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ptimization of large-area arrays of
TiO2 nanowires & nanotubes for enhanced cold
field emission: experiment and theory†

Mingi Choi,‡a Zhuo Zhang,‡a Jingkun Chen,b Zexiang Dengb and Kijung Yong*a

Designed by finite elemental modelling, large-area arrays of TiO2 nanowires and nanotubes with

differentiated heights mixed together are synthesized on a planar Ti wafer via hydrothermal methods.

Experimental measurements reveal that the TiO2 nanowire/tubes arrays with differentiated heights

demonstrate a lower shielding effect and their cold field emission (CFE) performances can be further

enhanced by increasing their height/diameter ratios for both the nanowires and nanotubes.

Theoretically, the TiO2 nanowires and nanotubes are simplified to a “Zero Thickness Charge Disc (ZTCD)”

model, based on which their characteristic macroscopic field enhancement factors (gC) are quantified.

The theoretically calculated gC values are in good agreement with the experimental ones of the TiO2

nanowires and tubes with a series of geometrical parameters. The TiO2 nanowires and nanotubes have

promising potential in CFE. The “ZTCD” model is valuable for future research on quasi-one-dimensional

field emitters.
Introduction

Cold Field Emission (CFE), along with its standard theory of
Fowler–Nordheim (FN) tunneling,1 has made great achieve-
ments and applications in vacuum microelectronics via both
experimental investigations and theoretical analyses.2 With
rapid development of one-dimensional (1-D) nanotechnologies
in recent years, 1-D nano-emitters have demonstrated higher
emission efficiency than macroscopic emitters, and the CFE
abilities of the 1-D nano-emitters can be enhanced by choosing
outstanding emitter materials, increasing the length-diameter
ratio or sharpening the top-tip of the emitters. Thus, huge
amounts of 1-D nano-emitters made from various materials
(such as carbon,3 metals,4 semiconductors5 and even polymers6)
and with many kinds of morphologies (such as nano-wires,7

tubes,8 needles9 and etc.) have been explored. From the material
view point, titanium oxide (TiO2) is very suitable for CFE owing
to its thermal stability and oxide resistibility.10 To date, various
arrays of TiO2 nanowires11 and nanotubes12 were prepared as
the eld emitters. However the CFE of these closely arranged
TiO2 nanowires could be weakened greatly due to the shielding
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effect.13 Although, large arrays of ordered TiO2 nanopillars and
nanotubes with suitable and equal interspace could be
fabricated by the “atomic layer deposition array dened by
etch-back” technique,14 however, high cost of preparation has
limited its large-scale production. Thus, developing a simple
and economical method for the preparation of the TiO2 nano-
emitters to get lower shielding effect and enhancing their CFE
abilities is still a challenge. Here, designed by nite element
modelling, large-area arrays of TiO2 nanowires with uniform
distribution of taller and shorter nanowires were achieved via
hydrothermal method for getting lower shielding effect and
higher CFE performance.

Besides, to study CFE performance of the TiO2 1-D nano-
structures in a systematic way, it is essential to combine the
experiments with the theoretical studies. So far, based on the
FN theory, many theoretical models have been established to
study the CFE of 1-D nano-emitters. However, most of them are
made from carbon nanotubes (such as oating spheres15 and
cylinders16) and metallic nanostructures (such as pyramids,17

hemi-ellipsoidal18 and jelliummodel19). Little has been reported
on the semiconducting emitters due to the complication mainly
induced by the electric eld penetration into the emitters20 and
the surface states.21 For the metallic or semiconducting emit-
ters, the emission ability is quantied by the eld enhancement
factor (mostly marked as b), which is the ratio of the barrier eld
near the top-tip of the emitter over the applied macro-eld,22

and could be derived via numerical calculations (e.g., solving
Laplace equation).23 However, numerical calculations involve
complex formula derivation and require special soware pack-
ages or computational programs. Besides, the FN theory which
This journal is © The Royal Society of Chemistry 2015
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most models based on is too simple to reect the effect of the
barrier shape on the CFE due to its elementary triangular
barrier and Sommerfeld's model.24 To overcome this, we
reported the “Charge Disc” model recently to calculate the
characteristic macroscopic eld enhancement factor [marked
as gC, which is the ratio of the characteristic barrier eld (FC)
over the macroscopic eld (FM)]of the ZnO nanotaper based
on the Schottky–Nordheim (S–N) barrier via only calculus.25

Although the “Charge Disc” Model is well conrmed by ZnO
nanotapers and several other 1-D nano-emitters, the thickness
of the disc is not clearly dened, which is very important to the
values of the surface charge density of the 1-D nano-emitters.
Besides, the “Charge Disc” model has to face the challenge
that the heights of the nano-emitters are not uniform. So here
we demonstrated the “Zero Thickness Charge Disc (ZTCD)”
for the evaluation of the gC values and checked its applica-
bility on the nanowires with differentiated heights mixed
together.

