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scence, field emission and
femtosecond nonlinear absorption properties of
Al-doped ZnO nanowires, nanobelts, and
nanoplane-cone morphologies

Yu-Tong Cao, Yu Cai, Cheng-Bao Yao, * Sheng-Bin Bao and Yue Han

Al-doped ZnO (AZO) nanowires, nanobelts and nanoplane-cone nanostructures have been successfully

synthesized. The structural, photoluminescence (PL) and field emission (FE) properties of AZO nanowires

have been characterized. The dependence of the PL properties of AZO nanostructures versus excitation

laser power in the range from 1 to 12 mW and temperature in the range of 10–273 K was discussed. The

PL measurement results demonstrated that the ultraviolet emission came from a near band edge

emission, and two peaks in visible light region were due to deep-level emission. Moreover, the AZO

nanowires have a relatively stronger ultraviolet emission than other kinds of samples. The FE

measurements indicate that the turn-on field for the nanoplane-cone structure is 2.52 V mm�1, which is

smaller than 4.42 V mm�1 for nanowires and 5.28 V mm�1 for nanobelts. In addition, the nonlinear

absorption properties of AZO nanowires were measured using a femtosecond Z-scan technique. The

effect of morphology on the nonlinear optical absorption properties of AZO nanowires was studied.

From the results, the AZO nanowires show reverse saturable absorption (RSA) behavior. Furthermore, the

results show that the order of magnitude of the nonlinear absorption coefficient for AZO nanowires is

�10�2 cm3 GW�2. Our results show that AZO films are a promising candidate in further optoelectronic

device applications.
1. Introduction

1D pure zinc oxide (ZnO) and metal-doped ZnO nanostructures
are considered to have potential applications in electronics, and
photon and sensor components due to their excellent optical
and electrical properties.1–8 Also the metal doping amount
controls the optical band gap of ZnO. Particularly, in earlier
reports,9,10 Ga, Al and In metal doped ZnO materials have
received considerable attention due to their interesting photo-
electric and nonlinear optical properties. Al is an excellent
dopant for ZnO due to it having a single positive Al3+, and the
Al3+ has a smaller ionic radius than Zn2+.11 Al is preferable as
a dopant source; it is more suitable to occupy the interstitial
site. In addition, due to the doping of aluminum, the resistivity
of the zinc oxide nanostructure, the high transmittance in the
visible light region and the thermal stability are improved. To
date, some researchers have studied a variety of Al doped ZnO
(AZO) nanostructures, among which thin lms,12–14 nano-
bers,15 micron rods,16 nanowires,17,18 nanorods19 and nano-
particles20,21 have been successfully prepared by various
ndgap Materials, Ministry of Education,

ing, Harbin Normal University, Harbin,

il: yaochengbao5@163.com

hemistry 2019
methods. For AZO thin lms, F. Khan et al.12 have reported
inuence of excitation wavelength on PL spectra of AZO
lms. M. Chen et al.13 have reported surface characterization of
transparent conductive oxide AZO lms. M. Shirazi et al.14 have
reported PL of AZO lm by spray pyrolysis method. The results
show that the near band edge (NBE) emission in PL spectra
shis to shorter wavelengths and Fermi surface shis to
conduction band with increasing the Al content. Y. Liu et al.15

found a decrease in green emission intensity of AZO nanobers
with increasing the Al concentration. Compared with other
dopants ZnO nanomaterials, AZO nanostructures have been
presented for the high conductance duo to provided more
electrons, which can be expected to have a green emission band,
a low turn-on electric eld (EF) and a high emission current
(EC).20 J. L. Wang et al.21 have reported FE characteristics of AZO
nanowires at different oxygen annealing temperature. AZO lm
has been reported by many researchers. Hence, it is important
to investigate the inuence of the dopants on the structural,
morphologies and properties of ZnO nanostructure.22,23

However, the morphologies of 1D AZO nanomaterial are seldom
reported. The inuence of morphology on the structural,
photoelectric and ultrafast nonlinear optical behavior proper-
ties of AZO nanomaterials is still lacking.
RSC Adv., 2019, 9, 34547–34558 | 34547
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Table 1 Experimental conditions maintained for the growth of AZO
nanostructure

