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We  obtained  well-aligned  ZnO  nanowire  arrays  by chemical  vapor  deposition.  The  XRD  patterns  show
that  the crystallinity  is improved  by  O2 annealing  at 800 ◦C.  The  field  emission  (FE)  properties  of annealed
ZnO  nanowire  arrays  become  worse.  The  photoluminescence  spectra  show  that  the  decrease  of  oxygen
vacancy  densities  in ZnO  nanowire  arrays  is  responsible  for  the  degraded  FE  properties.
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. Introduction

Zinc oxide, a wide band gap (3.37 eV) semiconducting, piezo-
lectric, and photoconducting material, has attracted a great deal
f attention in recent years [1–3]. Its strong exciton binding energy
f 60 meV  makes it very attractive for exciton-based lasing appli-
ations. ZnO esp. its nanostructures, also has great potential in
pplications in optoelectronic devices [4], field effect transistors
5], waveguides [6], photocatalysis [7], sensors [8], surface acoustic
olar cells [9], transparent conducting oxide nanocrystal inks [10],
nd field emitters [11].

Field emission (FE) properties of ZnO nanowire arrays have been
idely studied [12–14]. Previous studies of FE from ZnO nanowires

eport performances such as turn-on field and emission-current
tability. Few of them elucidate the underlying physics of FE. The
E properties could have some relationship with the resistance
nd the carrier density of ZnO nanowire arrays [15]. The resis-
ance and carrier density of ZnO nanowire arrays are related to

xygen vacancy density, which can be changed by O2 annealing,
epending on annealing temperature and oxygen concentrations
16,17]. Meanwhile, the change of oxygen vacancy density can be
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detected by photoluminescence (PL) spectra, in which broad band
of green emission is usually attributed to oxygen vacancy [16,18].
However, only a few studies reported the effects of O2 annealing on
the FE properties of ZnO nanostructures [19–21]. In these reports,
the impact of O2 annealing on the FE properties of ZnO nanostruc-
tures at low temperature and in different oxygen concentrations
has been studied. However, changes of vacancy types and densities
induced by annealing in oxygen at low temperature are different
from that at high temperature [17]. At the same time, the impact
of high-temperature O2 annealing remains debatable.

In this paper, we report FE from ZnO nanowire arrays synthe-
sized by chemical vapor deposition and significant changes of FE
properties by O2 post-annealing at high temperature. PL analysis
shows the correlations between the degraded FE properties and
oxygen vacancy densities in annealed ZnO nanowire arrays.

2. Experimental details

2.1. Synthesis of ZnO nanowire arrays

ZnO nanowire arrays were synthesized by chemical vapor

deposition on ZnO seed layers. ZnO seed layers were grown
on pre-cleaned [22] p+-Si (100) substrates in a radio frequency
plasma-assisted SVTA molecular beam epitaxy system. Zn source
was provided by a regular Knudsen-cell filled with elemental Zn
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Fig. 1. XRD patterns of the as-grown and oxygen-annealed samples.

6N). O source was provided by a radio frequency plasma source
ustained with O2 (6N) gas. A mass flow controller was  used to
recisely tune the O2 flow rate. The ZnO layers were grown at
50 ◦C, with 345 ◦C Zn cell temperature, 5.0 sccm (standard cubic
entimeter per minute) O2 gas flow rate, and 400 W oxygen plasma
ower. The thickness of the seed layers is around 140 nm.  Then the
ample was transferred to a CVD quartz tube furnace. Analytical
rade zinc powder (purity 99.99%) was employed as Zn source.
he source material was placed in a quartz boat located in the
enter of the tube. The substrates were placed downstream of the
arrier gas flow. The quartz tube was purged with 1000 sccm of
rgon and 1.5 sccm of oxygen during the whole nanowire arrays
rowth procedure. The pumping speed of a mechanical pump was
egulated to maintain the pressure inside the quartz tube at the
owest level during the evaporation. Then the furnace temperature

as raised to 700 ◦C at a rate of 10 ◦C/min. After growth for 30 min,
he furnace was cooled naturally down to room temperature.

