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operties of Al-doped ZnO
nanosheet based on field emitter device with UV
exposure

Sheng-Joue Young* and Yi-Hsing Liu

In this study, aluminum (Al)-doped zinc oxide (ZnO) nanosheets were synthesized on a ZnO/glass substrate

under different growth temperatures using a modified aqueous solution method. The field emission and

physical properties of Al-doped ZnO nanosheets were then investigated. Results indicated that high

growth temperature improves the quality of Al-doped ZnO nanosheets. Moreover, the

photoluminescence intensity of the sample's ultraviolet (UV) emission peak (growth temperature at 60
�C) was stronger compared with those of other samples. However, its broad, deep-level green emission

band was weaker. The turn-on field and field enhancement factor (b) of Al-doped ZnO nanosheets were

3.8 V mm�1 and 4760, respectively. The UV illumination of the Al-doped ZnO nanosheets decreased the

turn-on electrical field from 3.8 to 3.3 V mm�1 and elevated the b from 4760 to 7501.
I. Introducion

Field emission-based displays and electronic device applica-
tions have been studied for decades and have continued to
attract interest because of their potential applications in at
panel displays, vacuum microwave ampliers, and lamps.
These applications are commonly used in everyday living,
medicine, and research.1–3 The advantages and disadvantages of
eld emission devices can be attributed to their geometrical
structures and material properties. These characteristics
include one-dimensional nanostructures, which offer low work
function, high mechanical stability, conductivity, and aspect
ratios.4,5 Recently, one-dimensional nanostructures (nanowires,
nanorods, and nanotips) have been developed as electron eld
emitters because of their negative electron affinity, high
mechanical strength, and chemical stability. Zinc oxide (ZnO)
nanostructures have been extensively studied because of their
remarkable physical and chemical properties that can be
exploited in various electronic and optoelectronic devices. ZnO
nanostructures with different geometrical morphologies have
been enhanced using diverse synthetic methods, such as
chemical vapor deposition, hydrothermal method, pulsed laser
deposition, and furnace and electrochemical deposition.6–10 The
performance of eld emission-based devices has been improved
by doping with various metal elements, such as aluminum (Al),
gallium, and indium. Field emission-based devices with
improved performance have potential applications in opto-
electronic devices and enhanced optical and electrical proper-
ties.11–14 It has been reported that eld emission properties are
tional Formosa University, Yunlin 632,

hemistry 2017
mainly dependent on the dimension, morphology, and apex
geometry of one-dimensional nanostructure. Recently, one-
dimensional ZnO nanostructures have been discussed for the
eld emission device, such as Z. Zhang et al. reported the
inuence of morphologies and doping of nanostructured ZnO
on the eld emission behaviors by using metal–organic chem-
ical vapor deposition (>600 �C).15 F. Ye et al. reported eld
emission of Al-doped ZnO lms by using DC magnetron sput-
tering.16 K. Mahmood et al. reported the enhanced and stable
eld emission behavior of a novel electrosprayed Al-doped ZnO
bilayer lm by using electrosprayed method (>160 �C).17 C. L.
Hsu et al. reported enhanced eld emission of Al-doped ZnO
nanowires grown on a exible polyimide substrate by using
hydrothermal method (>90 �C).18 However, it is very rare that
study and low temperature fabrication of two dimensional Al-
doped ZnO nanostructure. In the study, well-aligned 2D Al-
doped ZnO nanosheets were synthesized on a glass substrates
by low-temperature (<70 �C) aqueous solution method.
II. Experimental

