
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 218.94.142.209

This content was downloaded on 03/01/2014 at 09:01

Please note that terms and conditions apply.

Multi-tip nano-prisms: Controlled growth and emission enhancement properties

View the table of contents for this issue, or go to the journal homepage for more

2013 EPL 104 18004

(http://iopscience.iop.org/0295-5075/104/1/18004)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0295-5075/104/1
http://iopscience.iop.org/0295-5075
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


October 2013

EPL, 104 (2013) 18004 www.epljournal.org

doi: 10.1209/0295-5075/104/18004

Multi-tip nano-prisms: Controlled growth and emission
enhancement properties

Ming Liu
1
, Cong Meng

1
, Zheng-Hong Xue

1
, Xiang Xiong

1
, Da-Jun Shu

1
, Ru-Wen Peng

1
, Qiang Wu

2
,

Zheng Hu
2 and Mu Wang

1(a)

1 National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University
Nanjing 210093, China
2 Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical Engineering,
Nanjing University - Nanjing 210093, China

received 28 June 2013; accepted in final form 30 September 2013
published online 28 October 2013

PACS 81.10.Bk – Growth from vapor
PACS 79.70.+q – Field emission, ionization, evaporation, and desorption
PACS 85.35.-p – Nanoelectronic devices

Abstract – We report here the experimental observations that the tip topography of ZnO nano-
prisms sensitively depends on the percentage of oxygen in the flux of the carrying gas in vapor
growth. At a relatively high oxygen concentration, a number of thin filaments can be nucleated
atop nano-prisms, forming a unique fish-spear–like multi-tip morphology. The length and den-
sity of the “spear tines” depend on the flux of the carrying gas. The field emission properties
of the nanorod array with different tip morphology are investigated. The structures with longer
and denser spear tines possess lower turn-on electric field and higher electric current density.
The cathodoluminescence properties of the ZnO nano-prisms have also been studied. The lu-
minescence related to defects in multi-tip nano-prisms possesses the strongest intensity, and the
nanorod without any tine structure possesses the lowest defect luminescence intensity. The in-
trinsic luminescence of ZnO around 385 nm, however, has the opposite tendency. We suggest that
our observation is inspiring in optimizing the emission properties of the nanowire devices.

Copyright c© EPLA, 2013

One-dimensional (1D) nanostructures have attracted
much attention due to their unique applications in meso-
scopic physics and nanodevices [1–5]. Field emission is
one of the most fascinating properties of nano-prisms (and
nanowires) and has been extensively studied [5–10]. One
of the essential requirements for the field emission ap-
plication is the large aspect ratio of the length vs. the
cross-section area of the nanorod [11–13]. ZnO is an inter-
esting material with very rich microscopic morphologies
depending on the growth conditions [14]. For example, we
once found that the cross-section size of a ZnO nanorod
can be precisely tuned by controlling the growth tempera-
ture [15]. In addition to the advantages of the large aspect
ratio and easy fabrication, ZnO possesses a wide bandgap
energy of 3.37 eV and a large exciton binding energy of
60meV [16]. It has excellent piezoelectric and emission
properties with high thermal stability [17,18]. These fea-
tures make ZnO nano-prisms promising for applications in
field emission devices, photocatalysts and sensors.

(a)E-mail: muwang@nju.edu.cn (corresponding author)

The physical properties of ZnO nanostructures also de-
pend on their topological features. It has recently been
found that the ZnO hierarchical nanostructures charac-
terized by a hexagonal central trunk with thin blades can
be induced by repeated polytypism of wurtzite (WZ) and
zinc-blende (ZB) phases [19]. The periodic blades provide
the essential boundary conditions to establish resonant
electromagnetic responses and lead to directional trans-
mission of light [19]. To improve the field emission prop-
erties of ZnO nano-prisms, it would be helpful to generate
even higher aspect ratio of the nano-prisms and realize
higher field emission efficiency [20].

