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Large-area arrays of vertically aligned ZnO-nanotapers with tailored taper angle and height are
electrodeposited on planar Zn-plate via continuously tuning the Zn(NH3)4(NO3)2 concentration in the
electrolyte. Experimental measurements reveal that the field-emission performance of the ZnO-nanotaper
arrays is enhanced with the sharpness and height of the ZnO-nanotapers. Theoretically, the ZnO-nanotaper
is simplified to a ‘‘charge disc’’ model, based on which the characteristic macroscopic field enhancement
factor (cC) is quantified. The theoretically calculated cC values are in good agreement with the experimental
ones measured from arrays of ZnO-nanotapers with a series of geometrical parameters. The ZnO-nanotaper
arrays have promising potentials in field-emission. The electrochemical synthetic strategy we developed
may be extended to nanotaper arrays of other materials that are amenable to electrodeposition, and the
‘‘charge disc’’ model can be used for quasi-one-dimensional field emitters of other materials with nano-sized
diameters.

C
old Electron Field Emission (CFE), rather than thermionic, photoelectric, or secondary emission, is a
process in which electrons below or close to the emitter Fermi level escape from the emitter surface with
the aid of a high electric field depressing the surface barrier at low temperature1. One-dimensional (1D)

field emitters with nano-sized diameters, such as nanowires2–4, nanorods5 and nanotubes6–8, have demonstrated
higher emission efficiency than those with micro-sized diameters or film field emitters. In comparison, nanota-
pers9–12 have drawn much attention due to their larger characteristic macroscopic field enhancement factor (cC)
and powerful ability to gather electrons on the top-tip. From the material view point, zinc oxide (ZnO) is very
suitable for field emission owing to its thermal stability and oxide resistibility13. To date, randomly distributed
cluster-like ZnO nanocones have been achieved on Zn-plate via hydro-thermal method14, and individual ZnO
nanocones dispersed in solution have been synthesized via sol-gel reaction15. However these ZnO nanocones are
not suitable for field emitters as they were not grown erectly on planar conducting substrates. Although, ZnO
vertical nanotaper arrays were fabricated on Si substrates by thermal evaporation16, however, there was very
limited control over the sharpness of the ZnO-nanotapers that has great effect on the field emission performance.
Here we aim at large-area arrays of vertically aligned and parallel ZnO-nanotapers with well-controlled sharpness
and height grown on planar conductive substrate to achieve much better field emission performance. Previously
we electrodeposited arrays of vertically aligned hexagonal-shaped ZnO-nanorods with a uniform diameter from
the bottom to the top-end on Si wafer by using Zn-sheet as the anode in Zn(NH3)4(NO3)2 electrolyte5, and the
diameters of the ZnO-nanorods are approximately proportional to the Zn(NH3)4

21 concentration in the elec-
trolyte. In that case, the Zn-sheet anode was continuously electrolyzed into the electrolyte to form Zn21 ions with
the electrodeposition going on, leading to a constant Zn21 concentration in the electrolyte during the whole
electrodeposition process, thus every ZnO-nanorod has a uniform diameter from the bottom to the top-end.
Herein, in order to grow ZnO-nanotapers on conductive substrate, we substitute graphite plate for Zn-sheet as the
anode, and replace the Si wafer with Zn-plate substrate to achieve better lattice match for the ZnO-nanptapers and
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better conductivity for field emission measurements. In the new set-
up (see Supplementary Fig. S1), there is no any additional supple-
ment of Zn21 ions during the electrodeposition, the Zn(NH3)4

21

concentration in the electrolyte decreases with the electrodeposition
going on, thus arrays of ZnO-nanotapers (with their diameter
decrease from the bottom to the top-end) rather than uniform-
nanorods (with the same diameter from the bottom to the top-
end) are electrodeposited on the Zn-plate substrate, and more
importantly the taper angle (or sharpness) of the ZnO-nanotapers
can be well-tailored via diluting the electrolyte during the
electrodeposition.