Sample
Quality ratio
of ZnO : Al

V
(sccm) T (�C)

t
(min) L (cm)

Nanowires 5 : 1 20 1250 30 21.4
Nanobelts 4 : 1 60 1250 30 16.2
Nanoplane-cone 4 : 1 100 1250 30 17.0
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In this work, AZO nanostructures with nanowires, nanobelts
and nanoplane-cone morphologies had been successfully
synthesized. We study the effect of different parameters on the
morphologies and nanostructures. The results show that
different experimental parameters lead to different sample
morphologies. The room and low temperature photo-
luminescence (RTPL/LTPL) spectra and FE properties of the
AZO nanostructures were further investigated. The results show
that different morphologies and components affect the location
and intensity of the emission peak. The resulting FE showed
that the superior FE properties are attributed to the better
morphologies. Ultrafast nonlinear optical studies in semi-
conductor materials have proven extremely powerful in under-
standing photoelectric properties of materials that are crucially
important in optical devices applications.
2. Experiment

The powder mixture of ZnO and Al as evaporation source was
placed into a ceramic boat and loaded into the tubular furnace.
And the Si (100) substrates with Au lms were placed down-
stream from the powders. Detailed experimental conditions
(the preset temperature (T/�C), quality ratio of ZnO : Al, ow
rate of carrier gas (V/sccm), the evaporation time (t/min),
distance between substrate and evaporation source (L/cm)) are
listed in Table 1. Two important factors are responsible for the
growth of AZO nanostructures: the formation of crystalline
nuclei and axial growth of AZO nuclei. The formation of nuclei
depends on experimental conditions parameters. When the
temperature exceeds 1250 �C, ZnO is easily separated into Zn2+

and O2�, and Al is easily separated into Al3+. Owing to the fast
converge of all ions in low temperature range, nanosized crystal
nuclei were generated. In addition, since ZnO is a polar crystal,
Scheme 1 A schematic illustration of growth mechanism for AZO nano
between substrate and evaporation source for three samples; (a) nanow

34548 | RSC Adv., 2019, 9, 34547–34558
where zinc and oxygen atoms are arranged alternatively along
the c-axis and the top/bottom surface of Zn with catalytically
active and oxygen with chemically inert terminated, respec-
tively. With the control of gas velocity and distance, various
morphologies of AZO nanostructures were formed. Moreover,
since Al atoms have lower vapor pressure than Zn atoms, the
characteristic diameter would be increased with increasing Al
composition. Simply it is directly related to the number of
deposited particles. Growth mechanism of 1D-AZO nano-
structures was shown in Scheme 1. In the Scheme 1(a), AZO
nanowires are up to several tens of microns in length and have
a catalyst particle at the tip. In Scheme 1(c), the AZO nanobelts
were grown by increasing ZnO vapor concentration which
prompted the growth of nanobelts. However, further increase of
doping prompted the growth of nanoplane-cone, due to the
difference of radius between Zn2+ ion (0.074 nm) and Al3+ ion
(0.053 nm), which changes the interplanar crystal spacing, and
results in a measurable lower angle shi of the (100) and (101)
peaks, as shown in Scheme 1(d). But Al can be incorporated in
ZnO system either as a substituent for Zn2+ and suppress the
growth of ZnO. X-ray diffraction (XRD), eld emission scanning
electron microscope (SEM), energy dispersive spectroscopy
(EDS), transmission electronmicroscopy (TEM), high resolution
transmission electron microscopy (HRTEM), selected area
electron diffraction (SAED), eld emission auger electron
spectrometers (FEAES), RTPL and LTPL characterization for
samples were performed, respectively. The Z-scan experiments
are performed using a Q-switched, frequency doubled Ti:sap-
phire laser producing 150 fs laser pulses with a pulse repetition
rate of 1 kHz at wavelength of 800 nm. Basically, in this tech-
nique the nonlinear sample is scanned through the focal plane
of a tightly focused Gaussian beam. Unstability of the Gaussian
beam intensity is�0.2%. These methods are described in detail
in previous reports.24
3. Results and discussion

