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Boron nanotubes (BNTs) have been theoretically proposed to have metallic properties whether they are
in armchair or zigzag structure, so they have attracted much interest from researchers. However, their
real properties have been not understood until now because they are hard to synthesize. In this paper,
we have successfully fabricated a large quantity of boron nanotubes, which may provide a way to
master their electric and field emission (FE) properties. Study on individual boron nanotubes shows
that BNTs have metallic properties with an averaged conductivity of 40 Q~'cm~'. Moreover, individual
BNTs can sustain a high current of about 80 pA and their current density can reach 2.04 x 10" A m~2,
which is very close to those of CNTs. They are also incorporated into prototype luminescent tube

devices for the first time and exhibit high luminescent efficiency and stability, which suggests that BNTs

have a promising future in the FE area.

Introduction

Since the report of carbon nanotubes,! many efforts have been
devoted to the synthesis of nanoscale tubular one-dimensional
structures with interest in their future applications, such as
nanometre scale electronic, optoelectronic and biochemical-
sensing devices.>™® Although CNTs have exhibited excellent
field emission properties in FE applications, a key problem in
preparation process, i.e. the control of their chirality, hasn’t
been solved since they were first found. As know to us, the
CNTs can be divided into three types from the point of view of
conductivity: metal-like, semiconductor-type and insulator-type,
strongly depending on their chirality.'>*> The large difference
existing in their conductivity usually leads to the emission
nonuniformity, which limits their further developments in the
FE area. So researchers began to look for new kinds of nano-
materials to overcome this technical problem, and boron
nanotubes attract most of the interest in the exploring process
because of their particular properties. As compared with
many non-carbon tubular materials, boron and boron-based
structures possess several unique properties: low -density
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(2.364 g cm®), high melting point over 2300 °C," excellent
chemical stability, high thermal conductivity, and high electric
conductivity. In addition, metal borides have manifested new
properties, such as superconductivity.'*7 Importantly, recent
theoretical studies have shown that, although boron nanotubes
(BNTs) have tubular layer structure similar to that of carbon
nanotubes (CNTs), they may possess higher electrical conduc-
tivity than CNTs.'®2! Further theoretical calculations indicate
that the BNTs possess a metal-like density of states (DOS) and
may lead to interesting electrical or optical properties.’® Unlike
CNTs, BNTs may have high conductivity that is chirality-
independent. It suggests that all of the BNTs have metal-like
properties whether they are in armchair or zigzag structure,
which can be beneficial for improving the emission uniformity.
So BNTs may be a promising field emission (FE) material if
they are synthesized successfully.

Most of the one-dimensional boron nanostructures prepared
so far were mainly limited to the form of crystalline or amor-
phous boron nanowires (BNWs),?>2% and the reports on BNTs
were relatively few.?” In this paper, we report a successful
synthesis of high quality BNTs by a thermal evaporation
method. Their crystalline structure and composition were
investigated. These BNTs have diameters in a range from 10 to
40 nm and an average length of several micrometres. The mean
spacing of adjacent tube layers of the BNTs is about 3.2 A.
Electrical transport and field emission properties of individual
boron nanotubes (BNT) and individual boron nanowires
(BNW) are compared in detail in order to master the intrinsic
properties of boron nanotubes and nanowires. Moreover, the
electron affinities of their corresponding nanostructure films are
measured by ultraviolet photoelectron spectroscopy (UPS).
Both BNTs and BNWSs were incorporated into the cathode
electrode of an luminescent tube and their FE performance was
examined.
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Experimental
Preparation of boron nanotubes

We reported previously the growth of boron nanowires and
nanocones synthesized by a thermal evaporation method.3%3!
Later, by varying the experimental conditions, novel
morphology of single crystalline BNTs with diameter in a range
from 10 to 40 nm was found by thermal reduction of B,O3;
powder. The description of the growth system has been given in
our previous papers.3>33

In the present study, Fe;O,4 nanoparticles with diameter less
than 10 nm were synthesized as catalysts by high temperature
solution phase reaction.?*3% B,O5; powders (99.99%) mixed with
boron powder (99.99%) in a mass ratio of 4 to 3 were ground
together as source materials. A two-step increasing temperature
procedure was adopted to synthesize the boron nanostructure
film: i) when the temperature of the central region of the furnace
reached 400 °C, the reaction vessel was maintained in the central
region for 20-30 min; ii) the temperature of the reaction region
was raised to 10001200 °C continually, and the synthesis star-
ted. The vessel was kept in the reaction region for 2—4 h and the
mean rising rate was 8 °C min~"'. The flow rate of Ar gas was 300
sccm and the reaction pressure was kept at 1 x 10* Pa through
the experiment. A dark brown or black product was obtained on
the surface of the substrate after the furnace was cooled to room
temperature.