Results
Top- (Fig. 1a) and side-view (Fig. 1b) scanning electron microscope
(SEM) observations show large-area arrays of vertically aligned ZnO-
nanotapers electrodeposited on the conductive Zn-plate. A close-up
view (inset of Fig. 1a) displays the hexagonal cross-section of the
resultant ZnO-nanotapers. A typical transmission electron micro-
scope (TEM) image of a single ZnO-nanotaper (Fig. 1c) reveals that
the diameter of the nanotaper decreases from the bottom to the top-
end. Selected area electron diffraction (SAED) pattern (inset of
Fig. 1c) taken from this nanotaper displays the single-crystal nature
of the ZnO-nanotaper. The lattice-resolved TEM image (Fig. 1d)
reveals the lattice fringes with a spacing of 0.26 nm, indicating that
the ZnO-nanotaper grows along [0001] direction. Experimental
measurements on CFE macroscopic current density (JM) with the
macroscopic field (FM) (Fig. 1e) demonstrate that the arrays of the
ZnO-nanotapers exhibit a larger CFE current density than that of the
arrays of the ZnO-nanorods with the same height and the same
bottom-diameter, where the measured current density is obtained
at the emitter/vacuum interface. Based on the improvement on the
Fowler-Nordheim (F-N) theory17, the ‘‘technically complete’’ FN-
type equation is:

JM~aM lC aQ{1(cC FM)2 exp({nF bQ3=2=cC FM), ð1Þ

where a and b are the first and second F-N constants respectively, nF

is a correction factor associated with barrier shape, and lC is a char-
acteristic ‘‘supply correction factor’’. aM is the area efficiency of
emission and is very much less than unity. The correction factor with

the largest influence on JM is normally the barrier shape correction
factor nF. Q is the work function of the emitting material and cC is the
characteristic enhancement factor, which is the ratio of the char-
acteristic barrier field (FC) over the FM, and quantifies the emission
ability of the emitter. The relationship between the slope of the F-N

plot (SM) and cC is SM~
Lln(JM=F2

M)

L(1=FM)
~{

nFbQ3=2

cC
. The slope of the

F-N plots is proportional to 2Q3/2/cC, where the F-N plots of ln(JM/
FM

2) vs 1/FM, are shown in the inset of Fig. 1e, revealing that the
arrays of ZnO-nanotapers have larger cC values and exhibit better
CFE performance than those of the ZnO-nanorods with the same
height and the same bottom-diameter.

To explore the effect of the nanotaper sharpness on the CFE per-
formance of the ZnO-nanotaper arrays, we firstly tried to establish
theoretical model and prepare a series of arrays of ZnO-nanotapers
with different sharpness degrees, and then measure their CFE prop-
erties and further check the theoretical model. As for the theoretical
models of field emission, most of the models have been established
for carbon nanotubes (such as floating spheres18 and cylinders19) and
metallic nanostructures (such as pyramids20, hemi-ellipsoidal21 and
semi-infinite electrodes22). However, little has been reported on the
semiconducting nano-emitters due to the complication mainly
induced by the electric field penetration into the emitters and the
surface states23–25. For the field emitters consisting of metal and semi-
conductor, the emission ability is quantified by the cC value, which
could be derived via numerical calculations (e.g., solving Laplace
equation23,26). However, numerical calculations involve complex for-
mula derivation and require special software packages or computa-
tional programs. To simplify the calculation, a ‘‘floated sphere’’
model, which was first proposed by Miller in 1967 for the calculation
of the ‘‘field intensification factor’’ of a single cylindrical field-emitter
in small gaps27, was employed to estimate the cC value of a single
carbon nanotube18, and the making use of superposing the electro-
static potential of the ‘‘floated sphere’’ and that of its image simplifies
the calculations to some extent. However, the double integral used in
the spherical coordinate system is still complicated.

Here, we tried to establish a simple phenomenological ‘‘disc
model’’ to calculate cC value of the semiconducting ZnO-nanotapers
merely by single variable calculus in a circle plane system. Firstly, we

Figure 1 | ZnO-nanotaper arrays electrodeposited on Zn-plate in an initial 0.2 M Zn(NH3)4
21 electrolyte with continuously injecting deionized (DI)

water at 0.05 mL/min. (a), (b), Top- (a) and side-view (b) SEM images of the ZnO-nanotaper arrays (the insets are the close-up views). (c), TEM image of

a single nanotaper (the inset is the SAED pattern). (d), Lattice-resolved TEM image taken on the nanotaper shown in (c). (e), Macroscopical current

density (JM) as a function of the applied electric field (FM) for the arrays of ZnO-nanotapers with apical angle (h) of 15u (red circles) and the ZnO-

nanorods with the same bottom diameter of ,200 nm and the same height of ,2 mm (black squares). The insets are the corresponding F-N plots

displayed with ln(JM/FM
2) and 1/FM.
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model the hexagonal pyramid nanotaper as a nanocone with the
same height and bottom area (Fig. 2a). Since the bottom radius of
the nanocone (R0) is very close to that of the circle (RZnO) inscribed

the bottom of the ZnO-nanotaper: R0~(2
ffiffiffi
3
p .