Fig. 1 shows the XRD pattern of the AZO nanostructures with
nanowires, nanobelts and nanoplane-cone morphologies. The
diffraction peaks at 2q (degrees) of 36.446 are indexed planes of
Al. The other diffraction peaks at 2q (degrees) are indexed
planes of ZnO (JCPDS card no. 76-704). And the lattice constant
of AZO nanostructures was smaller than that of the pure ZnO (a
structures. V1–3, L1–3 shows the flow rate of carrier gas and distance
ires, (b) nanobelts and (c) nanoplane-cones.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-ray diffraction spectrum of AZO nanostructures.
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¼ 0.32475–0.32501 nm, c¼ 0.52042–0.52075 nm (ref. 26)). Since
the ionic radius of Al3+ (0.053 nm) is smaller than the ionic
radius of Zn2+ (0.074 nm), the Al atom replaces the Zn atom at
the lattice position, resulting in a decrease in lattice constant. In
addition, as can be seen from Fig. 1 the (0002) crystalline plane
distance decreases, and the diffraction angle increases. So the
Fig. 2 Schematic SEM diagrams of AZO nanostructures with different m

This journal is © The Royal Society of Chemistry 2019
lattice constant c of AZO nanostructure is smaller than that of
the bulk ZnO, all the nanostructures exhibit residual tensile
strain.

Fig. 2 (M1, M2 and M3, M ¼ a, b, c) shows a low magni-
cation, high magnication and the cross section thickness of
SEM image of all samples. The results showed AZO nano-
structures with nanowires, nanobelts and nanoplane-cone
morphologies have been successfully synthesized. The insets
of Fig. 2 (M3) are magnied SEM image with cross section of
such structures. The image shows evidence of the nano-
structured morphology of the AZO. It is obvious that the
morphology of AZO has quite differences, namely nanowires (V/
d¼ 0.93), nanobelts (V/d¼ 3.7), and nanoplane-cone (V/d¼ 5.9).
Fig. 2(a) exhibits thickness uniform three-edged 1D nanowires,
which has a diameter of around 84 nm and a total length of
several microns (not shown). Fig. 2(b) exhibits hexagonal
nanobelts at 312 nm width and 92 nm thicknesses. Fig. 2(c)
exhibits nanoplane-cone with wide (thick) end and narrow (tip)
end. From the results, the diameter of single AZO nanoplane-
cone is around 600 nm and 20 nm (for wide (thick) and
narrow (tip) parts of nanoplane-cone), respectively. Fig. 3 shows
the typical composition analysis of the AZO nanostructures.
EDS demonstrate only Zn, O and Al element. And no peaks are
detected from other element materials. In addition, with the
orphologies: (a) nanowires, (b) nanobelts, and (c) nanoplane-cone.

RSC Adv., 2019, 9, 34547–34558 | 34549
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Fig. 3 Schematic EDS diagrams of AZO nanostructures with different morphologies: (a) nanowires, (b) nanobelts, and (c) nanoplane-cone.
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increase of distance between substrate and evaporation source,
the concentration of incorporated Al increased (in Fig. 3, at% of
Al for nanowire > nanoplane-cone > nanobelts).
34550 | RSC Adv., 2019, 9, 34547–34558
Fig. 4 (M1) shows the TEM characterization of all samples.
The Fig. 4 (M2) and (M3) are HRTEM image and SAED pattern,
respectively. The diameter of single AZO nanostructures is
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TEM, high resolution TEM and selected area electron diffraction diagrams of different AZO nanostructures: (a) nanowires, (b) nanobelts,
and (c) nanoplane-cone, respectively.
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around 84 nm (for nanowires), 312 nm (for nanobelts), 20 nm
and 600 nm (for narrow (tip) and wide (thick) parts of
nanoplane-cone), respectively. The SAED pattern in Fig. 4 (M3)
shows that the AZO nanostructures are single crystalline in
nature and grow along the [0001] direction. The XRD and
FESEM results are in agreement with the TEM analysis.