As a model system, we have prepared the large-area arrays of
vertically aligned TiO2 nanowires and nanotubes via hydro-
thermal method. The prepared samples exhibited lower
shielding effects and enhanced CFE performances with
controlled density and aspect ratios of effective emitters. The
characteristic macroscopic eld enhancement factors were
determined from emission current results, which are in good
agreement with values obtained from our “ZTCD” model.
Experimental
Materials

Titanium foil (Ti foil, thickness 0.25 mm, 99.7% trace metals
basis), sodium hydroxide (NaOH, pellets, semiconductor grade,
99.99% trace metals basis), and hydrochloric acid (HCl, ACS
reagent, 37%) were purchased from Sigma Aldrich.
Fabrication of TiO2 nanowires and nanotubes

TiO2 nanowires and nanotubes were synthesized by the
reported hydrothermal method.26 The cleaned Ti foil which
was used for substrate and Ti source was placed in a Teon-
lined stainless steel autoclave lled with NaOH aqueous
solution. The morphologies of TiO2 depended on the
concentration of NaOH, the nanowire structures and the
nanotube structures were obtained with 0.5 M and 0.25 M of
the NaOH solution. The autoclave reactor was heated in an
electrical oven at 220 �C. Different length of the TiO2 nano-
wires and nanotubes were fabricated with different reaction
time. Aer the reaction, the reactor was cooled down at RT for
2 h. Sodium titanate arrays were fabricated aer this reaction.
Then, the foil was immersed in 1 M HCl solution for 10 min to
replace the Na+ with H+ to render H2Ti3O7. Then, the foil with
titanate nanoarrays was rinsed with water and ethanol and
dried for 20 min before being placed in a muffle furnace for
heat treatment at 500 �C for 3 h at a ramping rate of 2 �C
min�1. Aer heat treatment, the H2Ti3O7 was converted into
TiO2 anatase.27
This journal is © The Royal Society of Chemistry 2015
Characterization

The morphologies of nanowires and nanotubes were conrmed
by a eld-emission scanning electron microscope
(FE-SEM, XL30S, Philips) operated at 5.0 kV beam energy and
high-resolution scanning transmission electron microscope
(HR-STEM; JEM-2200FS with Image Cs-corrector; JEOL) oper-
ated at 200 kV beam energy. The crystalline structures were
observed by selected-area electron diffraction (SAED) patterns of
TEM and X-ray diffractometer (XRD, D/MAX-2500, Rigaku) with
Cu Ka radiation (40 kV, 100 mA) results. The XRD spectra were
measured in the range of 20–80� with a scan rate of 4� min�1. To
prepare the samples for TEM, TiO2 nanoarrays were exfoliated
from titanium foil and dispersed in ethanol using an ultra-
sonicator. The dispersed samples were deposited on a copper
grid and were placed in an electrical oven 1 day to remove the
ethanol.
Field emission

Field emission properties of TiO2 nanostructures were
measured in the vacuum chamber at below 5 � 106 torr. The
TiO2 nanostructures on the ITO were used as a cathode, and the
tungsten was used as an anode, and the two sheet of glass were
used as spacers which make the gap of cathode and anode
600 mm. Several times of voltage sweeps from 0 V to 7000 V were
conducted to get stabilized current density. Aer stabilizing, the
eld emission current could be obtained by voltage sweeps with
a high voltage DC power. (HV Rack, Ultravolt).
Simulation

The nite elemental modeling was built and calculated by using
COMSOL multi-physics.
Results and discussion
Morphologies and crystal structure of the TiO2 nanowires and
nanotubes

Firstly, in order to design large-area arrays of 1-D TiO2 nano-
emitters having lower shielding effect and prepare them in a
lower-cost way, we constructed the vertically aligned and closely
arranged TiO2 nanowires having spherical top-tips with cylin-
drical bodies and standing on the substrate with the same
diameters and different heights, and then calculated their CFE
performance by nite elemental modelling (Fig. 1a). When
arrays of the TiO2 nanowires are applied by FM ¼ 20 V mm�1