p)1=2:RZnO<
1:05RZnO. Then, the simplified nanocone with a height of h and a
bottom radius of R0 (R0=h) vertically standing on the cathode plate
is put into a uniform electric field F0 (Fig. 2b), with the distance
between the anode and the cathode being D (h=D). Considering
that the real top-tip of the ZnO-nanotaper is approximately a curved
surface, therefore the top surface of the nanocone is simplified as a
half sphere with a radius of r1 tangent to the side of the nanocone. It is
known that electrons are mainly emitted from the top-surface of the
emitter, and the more the surface charges collected on the top-sur-
face, the more the emission current is generated28,29. In order to
investigate the charge distributions on the top-surface of the cone-
shaped emitter, as shown in Fig. 2c, the emitter is approximated as a
sphere with a diameter of 10 nm, tangent to the side-face of the cone
with the height of 2 mm. By solving the Laplace equation with the aid
of finite element analysis under the zero charge boundary condition,
we find that the surface charge is mainly concentrated on the upper
surface of the sphere with its density decrease rapidly from the top-
tip to the bottom under a macroscopic electric field of 20 V/mm,
being similar to that for the point discharge on the tips of the carbon
nanotubes30. Thus, we only consider the top-tip of the nanocone with

a height being equal to the diameter of the top sphere (2r1). Secondly,
as the field emission is entirely determined by the surface charges of
the emitter, the nanocone is further simplified as a ‘‘charge disc’’
merely consisting of a layer of charges rather than ZnO (Fig. 2d).
The charge density s0 of the ‘‘charge disc’’ is equal to the surface
charge density at the center of the nanocone top-tip. The ‘‘charge
disc’’ is tangent to the bottom of the sphere, and the radius R of the
‘‘charge disc’’ is determined by the sharpness (h) and the height (h) of
the nanotaper as follows:

R~r0z r1zr0tan
h

2

� �
tan

h

2

~r0½1z
R0{r0

h
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2z R0{r0ð Þ2

q
h

z
R0{r0ð Þ2

h2
�:

ð2Þ

When r0 5 R0, the nanotaper transforms into a nanorod with uni-
form diameter from the bottom to the top-end, the emission is
mainly from the top face. When r0 5 0, the nanotaper is a perfect
cone, with the electron density on the surface of the top-tip being
infinity ideally.

Due to the image force31,32 and for the satisfaction of the boundary
condition that the ‘‘charge disc’’ and cathode are equipotential
bodies, an equal image ‘‘charge disc’’ is put on the opposite side of
the cathode (Fig. 2e)18. The potential of the ‘‘charge disc’’ is zero as

Figure 2 | Sketch for the modeling process and the solution of the ‘‘charge disc’’ model. (a), The hexagonal pyramid-shaped ZnO-nanotaper

(left) is simplified into a cone-shaped nanotaper (right). (b), The simplified cone with a rounding-top in a uniform electric field F0. (c), The surface charge

density distribution of the nanotaper (h 5 2 mm, R0 5 200 nm) under the applied field 20 V/mm. (d), The disc radius R is determined by the top

radius r0 and the bottom radius R0 of the ZnO-nanotaper. (e), The constructed charge disc (above the cathode) and image charge disc (below the cathode)

model on the opposite side of the cathode. (f), Three-dimensional (3D) surface for the relationship among h, h and cC-array of the ZnO-nanotaper arrays,

for clarity the inset is the back view of the diagram.
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the cathode is connected to the ground. The potential yz at point Z,
above the center O of the ‘‘charge disc’’, is composed of three parts as
shown below:

yz~y1zy2zy0

~
1

4pe0

ðR

0

2prs0drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(z{h)2zr2

p

{
1

4pe0

ðR

0

2prs0drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(zzh)2zr2

p zF0z

~
s0

2e0
(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(z{h)2zR2

q
{ z{hj j)