In order to study the chemical state of Zn, Al and O, we
measured the XPS spectrum of the sample, as is shown in Fig. 5.
The binding energies obtained in the XPS analysis were stan-
dardized by using C 1s at 284.6 eV as the reference. Fig. 5(a)
shows the XPS survey spectrum of the AZO nanowires. No peaks
of other elements except Zn, O and Al are observed in the
spectrum. Fig. 5(b) and (c) shows the XPS spectra of the O 1s and
Zn 2p3/2 regions for the surface of the AZO nanowires. The O 1s
core-level peak at 532.4 eV indicates the �2 valence of the O
element in the products. The peaks located at 1022.1 and
1045.2 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively (see
Fig. 5(c)). From the Fig. 5(d), the core-level spectrum of Al 2p
peak located at 74.8 eV is attributed to Al(III). It indicates that Al
exists in the nanowires in the form of Al(III), but not elementary
Al. On the other hand, we found that the Al 2p peaks located at
the surface and internal lattice behave a little difference, which
may be associated with the different content of oxygen.
This journal is © The Royal Society of Chemistry 2019
Fig. 6 shows the PL spectra of AZO nanostructures in room
temperature. The insets of Fig. 6 show the ttings of the PL
spectra of crystalline AZO nanostructures in the excitonic
emission region. The PL spectra of AZO nanostructures with
nanowires, nanobelts and nanoplane-cone are came from a NBE
emission in the ultraviolet (UV) region, and two peaks in visible
light due to deep-level emission (DLE). Compared with the pure
ZnO of 3.37 eV,25,26 the NBE peak shis to shorter wavelengths
(blue shi) with the doping of Al which can be related to Moss
Burstein effect.27,28 In addition, Zn2+ ions at their lattice sites by
the substitution of Al3+ ions in AZO nanostructures leads to
increase of the Fermi level and the broadening of optical band
gap. The calculated energy gap values from Tauc formula in
pervious section conrm NBE peak blue shi. Similar results
are reported by other researchers.21 The AZO nanobelts have
a relative stronger UV emission and the AZO nanowires have
a relative stronger visible emission (see Fig. 6(d)). The reason is
that the band-side excitation of the AZO semiconductor with
different morphologies generally occurs near the surface of the
AZO nanostructures, resulting in an uneven distribution of the
excited carriers. As a result of radiative or non-radiative transi-
tions, excess unbalanced carriers diffuse from the surface to the
interior and recombine at the same time to achieve a balanced
and uniform distribution. Therefore, the vast majority of
RSC Adv., 2019, 9, 34547–34558 | 34551
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Fig. 5 (a) XPS spectra corresponding to the AZO nanowires, (b) O-1s, (c) Zn-2p, and (d) Al-2p core level of AZO nanowires.
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excitations in the crystal are conned to the depth of penetra-
tion of photons below the surface. Aer excited by laser, for the
AZO nanobelts with larger aspect ratio, most of the non-
equilibrium carriers take the radiative recombination, so the
ultraviolet radiation is stronger. For the AZO nanoplane-cones
with smaller aspect ratio, the unbalanced carriers diffuse
from surface to interior, resulting in the trap of a considerable
number of electrons and holes and the reduction of the radia-
tion recombination number of effective electrons and holes, so
the ultraviolet radiation is weaker and the deep-level radiation
stronger. In Fig. 3, the Al at% of the AZO nanobelts is less than
other samples. This means that the enhancement of visible
light emission of AZO nanowires and nanoplane-cones is due to
the enhancement of F–M effect with the increase of Al doping.
So the UV radiation is weaker and the deep-level radiation is
stronger than AZO nanobelts. Therefore, UV and visible radia-
tion intensity changes signicantly with the components, size
and morphology of the material.