(upper row of Fig. 1a), the tallest nanowire can exhibit strongest
FC ¼ 2.54� 103 V mm�1, the FC of the second-tallest one reduces
by half and the FC of the shortest ones could be negligible by
contrast (bottom row of Fig. 1a). It conrms that the CFE
performance of the TiO2 nanowire arrays with the same diam-
eters is much affected by the height and the separate distance of
the taller nanowires, and the contribution from shorter nano-
wires is very little. Thus, the inter-distance of the taller
nanowires is important in eliminating the shielding effect
efficiently.
RSC Adv., 2015, 5, 19470–19478 | 19471
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Fig. 1 (a) Potential (upper row) and characteristic barrier field (bottom row) distributions of the vertically aligned TiO2 nanowire arrays having the
same diameter and different heights under an applied field about 20 V mm�1. The inset of the upper row shows the modelling net for the top-tip
of the nanowire, and the bottom row insets show the enlarged views of field distribution near the top-tips of the tallest, taller and the shortest
nanowires, respectively; (b and c) side-view SEM images of 16 h-grown nanowires (b) and 24 h-grown nanotubes (c); (d and e) TEM images of 16
h-grown nanowires (d) and 24 h-grown nanotubes (e). The left insets are their HRTEM images and the right inset of (e) is the enlarged view of the
nanotube; (f and g) SAED patterns of 16 h-grown nanowires (f) and 24 h-grown nanotubes (g); (h) XRD patterns of TiO2 nanowires and nanotubes.
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Based on the modeling design, the TiO2 nanowire and
nanotube arrays with different heights were synthesized via
hydrothermal method respectively.

Side-view scanning electron microscope (SEM) observations
show large-area arrays of aligned TiO2 nanowires (Fig. 1b) and
nanotubes (Fig. 1c) deposited on the Ti substrate. It can be seen
that both the nanowires and nanotubes have differentiated
heights obviously: the taller ones are protruded among the
uniformly grown shorter ones. The transmission electron
microscope (TEM) results (Fig. 1d and e) reveal that the width of
wires and tubes is 100 and 150 nm respectively, and the tubes,
which have hollow inner structure (right inset of Fig. 1e) and
tapered in tip part. The atomic structures of wires and tubes
were investigated using high resolution TEM (HRTEM, le
insets of Fig. 1d and e) and the selected-area electron diffraction
(SAED) patterns (Fig. 1f and g). The distance between atomic
planes was measured from the HRTEM images viewed along the
[010] direction. The distance of (101) atomic planes
(0.35144 nm), which can be known from SAED, wasmeasured to
be 0.3524 nm from the nanowire samples. In case of nanotubes,
the distance between (004) atomic planes (0.23742 nm) was
measured to be 0.2387 nm. The SAED patterns of the both
samples correspond to the patterns of anatase recorded along
the [010] zone axis.

The crystal structures of nanowires and nanotubes were
further conrmed by the X-ray diffraction (XRD) patterns
(Fig. 1h). We observed most of the peaks of anatase
(JCPDS no.86-1157) (101), (004), (200), (211) were found at
2q ¼ 25.3�, 37.8�, 48.1� and 55.1�, respectively which is well
19472 | RSC Adv., 2015, 5, 19470–19478
agreed with the SAED pattern. The samples were fabricated on
the titanium foil which causes the peaks of the titanium (JCPDS
no.44-1294) (100), (002) at 2q ¼ 35.1� and 38.4�, respectively.
Determination of the gC-array values via “ZTCD” model

Based on “Charge Disc” model, the characteristic macroscopic
eld enhancement factors (gC-array) were evaluated for the TiO2