{
s0

2e0
(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(zzh)2zR2

q
{ zzhj j)zF0z:

ð3Þ

Where y1, y2 and y0 are the potentials produced by disc charges,
image disc charges and the applied field F0, respectively. When z 5 h
and h?R, the potential yz5h 5 s0R/2e0 1 F0h 5 0. So s0 5 2e0F0h/
R, and the applied field on the surface (z 5 h) of the ‘‘charge disc’’
is

Fdisc,z~h~
dyz

dz

����
z~h

~ F0{
s0

2e0

����
����~F0(

h
R

{1): ð4Þ

Thus, the characteristic filed enhancement factor cC-disc of the
‘‘charge disc’’ is

cC{disc~Fdisc,z~h=F0<h=R: ð5Þ

The results show that cC-disc is equal to h/R, being similar to that
for nanorod33 or nanotube34. It should be mentioned that R is a
function of the top radius r0 and the sharpness h of the nanotaper
in our case.

Next, to get cC value of the ZnO-nanotapers, it is necessary to
know the intrinsic characteristics of ZnO under the applied elec-
tric field. It has been reported that if an electric field is applied
on a semiconducting emitter, the characteristics of the emitter
will be changed due to the penetration of the applied electric
field into the emitter25 and the surface state35. Specifically when
the applied electric field penetrates from the surface into the
emitter, much more extra electrons will appear on the top sur-
face of the emitter. Then, the conduction band of ZnO has to
bend downwards to supply enough holes for accommodating the
extra electrons, as shown in Supplementary Fig. S2. Therefore,
the characteristics of ZnO under the applied electric field depend
on the degree of the band bending, and we have to estimate the
magnitude of surface electronic density (s) caused by the applied
field at first, and then calculate the band bending at room
temperature.

Under the applied external electric field F0, s and the potential

energy w satisfy
dW

dz
~{

e
e

Fs~{
e
e

(F0z
4ps

e0
) 36, where Fs is the

total field and depends on the total electrons, and s 5 e0(Fs 2 F0)/
4p. Under a commonly given external field of 20 V/mm, if the band is
not bent, the cC values deduced by putting the Electron Affinity and
the work function into the F-N curve respectively are all close to 200.
The identification whether the Q of ZnO is work function or Electron
Affinity is illustrated in Supplementary Part 3. So,

sve0Es=4p~e0cCF0=4p~2:8144|10{7

C=cm2
~1:76|1012 electrons=cm2:

ð6Þ

Then, we calculate the surface electronic density of ZnO with no
band bending. In this case, the conduction band could accommodate
all the extra electrons and the valence band is neglected. For ZnO, the
density of states in the conduction band is

gc(E)~4pV
(2m�n)3=2

h3
(E{Ec)

1=2, ð7Þ

where V is the volume, E is the total energy, Ec is the energy level at
the bottom of the conduction band, and m�n is the effective mass36.
The energy of electrons (E) follows the Fermi-Dirac distribution
f (E)~1=f1z exp½(E{EF)=(kbT)�g, which is only related to the dif-
ference between the bottom of the conduction band and the Fermi
level. Where EF is the Fermi Level, kb is the Boltzmann constant, and
T 5 300 K. So, the quantities of the electrons in the conduction band
can be expressed as

N~

ð?
Ec

gc(E)f (E)dE

~

ð?
Ec

4pV
(2m�n)3=2

h3
(E{Ec)

1=2=½1z exp (
E{EF

kbT
)�dE:

ð8Þ

Thus, the electronic density is

n~
N
V

~

ð?
Ec

4p
(2m�n)3=2

h3
(E{Ec)

1=2=½1z exp (
E{EF

kbT
)�dE: ð9Þ

By numerical integration, we find that the electronic density of ZnO
in the conduction band with no band bending is 3.85 3 1014 elec-
trons/cm3. Assuming that the surface of ZnO is the outermost layer
constructed with the Primitive Cells with a height of 5.2 Å37, thus s 5