In addition, for different excitation laser power, the change
of emission band intensity AZO nanowire and nanoplane-cone
is uniform, which indicates that the overall growth
morphology of AZO nanowire and nanoplane-cone is uniform.
The peak ratio of UV and visible emission for three samples:
nanowire > nanobelts > nanoplane-cone (see Fig. 6(d)), which
shows that the crystallization quality of the nanowire is better
than the nanobelts and nanoplane-cone. Noted that intensity of
34552 | RSC Adv., 2019, 9, 34547–34558
the UV emission peak increases sublinearly with excitation
power as shown in the Fig. 6(d) for 325 nm excitations, and no
appreciable shi in peak positions is observed. The experi-
mental data can be tted by the simple power law IfWm, where
I is the PL intensity, W is the excitation laser power. The
dimensionless exponent (m) represents the radiative recombi-
nation mechanism. The m value satises with the relation of 1 <
m < 2 for the free- and bound-exciton emission.29,30 For AZO
nanostructures, m value is 1.16 (for nanowires), 1.08 (for nano-
belts) and 1.12 (for nanoplane-cone), respectively. Thus, the
obtained value of m (1< m < 2) conrms our assignment of the
observed emission band in AZO spectra to the free- and bound-
exciton emission.

Fig. 7(a–c) shows the LTPL spectra (UV region emission) of
AZO nanostructures in the temperature range of 10–273 K. The
inset shows the Vis region emission spectra. The results show
that three components with center wavelengths at 3.37, 3.36,
and 3.32 eV. The peak at 3.37 eV is caused by free excitons (FX¼
NBE) recombination. The peaks at 3.36 and 3.32 eV can be
attributed to bound excitons. The similar phenomenon ob-
tained by H. P. He et al.17 As shown in Fig. 7(a–c), the intensity of
emission peak in the UV region decreased drastically with
increasing temperature. Fig. 7(e) plots the intensity of the UV
emission peak as a function of reciprocal temperature. The
presence of two activation energy for thermal quenching is
indicative of two competitive nonradiative recombination
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 RTPL spectra of AZO nanostructures with different morphologies: (a) nanowires, (b) nanobelts, and (c) nanoplane-cone, respectively. (d)
The relationship between the intensity of UV emission peak and excitation power.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
48

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
channels. Because our sample was doped with Al, it is reason-
able to assign the UV emission peak to excitons bound to
neutral Al donors. Thus, the activation energy may represent the
thermal ionization energy of the Al donors. Fig. 7(f) shows the
peak positions of the FX, a line and its rst longitudinal optical
(LO) replica as a function of temperature. When temperature
exceeds 90 K, the dominant emission becomes the A line. As
temperature further increases, the rst LO-phonon replica
gradually merges into the A line, resulting in the marked
broadening of the NBE emission. The relative intensity of the
DL emission peaks at about �2.20 eV is strongly reduced. The
wavelength locations do not shi. No obvious change was
observed for peak position of visible emission in the RTPL
spectra.

Illustration of the ZnO band, UV and DL emission is shown
in Fig. 8. The Vis emission peak was observed in RTPL spectra of
the AZO nanostructures. As shown in Fig. 8(I–VI), all emission
peaks of the AZO nanostructures can be analyzed by consid-
ering the energy band diagram schematically. According to
some reports, this visible wavelength emission is excited by the
recombination of photogenerated hole with the singly ionized
oxygen vacancy site.31–34 The UV emission is derived from the
radiated composite luminescence of the forbidden band free
This journal is © The Royal Society of Chemistry 2019
excitons, and the blue light emission comes from the fact of the
electron transition from Zni to zinc vacancy (VZn) or the top of
the VB. For LTPL spectra, when the excitation laser light at
325 nm was launched in the AZO nanostructures, the electrons
are excited from the VB to the CB. Hence, the electron density is
increased in the FL of Al doping. These electrons are excited and
transferred to the bottom of the CB, and recombined with holes
in the VB of AZO nanostructures with radiative emission.