Prior to preparation, the glass substrate was cleaned with
a standard cleaning process. Then, the substrates were dried in
an oven. Using the two-step deposition process, a 25 nm-thick
ZnO seed layer was rst deposited onto a glass substrate
through RF magnetron sputtering system. The size of the target
was a 3-inch ZnO (99.99%). The base pressure was 5� 10�6 torr.
Argon and oxygen ow rates were maintained at 18 and 2 sccm,
respectively. The chamber's working pressure was maintained
at 1 � 10�2 torr. Radio frequency power was maintained at
100 W during the 5 min deposition process. In the second step
of deposition, Al-doped ZnO nanosheets with four different
RSC Adv., 2017, 7, 14219–14223 | 14219
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parameters were grown using a modied aqueous solution
method. This step was performed in a beaker with 0.1 M zinc
(Zn) nitrate hexahydrate and 0.4 M sodium hydroxide. The Al
dopant was added as Al nitrate at 1% equimolar concentration.
The growth solution was constantly stirred for 1 h at 40 �C,
50 �C, and 60 �C. Finally, the sample was washed with deionized
water and dried at room temperature. Before the examination of
the eld emission characteristics, a 100 nm-thick Ag lm was
deposited onto the Al-doped ZnO nanosheets using an electron-
beam evaporator. The Ag lm acted as the contact electrode.

The surface morphologies of the Al-doped ZnO nanosheets
were observed with a eld emission scanning electron micro-
scope (FESEM, Hitachi-S-4800-I). The crystallinity of Al-doped
ZnO nanosheets was analyzed with an X-ray diffractometer
(XRD, Bruker D8 advance). The eld emission properties of the
Al-doped ZnO nanosheets were examined using a Keithley 2410
System in a homemade vacuum chamber. Pressure was main-
tained at less than 5 � 10�6 torr in the chamber. A 5 mm (L) �
30 mm (W) indium (In) tin oxide glass functioned as the anode
and the Al-doped ZnO nanosheet served as the cathode. The
anode–cathode distance was 140 mm. To measure emission
current, a 0–1100 V was applied into the devices in 10 V incre-
ments by Keithley 2410 System.
Fig. 1 FESEM images of AZO nanosheets samples, which the growth te

14220 | RSC Adv., 2017, 7, 14219–14223
III. Results and discussion

Fig. 1 shows the typical XRD pattern of Al-doped ZnO nano-
sheets prepared under different temperatures on a ZnO/glass
substrate. The sharp diffraction peaks from the Al-doped ZnO
nanosheets were attributed to hexagonal wurtzite ZnO (JCPDS
card no. 36-1451). The (002) diffraction peak intensity was
considerably stronger compared with those of the other peaks.
This nding indicated that the Al-doped ZnO nanosheet crystals
preferentially grew along the c-axis, which was perpendicular to
the substrate surface. Moreover, all samples, which were
prepared under different temperatures, displayed a (002) peak
with full-width at half-maximum (FWHM) values of 0.2913
(sample 1), 0.27336 (sample 2), and 0.27142 (sample 3). This
result suggested that the quality of Al-doped ZnO nanosheets
can be improved by high growth temperatures. In addition, no
other diffraction peaks were observed in the samples, which
suggested the absence of impurities and the complete trans-
formation of the precursor into the ZnO phase.

Fig. 2 exhibits the FE-SEM images of Al-doped ZnO nano-
sheets prepared on a ZnO/glass substrate under varying growth
temperatures. The images show that high-density nanosheets
were successfully grown on the ZnO/glass substrate. The
nanosheets were connected to each other as net-shaped lms.
mperature from 40 �C to 60 �C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XRD patterns of AZO nanosheets samples, which the growth
temperature from 40 �C to 60 �C.

Fig. 3 Presents the room-temperature photoluminescence (PL)
spectrum of Al-doped ZnO nanosheet samples after excitation with
a He–Cd laser, which the growth temperature from 40 �C to 60 �C.
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Most nanosheets were oriented perpendicular to the substrate
surface. This alignment is strongly consistent with the strong
(002) diffraction peak intensity observed in the XRD pattern.
The thickness and length of the Al-doped ZnO nanosheets were
approximately 23–32 nm and 1.34 mm, 24–31 nm and 1.33 mm,
and 23–29 nm and 1.44 mm for samples 1, 2, and 3, respectively.
These ndings demonstrated that morphology of the sheets did
not signicantly change in response to growth temperature.