2 3 107 electrons/cm2, which is far less than the surface electron
density when considering the band bending. So, when the band is
bent, the surface charges are almost contributed with the electrons in
the conduction band. From Eq. (9), the charge density n is propor-
tional to exp[2(Ec 2 EF)/kbT]. Therefore, when all the extra elec-
trons are filled in the conduction band, the band bending is about
0.12 eV below the Fermi Level approximately. When considering the
Fs and using self-consistent numeration, the order of magnitude of
the s for Ge is 1012 electron/cm2 under the applied field of 0.3 V/Å38.
Similarly, the s of ZnO has the same order of magnitude and is the
difference between the surface electronic density with the band bend-
ing and that with no band bending. Because the surface electronic
density with the band bending is much higher than that with no band
bending, and the electronic density with no band bending is neg-
ligible. Thus, if the Fs is taken into account and all the extra electrons
are filled in the conduction band, the band bending is about 0.12 eV
below the Fermi Level. Based on the above analysis, if the Fs and all
the extra electrons are filled in not only the conduction band but also
the valence band, the band bending is also about 0.12 eV. This value
makes the bottom of the conduction band below the Fermi Level with
the magnitude of 1021 eV. Compared with kbT 5 0.026 eV at room
temperature (27uC), this magnitude of 1021 eV is enough for semi-
conductor ZnO to have metallic properties.

After the analysis of the band bending caused by the field penetra-
tion, the effects of the surface states should be taken into account. The
electrons emitted from semiconductors come from the following
three parts: the conduction band, the valence band and the surface
states25. Since ZnO has a wide direct band gap and exhibits metallic
properties, almost the entire electrons are emitted from the conduc-
tion band. Therefore, the formula for calculating the cC value of a
single ZnO nanotaper is still Eq. (5), and the work function of ZnO is
the difference between the vacuum level and the Fermi surface

Q~ Ec{nb{EFj jzx~0:24eVz3:6eV~3:84eV , ð10Þ
where Ec-nb is the vacuum level in conditions of no band bending, and
x is the Electron Affinity (see Supplementary Fig. S4). This result is
similar to the work function of ZnO about 3.7 eV reported by K.
Jacobi39.

Considering that the shielding effect makes cC of the ZnO-nano-
taper arrays (cC-array) lower than that of single nanotaper, the Eq. (5)
is modified as follows

www.nature.com/scientificreports
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cC{array~(h=R):½1{ exp ({1:1586d=h)�: ð11Þ
40,41Where d is the gap distance between the nanotapers that really
emit electrons. Then, by combining the Eq. (2) and (11), it can be
seen that the cC-array of the ZnO-nanotaper arrays is determined by
both the height and the sharpness of the ZnO-nanotapers (Fig. 2f).
With the height increase of the ZnO-nanotaper, the cC-array increases
owing to the continual rise of height-diameter ratio; with the increase
of ZnO-nanotaper sharpness degree (apical angle h, defined to quan-
titatively describe the sharpness) from 0u to 180u, the cC-array

increases rapidly at first and then slowly decreases since the shielding
effect is dominated when the nanotapers are very sharp. It is import-
ant to note that the bottoms of the nanotapers are closely contacted
with each other.

To test and verify the ‘‘disc model’’ and Eq. (11), experimental
validations are performed. Firstly, we synthesized various arrays of
ZnO-nanotapers with different h and height-diameter ratios (h/R).
By purposely dropping DI-water into the electrolyte to dilute the
Zn(NH3)4

21 concentration during the electrodeposition of ZnO-
nanotaper arrays, the sharpness of the ZnO-nanotapers can be tai-
lored. Without injecting DI-water, when the initial Zn(NH3)4

21 con-
centration is 0.1 M, the h of the resultant ZnO-nanotapers is ,10u
(Fig. 3a). When DI-water is injected with a flow rate of 0.05, 0.1 and
0.2 mL/min, and the initial electrolyte concentration is kept at 0.2 M,
nanotapers with h of ,15u, ,25u and ,35u are obtained respectively
(Fig. 3b–d). The ZnO-nanotapers with the same bottom diameter
(,100 nm) and different lengths can be achieved by tuning the
electrodeposition duration and the initial volume of the electrolyte
with the same initial concentration (see Supplementary Fig. S5).