Fig. 9(a) shows the FE current density versus applied eld (J–
E) of AZO nanostructures with different morphologies. The
current density is analyzed as a function of applied eld for
both samples using Fowler–Nordheim (F–N) theory.35,36 From
the J–E curve, the value of the EF, required to draw an EC density
of �10 mA cm�2, is observed to be �1 V mm�1. At a current
density of 0.1 mA, the turn-on EF of AZO nanostructures under
UV illumination are 4.42 V mm�1 (for nanowires), 5.28 V mm�1

(for nanobelts) and 2.52 V mm�1 (for nanoplane-cone), respec-
tively. To understand the mechanism of the enhanced FE
behavior of the AZO nanostructures, the energy band diagrams
of AZO nanostructures schematically depicted in Fig. 9(b).
Under UV illumination, the electrons transferred from the CB to
Fermi energy level. The work function of AZO (4.75 eV) is
smaller than ZnO (5.3 eV).37 The decreased work function
RSC Adv., 2019, 9, 34547–34558 | 34553
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Fig. 7 LTPL spectra of AZO nanostructures with different morphologies: (a) nanowires, (b) nanobelts, and (c) nanoplane-cone, respec-
tively. (d) LTPL spectra of AZO nanostructures with different morphologies at 10 K and 120 K. (e) The intensity of the UV emission peak as
a function of reciprocal temperature. (f) The peak positions of the FX as a function of temperature.
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lowered the turn-on EF. Similar nonlinear J–E plots have been
reported for ZnO and doped or decorated ZnO semiconductors,
such as Y. G. Fang et al.34 found that the turn-on EF of ZnO
nanowires arrays at different reaction decreases from 4.56 to
3.69 V mm�1. S. S. Warule et al. found the turn-on eld of ZnO
nanopencils is 2.15 V mm�1.35 C. L. Hsu et al.36 found that the FE
turn-on EF of Al doped ZnO nanowires are from 2.8 to 1.3 V
34554 | RSC Adv., 2019, 9, 34547–34558
mm�1. Compare with the present a part of results, the pure and
Al doped ZnO nanostructures exhibit a higher applied eld
value; the reason comes from that the randomly distribution of
nanowire arrays better displays the FE performance. In this
work, our results showed that the enhanced FE performance of
the AZO nanoplane-cone can be attributed to point effect
compared to that of other AZO nanostructures. For ZnO
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Energy band diagram of the AZO system.
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nanoplane-cone, its excellent FE property can also attribute to
the special morphology. The small tip size and high aspect ratio
of nanoplane-cone morphology can generate a high local elec-
tric eld, which will decrease the FE potential barrier and
increase the FE current. The experimental results demonstrate
that the FE properties of AZO nanostructures depend on their
morphology, structure and crystallinity. The similar phenom-
enon in ZnO nanograsses has been reported by H. M. Dong
et al.37

The nonlinear absorption characteristics of AZO nanowires,
nanobelts, and nanoplane-cone were studied by Z-scan method
with the wavelength at 800 nm and pulse width at 150 fs. Under
the laser excitation intensity at 500 nJ, Fig. 10(a) shows the
open-aperture Z-scan transmittance curves of AZO nano-
structures with the nanowires, nanobelts, and nanoplane-cone
morphologies. It can be seen form Fig. 10(a), the open-
aperture Z-scan transmittance curves of AZO nanowires, nano-
belts, and nanoplane-cone are valley. And the nonlinear
absorption mechanism of AZO nanostructures is reverse satu-
rable absorption (RSA). The laser excitation wavelength falls in
the wing region of the exciton absorption, satisfying the
condition for the occurrence of a three photon absorption (3PA)
process (Eg/3 < hn < Eg/2, see inset Fig. 10(a)). The similar
Fig. 9 (a) Emission current–voltage characteristics of the AZO nanostru

This journal is © The Royal Society of Chemistry 2019
analysis process has been reported.38–43 From the experimental
results, the 2PA induced conduction band or defect state RSA
(two-step 3PA) behavior of AZO nanostructures with different
morphologies has been determined. With standard Z scan
theory, we extract the effective nonlinear absorption coefficients
with the sample approximation. The nonlinear absorption
coefficient (a3) was calculated using T3PA ¼ 1/[1 + 2a3Leff(I0/(1 +
(z/z0)