In this letter we report that the tip topography of ZnO
nano-prisms sensitively depends on the percentage of oxy-
gen in the flux of the nitrogen carrying gas in vapor
growth. At a relatively high concentration of oxygen, a
number of thin ZnO filaments can be nucleated atop the
nano-prisms, forming a unique fish-spear–like morphol-
ogy. The field emission properties of the nano-prism array
depend on the density and the length of the tines: the
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Fig. 1: FESEM micrographs of the tips of ZnO nano-prisms with different growth condition. After growing ZnO nano-prisms
for 60 minutes, the oxygen supply is stopped. The residue oxygen in the furnace supports the growth of ZnO for a while.
The growth morphology then depends on the nitrogen carrying gas. (a) The morphology of the ZnO nano-prisms grown when
the flux of the nitrogen carrying gas resumes 300 sccm. (b) The morphology of the nano-prisms when the flux of the nitrogen
carrying gas is increased to 400 sccm. (c) The morphology of nano-prisms when the flux of the nitrogen carrying gas is increased
to 500 sccm. (d) The morphology of nano-prisms when the flux of the nitrogen carrying gas is further increased to 1800 sccm.
The duration of the growth for the structures shown in (a)–(d) is 20min. The bar represents 300 nm.

structures with longer and denser tines possess lower turn-
on field strength and higher field emission current density.
It is also observed that the cathodoluminescence proper-
ties of the ZnO nano-prisms with different tip morpholo-
gies are different. The luminescent peak related to the
defects in multi-tined nano-prisms possesses the strongest
intensity, whereas for the nano-prism without any tines,
this peak is very weak. The intrinsic luminescence of
ZnO at 385 nm, however, has the opposite tendency:
the luminescence from the nano-prisms without any tine
structure atop possesses the strongest intensity, whereas
the luminescence from multi-tined tips is the weakest
at 385 nm.

Zinc oxide single-crystalline nano-prisms are grown on
Si(100) substrate by chemical vapor deposition with zinc
powder (99.9%, Alfa Aesar) in nitrogen atmosphere with
a trace amount of oxygen gas. No catalyst has been in-
troduced in our experiments. A horizontal tube furnace is
applied to grow ZnO nano-prisms, with ultrapure nitrogen
gas as the carrying gas. The zinc powder is placed in a
quartz boat, and the cleaned silicon substrates are placed
upstream of the zinc powder. Before the experiment a
large flux of N2 flows through the furnace for one hour to
remove the residue air therein. Then the furnace is heated
to 600 ◦C (measured at the site close to the sample) at a
rate of 20 ◦C/min and is kept at 600 ◦C with the N2 flux as
300 sccm. A trace amount of ultrapure oxygen gas is then
introduced (3 sccm). This process is kept for 60 minutes.

The flux of O2 is then cut off, yet the nitrogen flow is kept
with a certain flux (the N2 flux is selected as 300, 400,
500, 1800 sccm, respectively) at 600 ◦C for 20 min. The
tip morphology sensitively depends on the nitrogen flux in
the stage when the O2 flux has been cut off (this means
that the average concentration of the residue oxygen is
modified in the furnace). The grown ZnO nano-prisms
are characterized with a field emission scanning electron
microscope (FESEM, LEO 1530VP). X-ray diffraction
(XRD) analysis is carried out with a Bruker AXS D8
with monochromatic Cu Kα radiation. The cathodolu-
minescence (CL) of the nano-prisms is measured at room
temperature with the MonoCL3+ system (GATAN In-
strument) installed in a field emission scanning electron
microscope (ZEISS Ultra 55), and the electric field emis-
sion property of ZnO nano-prisms is characterized by a
homemade setup with parallel-plate electrodes in a vac-
uum chamber (1.8× 10−4Pa) [21]. The separation of the
parallel plates is kept as 150μm, and the voltage applied
across the plates is up to 3500 volts.