The experimental JM-FM curves in Fig. 4(a) exhibit that the turn-
on fields of the arrays of ZnO-nanotapers with h of 10u, 15u, 25u and
35u are about 9.30, 9.90, 10.64 and 11.30 V/mm, respectively. Under
an external field of about 20 V/mm, the current densities of these
ZnO-nanotaper arrays are about 1.54, 1.20, 0.85 and 0.50 mA/cm2,
respectively. For getting the experimental cC-array of the ZnO-nano-
taper arrays from their JM-FM curves, it is essential to confirm the
shape of CFE barrier and the slop of the F-N plots. Generally, the
barrier shape of CFE is simplified as an elementary triangular. Then,
aM 5 lC 5 nF 5 1 in Eq. (1), and SM 5 2bQ3/2/cC. So, nF in Eq. (1) is
not taken into account, which is an important factor for estimating

cC
42. Considering that the tip of ZnO-nanotaper is modeled as a

metallic ‘‘charge disc’’, as we discussed above, the Schottky–
Nordheim (S-N) barrier is more appropriate for us to estimate the
experimental cC values. In this case, using the Forbes approxi-

mation42, vF<1{
cCFM

Fh
z

1
6

cCFM

Fh
ln

cCFM

Fh
. Fh is the field that could

reduce S-N barrier height from h to zero, and Fh~Q2=(
K{1
Kz1

e3

4pe0
),

where K is the relative permittivity of ZnO and K < 7143. If Q 5

3.84 eV and SM is taken from the F-N plots shown in the inset of
Fig. 4(a), the experimental cC-array of the ZnO-nanotapers with h of
10u, 15u, 25u and 35u are estimated to be 287, 280, 246 and 226,
respectively, revealing that the sharper the ZnO-nanotaper is, the
higher the F-E current is. Similarly, by using JM-FM curves and cor-
responding F-N plots of the ZnO-nanotapers with different heights
under the same bottom diameters (,100 nm) (see Supplementary
Fig. S6), the experimental cC-array of the ZnO-nanotapers with
heights of 1100, 1580, 2000 and 2620 nm are estimated to be 236,
280, 288 and 304, respectively.

Secondly, unlike the theoretical model that every nanotaper has
effective emission, in practice only the highest or near the highest
nanotapers can emit electrons. Besides, as the bottoms of the as-
grown ZnO-nanotapers are contacted with each other, d increases
inevitably with the sharpening of the ZnO-nanotapers. Thus, the d in
Eq. (5) is corrected as d~2R0½1z13:27 exp ({0:07h)� via the non-
linear fitting. (see Supplementary Fig. S7). Thirdly, it can be seen
from Fig. S5 that the sharpness h of our synthesized ZnO-nanotapers
almost keeps a constant angle of about 5u when h $ 2000 nm. Thus,
Eq. (11) is finally determined as:

cC{array~
(h=R):½1{ exp ({1:1586d=h)�, when hv2000nm, or hw50

(h=R):½1{ exp ({1:1586|2000d=h2)�, when h§2000nm and hƒ50

�
: ð12Þ

Based on Eq. (12), the theoretical 3D-surface for cC-array is shown in
Fig. 4b, revealing that cC-array has three regions with the increase of h:
rapid rising region (I, 0u, h , 16u), rapid dropping region (II, 16u,

h , 60u) and slow dropping region (III, h . 60u). From h 5 0u to h 5

60u, both the shielding effect and the enhanced emission are wea-
kened gradually with the sharpness decrease of the ZnO-nanotapers.
When 0u , h , 16u, the shielding effect is stronger and dominant;
when h < 16u, the shielding effect and the emission are nearly
balanced; when 16u , h , 60u, the shielding effect is relatively
weaker and decreases faster than that of the emission; when h .

60u, the shielding effect almost disappears and the emission decreases
slowly. The difference for the theoretical cC-array before and after the
correction of d (Fig. 4c) firstly increases rapidly and then increases
slowly with h; and the positive and negative maximal differences
center at h < 16u and h < 60u, respectively. It clearly demonstrates
that with the increase of h the shielding effect increases rapidly at
first, and then slows down gradually; at h < 16u, the shielding effect
and the emission are indeed nearly balanced; at h < 60u, the shielding
effect just disappears. Fourthly, the sparsity effect of emitters is very
important to the CFE performance. By using Eq. (12), we find that
cC-array of the ZnO-nanotapers increases with the distance between
the adjacent ZnO-nanotapers (da) until cC-array 5 cC (see
Supplementary Fig. S8). It reconfirms that the shielding effect weak-
ens gradually with the increase of da and diminishes finally when da is
large enough. For our ZnO-nanotapers, da 5 0. So, finally, the cC-array

calculated via the ‘‘charge disc’’ model and those deduced from the
slope of the experimental F-N plots for the arrays of ZnO-nanotapers
with different h and h are shown in the upper and lower row of
Fig. 4d, respectively. The theoretical result from the ‘‘charge disc’’
model is well confirmed by the experiments. The deviations may
result from adsorbed gases, crystal defects and etc.44