2))2]1/2.38,39 Where I0 ¼ c/(pr2), c ¼ A/B; Leff ¼ (1 �
exp(�2a0L))/2a0, a0 ¼ �(1/L)ln TL. I0 is the laser intensity at the
focus; A is the laser energy; B is the pulse width; c is the peak
power; r is the focal spot radius; Leff is the effective thickness of
the sample; L is the actual thickness of the sample; TL is the
linear transmittance of the sample. A t to above the equation to
the open aperture data Z-scan indicates that a3 is 6.48 � 10�2

cm3 GW�2, 8.72 � 10�2 cm3 GW�2 and 2.42 � 10�2 cm3 GW�2

for nanowires, nanobelts, and nanoplane-cone, respectively.
The nonlinear absorption coefficient for three AZO nano-
structures: nanobelts > nanowire > nanoplane-cone. For AZO
nanobelts, the maximum nonlinear absorption coefficient is
8.72 � 10�2 cm3 GW�2. This is because the incorporation of
excess Al into ZnO completely changes the original morphology
of the material, and the nonlinear absorption properties of the
AZO nanostructures are suppressed. In addition, M. G. Vivas
et al.41 reported the reverse saturable, two- and three-photon
absorption properties of ZnO at 500 nm, 730 nm and 820 nm,
respectively. In contrast, the 3PA coefficient of the AZO nano-
structures is larger than that of ZnO in the reference. Because of
the Al donor doped ZnO provides more electrons, which lead to
value of CB absorption cross-section of AZO nanostructures was
increased, thereby the nonlinear absorption was increased. To
interpret this intensity dependent nonlinear absorption coeffi-
cient, we present a possible optical physical process under
800 nm laser pulse excitation, as shown in Fig. 10(b). The
system simultaneously absorbs two identical photons,
promoting an electron from ground state to excited state by
virtual states. Subsequently, the electron is excited to higher-
lying excited state by absorbing another single photon, result-
ing in 2PA-induced RSA. The similar analysis process has been
ctures. (b) Band diagrams of AZO nanostructures under UV light.
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Fig. 10 (a) Transmittance curves of AZO nanostructures measured at
800 nm wavelength with 100 fs pulse width. (b) The nonlinear
absorption mechanism diagram of AZO nanostructures.
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reported.44–49 Here, the Fig. 10(b) presents the nonlinear
absorption mechanism diagram of AZO nanostructures upon
direct excitation with 800 nm. In Fig. 10b(I) and (II), the AZO
nanostructures have 2PA induced conduction band and 2PA
induced defect state RSA at 800 nm in the femtosecond domain.
Due to the incorporation of Al, the position of Zn is replaced,
the impurity level VO and Zni are increased. And a small amount
of Al is incorporated (see Fig. 3), the impurity defect state
increases, and the nonlinear absorption of AZO nanostructures
is the 2PA induced conduction band or defect state RSA
behavior.
4. Conclusions

In summary, we investigated the structure, PL and FE properties
of 1D-AZO nanostructures with three morphologies by a CVD
method. The mechanism of the growth, PL and FE properties
for AZO nanostructures is analyzed. The enhanced FE proper-
ties were achieved by tailoring the morphological design of AZO
nanostructures. The FE studies reveal the turn-on EF of AZO
nanostructures under UV illumination are 4.42 V mm�1 (for
nanowires), 5.28 V mm�1 (for nanobelts) and 2.52 V mm�1 (for
34556 | RSC Adv., 2019, 9, 34547–34558
nanoplane-cone), respectively. The FE measurements indicated
that the nanoplane-cone has a relative smaller turn-on EF than
other kinds of samples. The femtosecond open-aperture Z-scan
results show that the nonlinear absorption property of AZO
nanostructures is RSA properties. And the nonlinear absorption
mechanism of AZO nanostructures is 3PA induced RSA. It is
calculated that the order of magnitude of the nonlinear
absorption coefficient for the all AZO nanostructures is �10�2

cm3 GW�2. Our results indicate that AZO nanostructures show
great potential as at panel displays, high brightness electron
sources, photoanodes in FE devices and nonlinear optical
devices.
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