Characterization of boron nanotubes

A field-emission type scanning electron microscope (XL-SFEG
SEM, FEI Corp.) was used to investigate the morphologies of
BNTs. Transmission electron microscopy (Tecnai-20 TEM,
PHILIPS) and high-resolution transmission electron microscopy
(Tecnai F20 HRTEM, FEI Corp.) were employed to characterize
the crystalline structure of BNTs. A Raman spectrometer
(Renishaw, inVia) with a charged coupled device (CCD) detector
was applied to obtain the Raman spectrum of the boron nano-
structure. Measurements of the field emission properties of
boron nanostructured film were firstly performed on a UPS
(ultraviolet photoelectron spectroscopy) system and a field
emission analysis system.

Results and discussion

By using boron powder (99.99%) and boron oxide powder
(99.99%) as source materials and Fe;O,4 nanoparticles as catalyst,
we were able to synthesize a large quantity of BNTs on a silicon
substrate. After growth for 4 h, a dark film was found on the
substrate. Fig. 1A shows the densely-packed boron nano-
structures on the silicon substrate, with lengths in the range of
24 um. Fig. 1B is the typical high-resolution SEM (HRSEM)
image of the BNTs with the diameters ranging from 10 to 40 nm,
in which some boron nanowires are mixed in the product. A side
view of a typical BNT is given in Fig. 1C, showing that the free
end of the boron nanotube is open. Also, the boron nanotube
exhibits a polygonal shape at the open end.

To investigate the growth mechanism of BNTs, short BNTs in
low density were synthesized with the growth time of 10 min and
their high resolution SEM image is shown in Fig. 1D. The white

100 nm

Fig. 1 SEM images of one-dimensional boron nanostructures. (A) Low
magnification image of large-area boron nanostructures. (B) The
magnified image of the boron nanostructures. (C) The tip of a boron
nanotube. (D) High-resolution SEM image of the BNWs and BNTs at
the growth stage. Black and white arrows respectively indicate a boron
nanotube and a boron nanowire.

and black arrows respectively indicate the short BNTs and
BNWs, which coexisted at the early stage of the growth. It was
also found that the catalysts of BNTs or BNWs were just lying on
the substrate, indicating that the initial growth precursors of the
BNTs should be the alloy nanodroplets of boron-magnetite. This
evidence suggests that the growth mechanism of boron nano-
structures is the root-growth vapor-liquid-solid (VLS) mecha-
nism. The yield of the BNTs is about 40-50% in the products by
calculating their numbers shown in the SEM images.

The morphology of boron nanostructures is sensitive to the
experimental conditions, such as the growth temperature and its
rising rate, and the ratio of source materials. We also found that
the rapid increase of the growth temperature (>30 °C min ')
favors the growth of the boron nanowires (BNWs) only. Also,
the BNTs can’t be grown if the growth temperature is lower than
800 °C. Finally, we found that the ratio of source materials is
a key factor for the growth of the BNTs. When the molecular
ratio of pure boron powders to B,O3; powders was adjusted to be
lower than 1 : 6, we couldn’t find any tubular boron nano-
structures in the product.

To better understand the influence factors for the growth of
BNTs, we propose the following mechanism. The rising rate of
the temperature determines the diffusion rate of boron in the
catalyst droplet. The formation of BNTs is directly dependent on
the diffusion rate, which can be divided into surface diffusion
rate and bulk diffusion rate. Because the shape change of the
catalytic particle is strongly related to the wettability of the
catalyst and the boron as a function of time, a slower tempera-
ture ramp rate will take longer. The size of the catalysts in long
growth time at high temperature will be smaller than that in short
growth time because the size of the catalyst usually shrinks at
high temperature, which suggests that the surface diffusion rate is
higher than the bulk diffusion rate.*®*” When the surface diffu-
sion rate of boron in catalyst droplets is higher than the bulk
diffusion rate, boron atoms around the catalyst will firstly reach
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supersaturation with the process of the reaction and precipitate
at the surface of the catalyst, which can’t penetrate through the
particle. At this root-growth model, the boron clusters only grow
along the surface of the catalyst, so the faster rising rate is
favorable for the formation of BNTs. Obviously, the ratio of the
source materials is also a key factor in preparing BNTs. When
the concentration of boron is very high, excessive boron clusters
will overburden the catalysts and result in a dominant formation
of amorphous boron particles in our observations. Moreover, in
this situation the size of the catalyst particles will grow bigger
increasing the diffusion difficulty of boron in the catalysts, which
leads to the termination of the growth of BNTs.3”-3 For much
lower ratio of source materials, the supersaturation of boron in
catalyst droplets is hard to occur and the BNTs can’t be
produced. So only a moderate ratio of source materials is helpful
for the formation of BNTs. Many ways have been used to
prepare pure BNT films, such as increasing the growth temper-
ature or the rising rate, adjusting the source material ratio or
applying new kinds of catalyst. But until now, pure boron
nanotubes haven’t been fabricated, the endeavor to realize this
goal is still in progress.