Fig. 3 presents the room-temperature photoluminescence (PL)
spectrum of Al-doped ZnO nanosheet samples aer excitation
with a He–Cd laser. The typical luminescence behavior of ZnO
nanostructures produced a narrow ultraviolet (UV) emission peak
and a broad green emission band. The gure clearly shows a peak
at approximately 380 nm and a broad deep-level emission at 500–
600 nm. The sample's UV emission peaks are attributed to the
Table 1 Presents the results of the physical property analysis

Growth temperature Length (mm) Thickness (n

40 �C (sample 1) 1.34 24–32
50 �C (sample 2) 1.33 24–31
60 �C (sample 3) 1.44 23–29

This journal is © The Royal Society of Chemistry 2017
combination of free excitons caused by exciton–exciton collision
(�3.3 eV).19 Deep-level defects, such as oxygen vacancies, oxygen
interstitials, Zn vacancies, and Zn interstitials, were found at
approximately 2.06 to 2.5 eV.20–22 The sample displayed stronger
UV emission peak intensity (growth temperature at 60 �C) than
those of other samples. However, its broad, deep-level green
emission band was also weaker. The nanostructure's structural
quality can be evaluated with the ratio of UV emission intensity to
deep-level emission intensity, which is denoted as Q in this
paper. The calculated Q values of the samples were 0.5627
(sample 1), 0.812 (sample 2), and 1.103 (sample 3) for Al-doped
ZnO nanosheets at different growth temperatures. This differ-
ence likely resulted from interactions between Al and Zn ions and
increased growth temperatures. These two conditions, which
consumed oxygen ions, decreased the concentration of intersti-
tial oxygen in the Al-doped ZnO nanosheets.

Table 1 presents the results of the physical property analysis.
The results revealed that sample 3 had the best physical prop-
erties among all samples. Therefore, sample 3 was used in the
subsequent experiments. A eld emission device was examined
in a vacuum chamber that was evacuated to a base pressure of
<5 � 10�6 mtorr. The as-prepared nanostructures on the glass
substrate (25 mm2) were utilized as a cathode and the indium-
doped tin oxide glass plate served as the anode. The current
density curves of the Al-doped ZnO nanosheet device in the dark
and under UV illumination (wavelength ¼ 365 nm) are pre-
sented in Fig. 4(a). In this gure, the density curves are plotted
the as a function of applied eld (J–E). To further determine the
eld emission measurements of the Al-doped ZnO nanosheets,
the measured current density electric eld curves were analyzed
using the Fowler–Nordheim (F–N) equation:23

J ¼ A�
�
b2 � E2

Ø

�
� exp � B � Ø

3
2

E � b

0
@

1
A; (1)

where J is the current density; E is the applied eld between the
anode and cathode; A and B are the constants (A¼ 1.56� 10�10 A
V�2 eV, B ¼ 6.83 � 109 V eV�3/2 mm�1); Ø is the work function of
the emitting material, which is approximately 5.3 eV for ZnO;24

and b is the effective eld enhancement factor. The turn-on eld
was dened as the electriceld that corresponds to a 10�6 A cm�2

current density. The turn-on electric elds of the device were
3.8 V mm�2 in the dark and 3.3 V mm�2 under UV illumination
(see Table 2). We further simplied the F–N equation to thor-
oughly investigate the effect of eld enhancement factor:25

ln

�
J

E2

�
¼ ln

�
A� b2

Ø

�
�
 
B�Ø

3
2

E � b

!
(2)
m) XRD (002) peak to FWHM value Q value

0.2913 0.5627
0.27336 0.812
0.27142 1.103

RSC Adv., 2017, 7, 14219–14223 | 14221
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Fig. 4 (a) Field emission characteristics and (b) F–N plot of ln(J/E2)
versus 1/E of as-synthesized AZO nanosheets for the sample 3.