The ZnO nano-prisms grown with a different nitrogen
flux at the later stage of growth are shown in fig. 1.
Meanwhile, the O2 supply has been cut off. If the nitrogen
flux is kept as 300 sccm, we observe that some straight thin
ZnO filaments are generated atop the previously grown
prism, with their axis parallel to that of the original one,
and forming a fish-spear–like pattern (fig. 1(a)). Each tine
of the fish spear looks uniform, with a stem size smaller
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Fig. 2: FESEM micrographs of ZnO nano-prisms with different length of the filament atop. After cutting off the O2 supply,
the flux of the N2 carrying gas is increased to 500 sccm, and the sample is kept growing with the residue oxygen for (a) 460 s,
(b) 180 s, (c) 30 s, (d) 0 s, respectively. Then a large flux of N2 gas (about 5000 sccm) is blown into the furnace to terminate
the growth instantly. The scale bar in (d) represents 450 nm, and is valid for each frame (a)–(d). The bar in the inset of (b)
represents 80 nm.

than 30 nm and the very central tine longer than the sur-
rounding ones, as shown in fig. 1(a). The average length
of the tines can reach several hundreds of nanometers. By
increasing the flux of nitrogen to 400 sccm, as illustrated
in fig. 1(b), the central tine of the “fish spear” keeps grow-
ing, and the surrounding tines become nucleated, yet they
are not able to develop into long filaments. Further in-
creasing the flux of the nitrogen carrying gas to 500 sccm
after cutting off the oxygen supply, we observe that only
the very central tine has been nucleated and develops atop
the ZnO prism, no new filaments are generated in the sur-
rounding area, as shown in fig. 1(c). If the flux of the
N2 carrying gas is further increased to 1800 sccm, nothing
can be nucleated atop the nano-prisms, as illustrated in
fig. 1(d).

It is interesting to investigate the evolution of tip to-
pography as a function of time. To get the growth mor-
phology at a specific moment, we intentionally blow in
5000 sccm N2 to cease the growth instantly at a specific
moment. The procedure of the experiment is designed as
follows. After the initial growth of ZnO nano-prisms for
60min, the flux of O2 is cut off while the flux of N2 is
set as 500 sccm. After a certain period, a large amount of
N2 (5000 sccm) is blown through the furnace to terminate
the growth. Figures 2(a)–(c) show the observed morphol-
ogy when the growth is terminated in 460 s, 180 s, 30 s,
respectively, where the average length of the thin filament
is measured as 470 nm, 220 nm, and 12 nm, accordingly.
The cross-section of the tine is hexagonal, as illustrated by
the enlarged FESEM micrograph in the inset of fig. 2(b).

Figure 2(d) shows the control experiment in which a large
flux of N2 gas is blown through the furnace immediately
after the termination of the oxygen flux. One may find
that nothing develops atop the prisms in this case. The
relationship of the length of the tine as a function of time
has been systematically investigated (fig. 3). One may find
that the filament length is about to saturate at a certain
value (in our experiment, this value is around 500 nm).
This effect could be related to the fact that the oxygen
supply in the system is limited (when the O2 flux is cut off,
the residue oxygen in the furnace is continuously decreas-
ing), therefore the growth of filament atop the nano-prism
cannot be sustained for a very long period.

The structure of the as-grown ZnO nano-prisms has
been investigated by XRD. A typical XRD pattern of
these samples is shown in fig. 4. The diffraction peaks can
be indexed to hexagonal wurtzite ZnO (a = 0.3249 nm,
c = 0.5206 nm). The observation of a strong (002)
ZnO diffraction peak indicates that the nano-prisms are
preferentially orientated along the c-axis. Previous crys-
tallography studies have shown that the side facets of
the hexagonal prism of ZnO are usually (101̄0) or (112̄0),
which possess low surface energy [3]. The facets atop the
prism have higher surface energy (for the scenario in which
the side facets are (112̄0), the facets atop the prism are
(112̄n), with n equal to 1, or 2, or 3 usually). According
to the traditional theory of nucleation [22], it is easier to
induce nucleation on a surface with higher energy. This
explains that the fish-spear–like tine appears only on the
facets atop the prism of ZnO.
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Fig. 3: The average length of the single filament atop the
nano-prism vs. the growth time. The length of the filament
increases first, yet it is about to saturate when the growth
time exceeds 400 s.

Fig. 4: XRD pattern obtained from the ZnO nano-prisms as
that shown in fig. 1(d).