nanowire and nanotube arrays, respectively. Before the
calculation of gC-array, the TiO2 material should be treated as
metal for simplication. It is known that electrons are mainly
emitted from the top-surface of the emitter, and the more
surface charges collected on the top-surface, the more larger
emission current is generated.28 In order to investigate the
charge distributions on the surface of the wire- & tube-shaped
emitter, the nanowire and the nanotube are approximated as
the structures shown in Fig. 2a that a sphere and a ring tangent
to the side-face, respectively. By solving the Laplace equation
with the aid of nite element analysis under the zero charge
boundary condition, we nd that the surface charge is mainly
concentrated on the upper surface of the sphere for nanowire
and the ring for nanotube with their charge densities
decreasing rapidly from the top-tip to the bottom under
FM ¼ 20 V mm�1. Thus, considering the radius of our prepared
TiO2 nanowire diminishes from bottom to top, the nanowire
can be simplied as a “Charge Disc”merely consisting of a layer
of charges rather than TiO2 (the purple part in the upper row of
Fig. 2b), and the nanotube is simplied as a “Charge Ring” (the
purple part in the bottom row of Fig. 2b), where r0 and R0 is the
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Distributions of the surface charge densities on the metallic nanowire (left) and nanotube (right); (b) geometrical characteristics of the
“Charge Disc” for the nanowire (upper row) and “Charge Ring” for the nanotube (bottom row); (c) the constructed “ZTCD” (above the cathode)
and image “ZTCD” (below the cathode) model on the opposite side of the cathode;25 (d) three-dimensional (3D) surface for the relationship
among R0, h and gC-array of the nanowire arrays, for clarity the insets are the views from other angles; (e) 3D surface for the relationship among
Ninterval, PCT and gC-array of the nanowire arrays.
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top- and bottom-radius of the nanowire, R is the radius of the
“Charge Disc”, Rin and Rout are the inner- and outer-radius of the
nanotube, and h is the height. In order to deduce the gC-array value
of the metallic nanowires and nanotubes, here we take the
“Charge Disc” as the example and dene its thickness as zero,
which we call it “Zero Thickness Charge Disc” and simplied as
“ZTCD”. Because we have demonstrated the effect of the charge
density s0 of the “ZTCD” is equal to the surface charge density at
the nanowire top-tip, and considering that the top-tip is smaller
than the bottom for our prepared TiO2 nanowires, therefore, the
radius R of the “ZTCD” can be tangent to the bottom of the
sphere and determined by r0, R0 and h of the nanowire as follows:

R ¼ r0

2
41þ R0 � r0

h
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ ðR0 � r0Þ2

q
h

þ ðR0 � r0Þ2
h2

3
5 (1)

Due to the image force and for the satisfaction of the
boundary condition that the “ZTCD” and cathode are
equi-potential bodies,29 an equal image “ZTCD” is put on the
opposite side of the cathode (Fig. 2c). The potential of the
“ZTCD” is zero as the cathode is connected to the ground. By
using the accumulation and differential of potentials produced
by disc charges, image disc charges and the applied eld, the
gC-array of the 1-D metallic nanowires can be listed as
This journal is © The Royal Society of Chemistry 2015
gC-array ¼ (h/R)[1 � exp(�1.1586d/h)] (2)

where d is the distance between the neighbouring taller nano-
wires (or nanotubes) which have effective emissions.

For the nanotubes, considering that the CFE ability can only
associate with the area of the “ZTCD” in a given surface charge
density and emitter height, so if the area of the Disc and Ring
are equal, that is R ¼ (Rout

2 � Rin
2)1/2, thus the “Charge Ring”

can be changed to “ZTCD”. According to eqn (2), if all the
nanowires (or nanotubes) have the same radius and height, and
stand very closely with each other, such as the interval is only
50 nm, it can be seen from Fig. 2d that the gC-array is slowly
increased with h (red curve), and rapidly weakened with the
increasing top-radius r0 (white curve) due to the powerful
shielding effect.

By contrast, if the heights of the nanowires (or nanotubes)
are differentiated, Fig. 2e shows that the gC-array increases
rapidly and then slowly with the increasing Ninterval (white
curve) and PCT (red curve). Where Ninterval is the number of the
shorter nanowires and expresses the inter-distance between
the taller nanowires; hT and hS are the average heights of the
taller and shorter nanowires, respectively; the percentage PCT
¼ (hT � hS)/hS � 100% describes the height difference between
hT and hS. Fig. 2e demonstrates that: (1) the shielding effect
decreases from the maximum to disappear with the
RSC Adv., 2015, 5, 19470–19478 | 19473
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increasing Ninterval; (2) although gC-array increases with PCT,
the shielding effect can also increases with the height/
diameter ratio. Thus, there is no need to prepare the taller
nanowires much higher than the shorter ones due to the
increased shielding effect and therefore the height of our
prepared taller TiO2 nanowires are no more than threefold of
the shorter ones.

