different concentration
annealed at 600 ◦C in O2, inset indicates the shift of the (1 0 0) and (0 0 2) peaks
between undoped ZnO and 5% Al-doped ZnO.
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to the inward penetration of excess oxygen. For the undoped ZnO
ig. 3. Raman spectra of undoped and Al-doped ZnO with different concentration.

here d, �, �, and B are the mean grain size, the wavelength of X-ray,
ragg diffraction angle, and the full width at half maximum of the
iffraction peak, respectively. It can be calculated that the average
iameters of the nanofibers with Al doping concentration of 0–5%
re 28.4, 19.3, 16.7, 17.4, 16.4 and 17.8 nm, respectively. Therefore,
he incorporation of Al into ZnO could lead to the decrease of the
rain size.

Fig. 3 shows the Raman spectra of the undoped and Al-doped
nO (2% and 4%) annealed at 600 ◦C in O2. All samples present
n obvious band at 438 cm−1, which can be assigned to E2 (high)
honon scattering mode [26,27]. E2 (high) mode, predominately
ssociated with vibrations of O sublattice, is typical for ZnO hexag-
nal structure [26]. In addition, E2 (high) mode is sensitive to the
tress within the samples [28,29]. In this case, the peak shows no
hift between undoped and Al-doped ZnO nanofibers. Thus the Al
opants did not introduce any additional stress into the samples.
esides, both Raman spectra of 2% and 4% Al-doped ZnO nanofibers
resent another vibration band at 587 cm−1, which is contributions
rom both the A1 (LO) and E1 (LO) modes (LO scattering mode) due
o random crystallite orientation [30]. Whereas, the LO mode can be
arely seen from the undoped ZnO nanofibers. The enhancement
f the LO mode by the Al doping has also been reported previously
27,31]. And it was attributed to the electric field induced (EFI)
aman scattering. The carrier concentration difference between
he grain and the grain boundary leads to a depletion layer near
he grain boundary, which further results in a built-in electric field
ithin the separate grains. Since the intensity of the LO scattering

s proportional to the electric field, and the strength of the elec-
ric field in the Al-doped grains is higher than that in the undoped
rains because of the higher carrier concentration difference [27],
hen the Al-doped ZnO nanofibers show an enhanced intensity of
he EFI Raman scattering. Furthermore, according to the XRD data,
rain size of Al-doped ZnO nanofibers decreased compared with
hat of undoped ZnO nanofibers. Thus, the higher density of grain
oundary of Al-doped ZnO can also account for the enhancement
f LO Raman scattering [30].

The PL spectra of the samples annealed in O2 ambient at 600 ◦C
ith different Al doping concentrations (0%, 1%, 3%, and 5%) were

hown in Fig. 4(a). It can be seen that the intensities of the NBE
t 383 nm nearly keep the same for all the samples. However, the
ntensities of the broad luminescence bands in the visible range
ecrease dramatically with increasing Al doping concentration.
hen the Al content reaches 5%, the broad visible bands nearly
isappear. The broad luminescence bands in the PL spectra of ZnO
re believed to come from defects-related transitions [20,23]. How-
ver, the exact origins of the visible luminescence bands of ZnO are
till not fully understood.
mpounds 506 (2010) 772–776

To investigate the origin of this phenomenon, the broad band
in the PL spectrum of the undoped ZnO nanofibers was fitted into
two peaks using a Gaussian profile, as shown in Fig. 4(b). The green
and orange luminescence bands, locating at 533 and 620 nm show
nearly the same intensity. The intensities of both luminescence
bands decrease with increasing Al doping concentration.

As for the origin of the green luminescence band, there are
mainly two hypotheses. One is the oxygen vacancy related radia-
tive recombination [17,20]. The other is the surface defects-related
recombination [32,33]. In our study, it can be found that the grain
sizes decreased after Al doping, according to the XRD data, and the
increased surface states related to the decreased intensity of green
emission. Thus the green emission cannot be assigned to the sur-
face defects. Then the green luminescence of the ZnO nanofibers
might derive from the oxygen vacancies-related defects. To con-
firm above assumption, a control experiment has been conducted
on between 4% Al-doped ZnO nanofibers annealed at 600 ◦C in air
and O2 atmosphere. The PL spectra of them are shown in Fig. 4(c).
The intensity of the green band of the nanofibers annealed in O2
is much lower that that of the sample annealed in air. This sharp
contrast indicates that the green luminescence could be attributed
to the oxygen vacancies, because the oxygen vacancies in the sam-
ples can be well compensated by the annealing treatments in the
O2 atmosphere.