Table 2 Presents the results of the field emission property analysis for
the sample 3

Sample 3 Turn-on (E ¼ V mm�1) Slope b

In darkness 3.8 17.507 4760
Under UV
illumination

3.3 11.109 7501

Table 3 Field-emission characteristics of different nanostructure field
emitters recently reported in the open literature

Nanostructure
Turn-on
(V mm�1)

Field enhancement
b (�103)

Reference
no.

ZnO nanorods 9.2 0.87 26
Tapered ZnO
nanorods

7.9 1 26

ZnO nanowires 5.1 1.7 27
GaN nanowires 8.4 0.47 28
ZnO nanoneedles 4.1 1.134 29
ZnO nanocones 6.2 2.252 30
Tapered ZnS
nanostructures

11.2 2.54 31

AZO nanosheets 3.8 4.76 In this
work

Fig. 5 Test of stability of emission current in the dark and under UV
illumination.
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Slope ¼ BØ3/2/b (3)

The eld enhancement factor, or the work function, could be
calculated with this equation. If the work function was 5.3 eV for
ZnO, the eld enhancement factors of the Al-doped ZnO
nanosheets are approximately 4760 in the dark and 7501 under
UV illumination, as shown in Fig. 4(b). According to the litera-
ture doping with aluminum greatly improved the eld emission
properties which mainly due to increase carrier concentration
while aluminum doped in ZnO nanosheets by liberating more
electrons. When an electric eld was applied to the sample, the
conductor band was bent to the Fermi level and the electrons
tunneled to the vacuum level. Then, the carrier concentration
increase with Al doped into the ZnO nanosheet, the more
carriers exist in the conduction band. Moreover, as the Al-doped
ZnO nanosheets was illuminated by UV light, a larger number of
electron–hole pairs were generated and numerous electrons
transferred to the conduction band, and the electric eld was
14222 | RSC Adv., 2017, 7, 14219–14223
established between the Al-doped ZnO nanosheet and the
vacuum became larger, greater numbers of electrons moved
toward the Al-doped ZnO nanosheet edges. These obtained
values were considerably higher compared with the values
recently reported by other groups, as reported in Table 3.26–31

These results demonstrated the excellent long-term emission
current stability of the Al-doped ZnO nanostructures. Fig. 5
illustrates the eld emission device stability of the device in the
dark and under UV. The current density was monitored for
3600 s with an initial emission current density of 10�6 A cm�2.
The emission currents under UV varied because the electrons
that were excited via UV illumination were not very stable. Thus,
electrons were rapidly generated and recombined under UV
illumination.
IV. Conclusions

Using various growth temperatures, Al-doped ZnO nanosheets
were synthesized on ZnO/glass substrate in aqueous solution.
The eld emission and physical properties of Al-doped ZnO
nanosheets were then analyzed. The results of the analysis
demonstrated that high temperatures improved the quality of
the Al-doped ZnO nanosheets. Furthermore, the absence of
other diffraction peaks in the samples indicated that the sample
This journal is © The Royal Society of Chemistry 2017
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did not contain impurities and that the precursor was
completely transformed into the ZnO phase. Compared with
those of other samples, the PL intensity of the sample's UV
emission peak (growth temperature at 60 �C) was stronger.
However, its broad, deep-level green emission band was weaker.
This difference can be attributed to Al–Zn ion interactions and
increased growth temperature, which depleted oxygen ions and
decreased oxygen interstitial concentration in the Al-doped ZnO
nanosheets. The turn-on eld of the Al-doped ZnO nanosheets
was 3.8 V mm�1 and their eld enhancement factor (b) was 4760.
UV illumination of the Al-doped ZnO nanosheets' decreased the
turn-on electrical eld from 3.8 to 3.3 V mm�1 and increased the
b from 4760 to 7501. The eld emission performance of the
nanosheets was better under UV illumination compared with in
the dark.
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