As illustrated in figs. 1(b) and (c), among the tines on
the tip of ZnO prism, the one in the very center atop the
prism is usually longer than the surrounding ones, sug-
gesting that it must have been nucleated at a much ear-
lier stage. This effect may be related to the fact that at
the center atop the prism, there may exist a small (0001)
facet [23,24], which is a Zn-terminated surface. Due to
the self-catalyst effect of Zn atoms, nucleation on the Zn-
terminated surface occurs preferentially [19].

The mechanism according to which the fish-spear–like
tines are generated when the oxygen supply has been
stopped, as that shown in figs. 1–3, can be understood
as follows. We expect that the surface diffusion of oxygen
or ZnO molecules absorbed on the facets atop the prism
is slowed down when the oxygen supply is stopped [25].
According to the classic nucleation theory, the nucleus
density increases with increasing ratio of the deposition
rate to the surface diffusion rate [26]. Therefore, when
the oxygen supply is stopped, the higher nucleus density
contributes to the generation of a number of tines on the

Fig. 5: (Colour on-line) Field emission current density mea-
sured as a function of the applied electric field for ZnO nano-
prisms with different tip morphologies. The inset shows the
plot of ln(J/E2) vs. E−1. The linear relationship between
ln(J/E2) and E−1 can be identified. It can be seen that the
multi-tined nano-prisms have the highest emission efficiency.

facets atop the prism. The stronger flux of nitrogen, how-
ever, will blow away the oxygen in the furnace and de-
crease the oxygen adatoms or ZnO molecules adsorbed on
the facets, and will decrease the deposition rate. This
eventually leads to the phenomenon shown in fig. 1.

The field emission electric current from ZnO nano-
prisms with different tip morphology has been measured
with a two-parallel-plate scheme in a vacuum cham-
ber with pressure 1.8 × 10−4 Pa at room temperature.
The sample (ZnO nano-prisms on silicon substrate) is
connected to the cathode, and the anode is a parallel
stainless-steel plate. A voltage of 3 kV is applied before
each measurement to degas the sample surface. The field
emission electric current is measured by applying a voltage
across the electrodes from 300V to 3500V with a sweep
step of 100V. The measured field emission current density
vs. the applied electric field (J-E) is plotted in fig. 5 for
samples with different tip morphologies.

At a fixed applied electric field, one may find that the
emission current density is the highest for the fish-spear–
like multi-tined tips; for the tip with a single tine, the
emission current density depends on the length of the
tine: the longer the tine atop, the higher the emission cur-
rent density. The nano-prisms without any tines atop are
most inefficient in generating the emission electric current.
Quantitatively, the analysis of fig. 5 shows that the turn-
on field (Eon), which is defined as the required applied
field to generate an emission current above 10μA/cm2,
is about 5.36V/μm, 6.37V/μm, and 10.2V/μm, for the
fish-spear–like tip with multiple tines (as that shown in
fig. 1(a)), the tip with a long individual tine (as that shown
in fig. 2(a)) and the nanorod without any filaments atop
(as that shown in fig. 2(d)), respectively. The threshold
field (Eth), which is defined as the applied electric field
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when the emission electric current reaches 1.0mA/cm2, is
measured as 12.3V/μm and 17.2V/μm for the fish-spear–
like tip with multiple tines (fig. 1(a)) and the tip with a
long individual tine (fig. 2(a)), respectively. The threshold
field for nano-prisms without any tine atop is so high that
it is far beyond the applicable voltage range of our present
facility.
According to the Fowler-Nordheim theory [27], field

emission is essentially a result of tunneling of electrons
through the potential barrier at the interface between
the semiconductor and the vacuum. The strong applied
electric field lowers the barrier and makes tunneling
(emission) possible. The relationship between the emis-
sion current density and the applied electric field can be
expressed as [12]

ln(J/E2) = ln(Aβ2/φ)−Bφ3/2/βE,

where A and B are two constants equal to 1.54 ×
10−6 (A · eV · V−2) and 6.83 × 109 (eV−3/2 · V ·m−1),
respectively, φ is the work function for electrons to get
across the semiconductor-vacuum interface, which is about
5.3 eV for ZnO. β is a field enhancement factor. This re-
lation is also known as Fowler-Nordheim equation. Based
on the experimental data, we plot ln(J/E2) vs. E−1, as
shown in the inset of fig. 5. A linear relationship between
ln(J/E2) and E−1 can be found, where the slope depends
on φ and β. It can be seen that the multi-tip nano-prisms
have the highest emission efficiency in all these cases.
The values of both turn-on field and threshold field for