Then, in order to get gC-array value of the TiO2 nanowires and
nanotubes, it is necessary to know the intrinsic characteristics
of TiO2 under the applied electric eld. The “ZTCD” model is
based on the improved Fowler–Nordheim (F–N) theory,30 in
which the effect of the barrier shape on the FE is taken into
account. So, the “technically complete” F–N-type equation
containing the barrier shape correction nF is

JM ¼ aMlCa4
�1(gCFM)2exp(�nFb4

3/2/gCFM) (3)

where a and b are the rst and second F–N constants respec-
tively, lC is a characteristic “supply correction factor”, and aM is
the area efficiency of emission and is very much less than unity.
The correction factor with the largest inuence on JM is
normally the barrier shape correction factor nF. 4 is the work
function of the emitting material and gC is the characteristic
enhancement factor. The relationship between the slope of the
F–N plot (SM) and gC is

SM ¼ v ln
�
JM

�
FM

2
�

vð1=FMÞ ¼ � nFb4
3=2

gC

:

Fig. 3 (a) Schematic of the electrons collected on the top surface of the
TiO2 (Excerpted from http://en.wikipedia.org/wiki/Anatase); (c) energy lev
blue lines represent the bottom of the conduction band and the Fermi lev
and nanotubes.

19474 | RSC Adv., 2015, 5, 19470–19478
Therefore, only aer the 4 and nF of the semi-conductive TiO2 is
conrmed can we get the theoretical and experimental values of
gC-array.

For any semiconducting eld emitters, it has been reported
that when the applied eld penetrates from the surface into the
emitter, muchmore extra electrons will appear on the top surface
of the emitter (Fig. 3a). Then, the conduction band has to bend
downwards to supply enough holes for accommodating the extra
electrons. Therefore, the characteristics of TiO2 under the applied
electric eld depend on the degree of the band bending, and we
have to estimate the magnitude of surface electronic density (s)
caused by the applied eld at rst, and then calculate the band
bending at room temperature. Under the applied external electric
eld F0, s and the potential energy F satisfy31

dF

dz
¼ � e

3
Fs ¼ � e

3

�
F0 þ 4ps

30

�

where Fs is the total eld and depends on the total electrons,
and s¼ 30(FS� F0)/4p. If the conduction band is not bent under
a commonly given external eld of 20 V mm�1, the electronic
density is

n ¼ N

V
¼

ðN
Ec

4p

�
2m*

n

�3=2
h3

ðE � EcÞ1=2
,�

1þ exp

�
E � EF

kbT

�	
dE

(4)

where V is the volume, E is the total energy, Ec is the energy level
at the bottom of the conduction band, m*

n is the effective mass,
TiO2 nanowire under applied field; (b) crystal structure of the anatase
els of semi-conductive TiO2 and metal under applied field, the red and
el respectively; (d) He 1 (hv¼ 21.2 eV) UPS curves of the TiO2 nanowires

This journal is © The Royal Society of Chemistry 2015
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EF is the Fermi Level, kb is the Boltzmann constant, and
T ¼ 300 K. By numerical integration and taking the Fermi level
in the middle of the band gap, we nd that the electronic
density of TiO2 in the conduction band with no band bending is
1.21 � 10�6 electrons per cm3. Assuming that the surface of
anatase TiO2 is the outermost layer constructed with the
Primitive Cells with a height of 5.54 �A (Fig. 3b),32 thus
s ¼ 1.19 � 1013 (for single emitter)/8.368 � 1012 (for arrays)
electrons per cm2, which is far less than the surface electron
density when considering the band bending.

Therefore, when the band is bent, the surface charges are
almost contributed with the electrons in the conduction band.
From eqn (4), the charge density n is proportional to exp
[�(Ec � EF)/kbT]. So, when the Fs is neglected and all the extra
electrons are lled in the conduction band, the band bending is
about 0.098 eV higher than the Fermi Level approximately for
TiO2 nanowire and nanotube arrays. And then, when consid-
ering the Fs and using self-consistent numeration, the order of
magnitude of the s for Ge is 1012 electron per cm2 under the
applied eld of 0.3 V�A�1.33 Similarly, the s of TiO2 has the same
order of magnitude and is the difference between the surface
electronic density with the band bending 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 negligible. Thus,
if the Fs is taken into account, the band bending is also about
0.098 eV higher than the Fermi Level (Fig. 3c).
Fig. 4 (a–d) Arrays of TiO2 nanowires with the growth time of 4, 8, 12
growth time of 12 and 24 hours respectively; (g) The relationship curves b
nanotubes.