To test and verify the universality of our theoretical ‘‘charge disc’’
model for 1D field nanoemitters of various materials, we calculated
the cC-array of 1D field emitters of various materials with nano-sized

Figure 3 | Arrays of ZnO-nanotapers with the same height and
different sharpness degrees. (a), Arrays of ZnO-nanotapers with the apical

angle of ,10u, achieved from initial 0.1 M Zn(NH3)4
21 solution without

injection of DI water. (b–d), Arrays of ZnO-nanotapers with apical angles

of (b) 15u, (c) 25u and (d) 35u respectively, achieved from initial 0.2 M

Zn(NH3)4
21 solution by injecting the DI water with flow speed of 0.05, 0.1

and 0.2 mL/min, respectively. The insets are the TEM images.
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diameters reported previously in the literature, such as single carbon
nanotube8, Cu nanocones45, SiC nanocones9 and AlN nanocones12,
via our ‘‘charge disc’’ model (see Supplementary Fig. S9 and Table
S1). Fortunately, the theoretical results agree well with the experi-
mental values reported in the literature, further demonstrating that
our ‘‘charge disc’’ model can also be applied to quasi-1D field emit-
ters of other materials with nano-sized diameters.

Discussion
In summary, arrays of ZnO-nanotapers with well-tailored sharpness
and height have been grown on Zn-plate via electrodeposition by
using graphite as anode and tuning Zn(NH3)4(NO3)2 concentration
in the electrolyte. The field emission performance of the resultant
ZnO-nanotaper arrays has improved with the increase of the sharp-
ness and the height of the ZnO-nanotapers. The synthetic approach
may be exploited to arrays of nanotapers consisting of other materi-
als that are amenable to electrodeposition. A ‘‘charge disc’’ model has
been designed to calculate the cC of the ZnO-nanotaper and its
arrays. The theoretically calculated cC values from the ‘‘charge disc’’

model have similar tendency but a little bit higher than the experi-
mental ones. The disc model can also be used for quasi-1D field
emitters of other materials with nano-sized diameters to predict their
field emission performance.

Methods
Experimental. Vertical aligned arrays of hexagonal ZnO-nanotapers were
electrodeposited on Zn-sheet cathode in Zn(NH3)4(NO3)2 electrolyte in a Teflon cell
with graphite as working electrode (see Fig. SM1). The electrochemical cell (with
volume of 200 mL) was put into a water bath at 80uC. The Zn(NH3)4(NO3)2

electrolyte was prepared by gradually dropping ammonium hydroxide (28 wt% NH3

in water, 99.99%) into zinc nitrate hexahydrate [Zn(NO3)2?6H2O, 99.0%] aqueous
solution till the solution became clear. To form ZnO-nanotapers, the electrolyte
concentration is gradually decreased by injecting DI water into the solution with a
flow controller.

Characterization. The ZnO-nanotapers were characterized by using field-emission
SEM (SIRION 200), TEM (JEM-2010) and X-ray diffraction (XRD) (X’Pert Pro
MPD). F-E properties were measured with a parallel-plate diode setup in a vacuum
chamber under a pressure about 6 3 1025 Pa at room temperature.

Simulation. The surface charge density of the simplified cone shown in Fig. 2c was
calculated by using a finite-element simulation method.

Figure 4 | Experimental verification of the ‘‘charge disc’’ mode. (a), JM-FM curves for the arrays of ZnO-nanotapers with the same h of 2 mm and

different h of 10u, 15u, 25u and 35u respectively. (b), 3D-surface for the relationship among h, h and cC-array of the ZnO-nanotaper arrays, where the three

regions of I, II and III are marked respectively. For clarity, the inset is the back view. (c), The 3D-surface for the difference between the theoretical cC-array

values before and after the correction of d. The inset is the back view. (d), Comparison between the theoretical curves calculated from the ‘‘disc model’’

and the experimental data of cC-array for the arrays of the ZnO-nanotapers with different h (upper) and h (lower), respectively. Error bars show the

deviation of experimental accuracy.
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