On the other hand, the orange luminescence band of ZnO
material has been less commonly observed compared with green
luminescence band [18,19,21,23]. Mainly two mechanisms for the
orange luminescence in ZnO have been proposed. One is associated
with the excess oxygen [18,22,23], and the other is related to OH
groups on the surface [24,25]. In our experiments, the annealing
treatments in air or O2 at high temperature could remove the OH
groups from the samples thoroughly. This is to say that the ori-
gin of the orange luminescence could not be attributed to the OH
groups. Furthermore, from Fig. 4(d), it can be seen that, compared
with the undoped ZnO nanofibers annealed in O2, the orange lumi-
nescence band of the undoped ZnO nanofibers annealed in air can
be almost ignored, only one broad green luminescence centered at
about 520 nm can be seen from the sample annealed in air. This
contrast could prove that the orange luminescence is related to the
excess oxygen.

From the above analysis, the green and orange luminescence
bands could be attributed to the oxygen vacancies and excess oxy-
gen, respectively. Similar phenomena have also been observed from
the ZnO films, but with the green and yellow–orange lumines-
cences competing with each other [11,22]. In addition, Wu et al.
[21] have found that the green and orange luminescence bands
were not observed simultaneously in ZnO nanorods. In our case,
undoped ZnO nanofibers annealed in O2 show both bands with
nearly the same intensity (Fig. 4(b)), and Al-doping suppresses both
luminescence bands. The reasonable explanation of the coexistence
of the green and orange luminescences in ZnO nanofibers is that
they come from different parts of the grains, which means that the
oxygen vacancies and excess oxygen reside separately.

Furthermore, Zhong et al. [34] have reported that the defects
acting as luminescence centers in ZnO ceramics localized in the
vicinity of the grain boundaries rather than being distributed evenly
throughout the grains. Here, basing on the PL data, it can be
assumed that the oxygen vacancies should distribute inside the
grains and the excess oxygen distribute near the grain bound-
aries. A schematic illustration of the distributions of both defects
is presented in Fig. 5. The separate distribution can be attributed
nanofibers annealed in air, the oxygen vacancies distribute evenly
within the samples (Fig. 5(a)). However, after annealing in O2, the
oxygen vacancies near the grain boundaries could be compensated
by O2 in the atmosphere and the excess oxygen atoms would pen-
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Fig. 4. (a) PL spectra of undoped and Al-doped ZnO with different concentration annealed
Al-doped ZnO annealed at 600 ◦C in O2 and air, respectively. (d) PL spectra of undoped Zn
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ig. 5. Schematic illustrations of the distributions of oxygen vacancies and excess
xygen in undoped and Al-doped ZnO polycrystalline grains.

trate inward the grains. Since the excess oxygen cannot penetrate
oo much in the undoped ZnO grains, the separation of oxygen
acancies and excess oxygen will form (Fig. 5(b)), which lead to
he luminescence centers of green emissions inside the grains and
hat of orange emissions near the grain boundaries. For Al-doped
nO, when Al substitutes Zn in the lattice, the diffusion depth of
he excess oxygen will be larger than that of undoped ZnO due to
he charge equilibrium (Fig. 5(c)). The penetrated excess oxygen
ill neutralize with the oxygen vacancies inside the grains. Thus

oth intensities of green and orange luminescences of Al-doped
nO nanofibers decrease due to the decreased number of both
uminescence centers (Fig. 5(d)). With increasing Al concentration
n the ZnO nanofibers, the number of excess oxygen penetrating

nward will increase, leading to the decreased intensities of lumi-
escence bands. Moreover, in Al-doped ZnO nanofibers, the grain
ize decreases and the grains compact more loosely, compared with
hat of undoped ZnO nanofibers, making the excess oxygen and
xygen vacancies neutralize easily. [
at 600 ◦C in O2. (b) Gauss fitting of PL spectra of undoped ZnO. (c) PL spectra of 4%
O annealed at 600 ◦C in O2 and air, respectively.

4. Conclusions

ZnO nanofibers doped with different Al concentration were
fabricated by electrospinning method and subsequent annealing
treatments. The nanofibers exhibited a typical ZnO hexagonal poly-
crystalline structure with diameter of about 150 nm. The size of
polycrystalline grains of nanofibers decreased with the Al doping.
PL spectra of all the samples presented two luminescence bands at
green and orange ranges, and both decrease with increasing Al con-
centration. Analyses of the PL spectra of 4% Al-doped and -undoped
ZnO nanofibers annealed in different atmosphere have indicated
that the mechanisms of the green and orange luminescence bands
are assigned to the oxygen vacancies and excess oxygen, respec-
tively. A model has been proposed to illustrating the PL spectra.
The oxygen vacancies residing inside the grains and the excess
oxygen near the grain boundaries could account for the simulta-
neous decrease of both luminescence bands in the Al-doped ZnO
nanofibers. From this research, it can be seen that the Al-doped
ZnO nanofibers might be considered as one of the promising can-
didates of ultraviolet laser and light-emitting diodes material due
to the suppression of Al doping on the defects luminescence of ZnO
nanomaterials.
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