This journal is © The Royal Society of Chemistry 2015
Furthermore, if all the extra electrons are lled in not only
the conduction band but also the valence band, the bottom of
the conduction band also higher than Fermi level about
s ¼ 0.088 eV. The value of 0.088 eV does not make semi-
conductive TiO2 exhibit metallic properties. However, TiO2

has much wide band-gap, so most part of the emission still
comes from the conduction band and then the inuence of
valence band on the emission is very little.

Therefore, we should use the affinity c instead of the work
function 4 to calculate the gC-array of anatase TiO2 nano-
structures. Fig. 3c shows clearly that c ¼ 4 � d ¼ 4 � 0.088 eV,
and the work function 4 of TiO2 can be deduced from UPS
spectra exhibited in Fig. 3d. It can be seen that all of our prepared
TiO2 nanostructures have the same lower energy cut-off about
3.326 eV, and higher cut-off of 17.790 eV. By using K. Jacobi'
method for deducing the work function of ZnO in 1984,34

4 ¼ hv � DE � (EF � EVBM) ¼ [21.2 � (17.790 � 3.326) � 3.2/2]
eV ¼ 5.136 eV, where EVBM is the maximum value of the
valence band. Thus, the affinity c ¼ 4.256 eV.

Experimental validation for the theoretical results

To test and verify the “ZTCD” model and eqn (2), experimental
validations were performed subsequently. A series of TiO2

nanowire arrays with different growth durations for 4, 8, 12 and
16 hours, and the TiO2 nanotubes for 12 and 24 hours were
synthesized, respectively. It can be seen from Fig. 4a–f that the
heights of the TiO2 nanowires and nanotubes are increased with
and 16 hours respectively; (e and f) Arrays of TiO2 nanotubes with the
etween the length and the growth duration of the TiO2 nanowires and

RSC Adv., 2015, 5, 19470–19478 | 19475
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the growth durations. With different deposition times of 4, 8, 12
and 16 hours, the heights of taller nanowires are about 3, 9.5, 13
and 19 mm, respectively (upper two curves of Fig. 4g). At the
same time, the height/radius ratios (h/R0) are also increased
gradually as about 200, 250, 285 and 300, respectively.

For the TiO2 nanotubes, the heights of taller ones are 4 and
6.5 mm with deposition times for 12 and 24 hours (bottom two
curves of Fig. 4g), and the corresponding height/radius ratios
are about 15 and 30, respectively.

The experimental JM–FM curves in Fig. 5a exhibit that the
turn-on elds of the arrays of TiO2 nanowires with deposition
durations of 4, 8, 12 and 16 hours are about 6.7, 6.0, 5.0 and
4.28 V mm�1, respectively. Under an external eld of about
9 V mm�1, the current densities of these TiO2 nanowires are
about 0.16, 0.52, 3.45 and 3.49 mA cm�2, respectively.

For getting the experimental gC-array of the TiO2 nanowires
from their JM–FM curves, it is essential to conrm the shape of
CFE barrier and the slop of the F–N plots. Generally, the barrier
shape of CFE is simplied as an elementary triangular in FN
theory. Then, aM ¼ lC ¼ nF ¼ 1 in eqn (3), and SM ¼ �bc3/2/gC.
So, nF in eqn (3) is not taken into account, which is important
for estimating gC or gC-array. Considering that the tip of TiO2

nanowire is modeled as a metallic “ZTCD”, as we discussed
above, the Schottky–Nordheim (S–N) barrier is more
Fig. 5 (a and b) JM–FM curves for the arrays of TiO2 nanowires (a) and
nanotubes (b) with different growth durations. The insets are their
corresponding F–N plots, respectively.