.2. Annealing processing of the obtained nanoarrays

The annealing procedure had been performed under ambient
ressure at a temperature of 800 ◦C for 60 min  with a constant
xygen flow of 50 sccm. After annealing, the furnace was cooled
aturally down to room temperature.

.3. Characterizations and measurements of the obtained
anoarrays

The crystal structure and chemical nature of as-grown and
xygen-annealed ZnO nanowire arrays were analyzed using X-
ay diffractometry (XRD, D2 Phaser, bruker) with Cu K radiation

=1.54184 Å) operating at 30 kV and 10 mA.  The morphology of
he samples was obtained utilizing a scanning electron microscope
SEM, S3400N, Hitachi). The FE properties were measured at a pres-
ure of 6 × 10−6 Pa. The PL spectra were measured by a Fluorlog-3

Fig. 2. SEM images of the as-grown sample: (a) top view, (b) side view. The inse
ience 357 (2015) 413–416

spectrofluorometer equipped with Xe900 (450 W xenon arc lamp,
Horiba Jobin Yvon) as the excitation source utilizing an excitation
wavelength of 325 nm.  The emission spectra were measured by
a monochromator (TM300) while the resolution of the grating is
0.05 nm with standard 1800 g/mm.

3. Results and discussion

3.1. Crystallinity and surface morphology

The XRD patterns of as-grown and oxygen-annealed samples
are shown in Fig. 1. The degree of the orientation can be illustrated
by the relative texture coefficient [23], which is given by

TC002 = I002/I0
002

(I002/I0
002) + (I102/I0

102)

In the equation, TC002 is the relative texture coefficient of
diffraction peaks (002) over (102), I002 and I102 are the measured
diffraction intensities due to (002) and (102) planes, respectively,
I0002 and I0102 are the corresponding values of standard PDF mea-
sured from randomly oriented powder samples. For materials
with random crystallographic orientations, e.g. powders, the tex-
ture coefficient is 0.5. The values of both samples are 1, which
indicates an extremely high c-orientation of the samples. The lat-
tice constants of the as-grown and oxygen-annealed samples are
measured to be c = 5.209 Å, and 5.225 Å, respectively, which are con-
sistent with the standard values (JCPDS: 80-0074, c = 5.215 Å). The
values of full width at half maximum (FWHM) are 0.149◦ and 0.073◦

for the as-grown and oxygen-annealed samples, respectively. The
XRD results reveal that the synthesized ZnO nanowire arrays have
well crystalline hexagonal-wurtzite structure, and crystallinity of
ZnO nanowire arrays is improved by O2 annealing.

Fig. 2(a) and (b) shows typical top-view and side-view SEM sur-
face morphology of the as-grown sample. As can be seen, aligned
nanowire arrays are evident. The average diameter and length of
the nanowires are about 90 nm and 4.5 �m,  respectively. The inset
in Fig. 1(a) shows further magnified image of one nanowire, which
indicates that the nanowire arrays are c-oriented. The result is in
accordance with that of XRD. O2 annealing did not change the sur-
face morphology, which is not shown here.

3.2. FE properties

Fig. 3 shows emission current density as a function of the applied
electric field (J–E) of the as-grown and annealed samples, respec-
tively. Here we  define the turn-on field (Et0) as an electric field to
produce a current of 0.1 mA/cm2. The FE results show that the val-

ues of Et0 are estimated to be 5.32 V/�m and 6.56 V/�m for the
as-grown and annealed samples, respectively. The low Et0 could
originate from the good alignment of the nanowire arrays. Et0
becomes larger after the sample is annealed in oxygen. In other

t shows further magnified image of one nanowire, the scale bar is 50 nm.
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ig. 3. J–E plot of FE from the ZnO nanowire arrays. The inset shows the correspond-
ng  FN plot.

ords, the FE properties degrade due to the O2 annealing. We mea-
ured the FE properties of the annealed sample for several times,
nly tiny changes were observed. In the inset of Fig. 3, the Fowler-
ordheim (FN) plots show a roughly linear relationship for both

amples, implying that a quantum tunneling mechanism is respon-
ible for the emission [19]. For the FN emission,