the nano-prisms with tines are lower than those of the
nano-prisms without any tines atop. Moreover, Eon and
Eth for the nano-prisms with multi-tips atop are lower
than those with an individual tine. One possible expla-
nation is that the multi-tined fish-spear–like nano-prisms
possess multiple sites to generate electric current in com-
parision with the scenario of single-tine nano-prisms when
the same voltage is applied across the electrodes. So
with the same applied electric field, the field emission cur-
rent from the fish-spear–like tips will be increased much
faster and becomes much larger than that from the single-
filament tips. Figure 5 indicates that longer and sharper
nano-prisms require lower electric field in order to reach
the same current density.
Figure 6 shows the typical CL spectra obtained at room

temperature of the hierarchical ZnO nano-prisms by us-
ing spot mode scanning. All the spectra exhibit a UV
emission at approximately 385 nm and a visible emis-
sion band centered at around 530 nm range from 450 to
650 nm. The 385 nm emission is conventionally attributed
to the near band edge (NBE) ZnO emission, which is ex-
plained as the result of recombination of free excitons.
In the visible emission band, the broadened peak can be
decomposed into three emission peaks centered at about
490 nm, 540 nm, and 570 nm, respectively, as shown in
fig. 6(b). It has been well established that the visible
luminescence in ZnO mainly originates from the intrin-
sic defects states, such as oxygen vacancies [28], zinc

Fig. 6: (Colour on-line) Room temperature CL spectra of the
ZnO nano-prisms with different tip morphologies. One may
find that for the multi-tip nano-prisms the luminescence bump
around 530 nm becomes dominant. (b) The CL spectrum of
the nano-prisms with multi-tined filaments atop (black line),
can be fitted by three Gaussian functions (blue dashed line).
The combination of the Gaussian functions leads to a smooth
curve (red solid line) that fits the experimental data reasonably
well.

interstitials [29], zinc vacancies [30] and oxygen intersti-
tials [31], especially from surface defect states [32,33].
First-principle calculations [34,35] show the most abun-
dant native defects to be Zn and O vacancies depending on
the Zn partial pressure. In Zn-rich conditions, oxygen va-
cancies and zinc interstitials have low formation energies.
The UV emission of native nano-prisms is stronger than
that of multi-tipped nano-prisms. On the contrary, the
visible emission of the multi-tip nano-prisms is stronger
than that of nano-prisms rods without any tines atop.
These may be due to the better crystal quality of the
nano-prism. When the oxygen supply is stopped, multi-
tined nano-prisms are obtained. Meanwhile oxygen is de-
ficient. Therefore, after cutting off the O2 supply, more
oxygen vacancies and zinc interstitials are generated in
the tines atop nano-prisms and on nanorod surface, which
contribute to the strong bump around 530 nm.
From the above results one may find that for field

emission applications, it is beneficial to have multi-tip
fish-spear–like ZnO nano-prisms in order to achieve the
lower turn-on electric field and higher current density.
For cathodoluminescence measurements, the multi-tip
fish-spear–like ZnO nano-prisms may possess a large
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amount of point defects, so the intrinsic lunminecence be-
comes relatively lower, yet the luminescence corresponding
to defects becomes much stronger.
To summarize, we demonstrate in this letter that the

tip morphology of the nano-prisms of ZnO can be con-
trolled by changing the growth conditions. With the same
amount of residue oxygen in the growth chamber, when
the nitrogen flux is increased, the number of tines nu-
cleated atop the nanorod gradually decreases. The rela-
tionship between the tine length and growth time is also
studied. The field emission properties of nano-prisms with
different tip morphologies are investigated. We find that
the ZnO nano-prisms with multi-tines atop possess the
lowest turn-on field and largest emission efficiency. Yet
such multi-tipped nano-prisms have high defects density,
which induces very strong cathodoluminescence around
530 nm. We suggest that our observations offer an in-
teresting hint for optimizing the emission properties of
nano-prisms.
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