19476 | RSC Adv., 2015, 5, 19470–19478
appropriate for us to estimate the experimental gC-array values.
In this case, using the Forbes approximation,35

vF z 1� gCFM

Fh

þ 1

6

gCFM

Fh

ln
gCFM

Fh

:

Fh is the eld that could reduce S–N barrier height from h to
zero, and

Fh ¼ c2


�
K � 1

K þ 1

e3

4p30

�
;

where K is the relative permittivity of TiO2 and K z 173.36 If
c¼ 4.256 and SM is taken from the F–N plots shown in the inset
of Fig. 5a, the experimental gC-array of the TiO2 nanowires with
durations of 4, 8, 12 and 16 hours are estimated to be 551, 732,
1100 and 1471, respectively. Similarly, by using JM–FM curves
(Fig. 5b) and corresponding F–N plots (inset of Fig. 5b) of the
TiO2 nanotubes with growth durations of 12 and 24 hours, the
experimental gC-array of the TiO2 nanotubes are estimated to be
577 and 1156, respectively. The turn-on elds of the nanotubes
grown for 12 h and 24 h are 7.5 and 5.8 V mm�1, respectively.
Therefore, the CFE performance of the 1-D nano-emitters can be
enhanced by increasing their height/radius ratios. Here, the
experimental gC-array of the TiO2 nanowires and nanotubes with
the heights of 3 and 4 mmhave the similar values of 551 and 577,
respectively, whereas the top-area of the nanowire is a lot
smaller than nanotube. It is due to the shielding effect caused
by closely erected nanowires, which have smaller spacing
between them and decrease the emission efficiency.

Furthermore, parts of our prepared TiO2 nanowires are bent
down or bundled together due to the thinner bodies, which are
not efficient for CFE. The SEM images of the TiO2 nanowires
before and aer the CFE test (Fig. 6) reveal that the nanowires
can be straightened and turn more vertical by applying a higher
voltage to achieve better CFE abilities of our prepared TiO2

nanowires.
Finally, the comparison between the experimental and the

theoretical values of gC-array of the TiO2 nanowires and
Fig. 6 (a and b) Morphology changes for 12 h TiO2 nanowires before
(a) and after (b) CFE test; (c an d) Morphology changes for 16 h TiO2

nanowires before (c) and after (d) CFE test.

This journal is © The Royal Society of Chemistry 2015
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nanotubes are shown in Fig. 7a and b, respectively. It is well
known that not all the emitters can have effective emission on
the substrate, even the taller ones, so there must be a certain
inter-distance between the taller nanowires or nanotubes that
have effective emissions. Fig. 7a shows that, for the TiO2

nanowires with different heights of the taller ones (hT) about 3,
9.5, 13 and 19 mm, the experimental values of their gC-array

values are in good agreement with the theoretical curves when
the inter-distances are about 2.0, 2.1, 3.2 and 4.2 mm, respec-
tively. For the TiO2 nanotubes with the different hT for 4 and 6.5
mm (Fig. 7b), the experimental values agree well with the theo-
retical curves at the inter-distances about 2.0 and 4.2 mm at the
condition that Rin ¼ 4/5Rout, respectively. Here, we notice that it
is hard to experimentally estimate the real inter-distance
between the taller nanowires or nanotubes that have effective
emissions. However, we can mark the top-tips of the taller
nanowires and nanotubes and measure the inter-distances
between them by using the top-view SEM images. Considering
that SEM displays the topography of the surface by scanning the
sample and detecting the secondary electrons, some taller
nanowires may be missed due to the weakened brightness.
Therefore we only used the SEM image for approximately
Fig. 7 Comparison between the theoretical curves calculated from
the “ZTCD” model and the experimental data of gC-array for the TiO2

nanowire (a) and nanotube (b) arrays with different heights of the taller
nanowires or nanotubes (hT) and the inter-distances between the taller
ones that have effective emissions, respectively. Error bars show the
deviation of experimental accuracy.

This journal is © The Royal Society of Chemistry 2015
counting the amount of the taller nanowires. The measure
results shown in the (ESI†) proved that the experimental inter-
distance between the taller nanowires or nanotubes are well-
accordance with the theoretical curves. Therefore, the theoret-
ical result from the “ZTCD” model is well conrmed by the
experiments. The deviations may result from adsorbed gases,
crystal defects and etc.37

Conclusions

In summary, arrays of TiO2 nanowires and nanotubes with well
differentiated heights and lower shielding effect have been
grown on Ti-wafer via hydrothermal method. The CFE perfor-
mances of the resultant TiO2 nanowires and nanotubes have
improved by prolonging the growth durations. The “ZTCD”
model has been designed to calculate the gC-array of the TiO2

nanowires and nanotubes. The theoretically calculated gC-array

values were well conrmed by the experimental ones. The
model can also be used for quasi-1D eld emitters of other
materials with nano-sized diameters to predict their eld
emission performance. The enhanced CFE performance of the
TiO2 1-D nanostructures presented here promise their practical
applications in various electronic devices in the future.
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