 =
(

Aˇ2E2

ϕ

)
exp

(
−Bϕ3/2

ˇE

)

here J is the current density, E is the applied field strength, ϕ
s work function of the emitter material (5.3 eV for as-grown ZnO
20]), A and B are constant with the value of 1.56 × 10−10 (AV−2 eV)
nd 6.83 × 103 (VeV−3/2 �m−1), respectively, and  ̌ is the field
nhancement factor which is associated with the magnitude of
lectric field at the emitting surface by Elocal = ˇE, Elocal is the local
lectric field at the emitting surface. Based on the slope of the plot
f ln(J/E2) versus 1/E in the inset of Fig. 3,  ̌ was estimated to be
pproximately 2746 for as-grown sample, which is high enough for
arious FE applications. The field enhancement factor  ̌ is highly
ependent on the geometrical morphology and alignment of the
anowire arrays [24,25], and such a high-field enhancement fac-
or could be attributed to the good alignment of the ZnO nanowire
rrays as well. Since the morphology and alignment of the ZnO
anowire arrays are not changed after annealing, we  reasonably
ssume that the  ̌ values of the two samples are the same. There-
ore, the variation in the slope k = − Bϕ3/2d/  ̌ of FN plots reflects
he change in the work function ϕ of ZnO nanowire arrays since d
emains unchanged. According to the FN plots in the inset of Fig. 3,
nd taking the work function ϕ of the as-grown ZnO nanowire as
.3 eV [19], the work function ϕ is estimated to be 7.29 eV for the
xygen-annealed sample. Compared with as-grown sample, the
ork function is increased by 1.99 eV through O2 annealing.

.3. PL properties

According to previous reports, the degraded FE properties could
esult from the increase of the resistivity, decrease of carrier den-
ities and band bending of ZnO nanowire arrays [15,26]. Both
ecrease of carrier densities and band bending of ZnO nanowire
rrays could increase the work function [26,27]. Annealing the
nO nanowire arrays in oxygen at high temperature can lead to
igher resistivity because the oxygen vacancy density decreases.
he annealing can also lead to upward band bending because
hemisorption of oxygen at the ZnO surface caused by high-

emperature O2 annealing. The chemisorbed oxygen at the ZnO
urface can capture electrons in a region near the surface, and
s a consequence, nonradiative recombination between photogen-
rated electrons and holes will occur and the NBE emissions will
Fig. 4. PL spectra of the as-grown, oxygen-annealed, and oxygen-annealed-and-FE-
measured samples. The inset shows the PL spectra of the oxygen-annealed sample
in the region of 350–410 nm.

be suppressed [18]. Fig. 4 shows PL spectra of as-grown sample,
oxygen-annealed sample, and sample that has undergone both
annealing and FE measurement, respectively. All samples exhibit
both near band edge (NBE) emission and green emission peaks.
The green peak of the annealed sample increases and the NBE peak
decreases greatly, which originates from the chemisorption of the
oxygen ions [18,28]. After the annealed sample went through FE
measurement, the green peak reduces and the NBE peak increases
to the level before O2 annealing. In other words, desorption of
oxygen ions occurred during FE measurement. As a result, band
bending also reduces greatly during FE measurement. Considering
that FE properties were not significantly changed after the first FE
measurement, band bending is not main reason for the degraded
FE properties. Compared to the as-grown sample, the green peak
of the sample going through both annealing and FE measurement
is weaker. The result means lower oxygen vacancy density com-
pared to the as-grown sample, in other words, higher quality of the
nanowire arrays, which is consistent with the XRD results shown
in Fig. 1. So, it can be concluded that the degrading of FE properties
are mainly due to the lower carrier densities and higher resistivity
caused by less oxygen vacancies rather than adsorption of negative
charged oxygen ion on the surface.

4. Conclusion

In summary, we obtained well-aligned ZnO nanowire arrays by
chemical vapor deposition. The O2 annealing at high temperature
degrades FE properties of ZnO nanowire arrays. The PL spectra show
that the ratio between deep level green and NBE emissions are
significantly changed for the samples before and after annealing
in oxygen. The degraded FE properties are mainly caused by the
decrease of oxygen vacancy density during high temperature O2
annealing.
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