In order to investigate the detailed crystalline structure of the
BNTs, TEM and HRTEM were employed. Fig. 2 shows the
TEM and HRTEM images of the as-prepared sample. It is seen
from Fig. 2A that the product is a mixture of nanotubes and
nanowires, which are all straight. The BNTs have lengths of
several micrometres and diameters of about 30 nm, and the other
nanostructures presented in the TEM image are all boron
nanowires. Most of the BNTs have open ends, and their hollow
structures are clearly observed from the TEM image. Also, the
morphology of BNTs varies, which might correspond to the
different geometrical configurations of the boron tubular nano-
structure according to the theoretical prediction.'® 2! The selected
area electron diffraction (SAED) measurement (inset) shows
a sharp spot pattern, suggesting that these nanotubes have good
single crystalline structures. The top-view of a typical single BNT
is shown in Fig. 2B. The as-synthesized BNTs are multi-layered
nanotubes with the spacing between two adjacent layers about
3.2 A, very close to the theoretical values of 2.997 or 3.021 A.1#
The layered tubular structure has an inner diameter of about
10 nm and an outer diameter of about 15 nm. The open end of
BNTs also exhibits a polygonal morphology. Based on both the
SAED pattern and the high-resolution lattice fringes, we
conclude that BNTs are perfect single crystals with an o-tetrag-
onal structure. Moreover, BNTs grow along the [001] direction,
which is in agreement with the data of the Joint Committee for
Powder Diffraction Standards (JCPDS) card No. 73-0511.

We further carried out a study using electron energy loss
spectroscopy (EELS) to reveal the elemental compositions of
BNTs. From Fig. 3A, strong boron K-edge peaks appear at
about 200 eV. Only a small content of oxygen (less than 2%) can
be found in the highly magnified EELS spectrum, which may
result from the exposure of the sample to the air after the reac-
tion. The small peak at 160 eV can be attributed to the L-edge
peak of silicon, coming from the attachment of the silicon
substrate during the TEM preparing. Very little content of Cu
and C may be found in the higher resolution spectrum, caused by
the copper TEM grid covered with carbon film. Gatan EELS
analysis shows that the total content of boron through the

Fig. 2 TEM and HRTEM images of the boron nanostructures. (A)
TEM image of the boron nanostructures of mixed BNWs and BNTs. The
inset is the typical SAED pattern of the BNT indicated by the white
arrow. (B) The HRTEM images taken from the top of a BNT.

nanotube is over 96%, thus confirming that as-prepared nano-
tubes has a thin boron oxide sheath. The tubular structure
evident from TEM characterization can also be confirmed by
Raman spectroscopy (Fig. 3B). The peak at 210 cm™' (not clearly
shown in the figure) is considered as a characteristic peak for
tubular structures, corresponding to the radial breathing mode,
according to the illustrations in ref. 29. Further, three peaks (b, c
and d) appearing between 300 and 600 cm~! can be attributed to
different diameters or chirality.’®?® The other two peaks (e, f) at
625 and 700 cm' may result from the mixed BNWs with a-
tetragonal structure according to ref. 39. Assignment of the other
peaks between 900 and 1800 cm™! is in progress.

We also carried out first principles calculation to gain more
understanding of as-synthesized BNT structures. We proposed
that the quasi-planar and convex structures are the energy
favorable boron clusters, which is in agreements with the report
results in ref. 20. The most stable layered nanostructures are
obtained when the quasiplanar and convex boron clusters are
considered as the smallest structural units for the building of
BNTs. The density functional theory (DFT) method***! is
applied to optimize the geometrical configuration of BNTs. As
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Fig. 3 (A) The EELS spectrum of an individual BNT. The inset is the
TEM image. (B) Typical Raman spectrum of Sample-Type II. (C) The
UPS spectra of the as-prepared Sample-Type I and Sample-Type II.

expected, the BNTSs by our calculations have faceted surfaces,*
which conforms to our SEM and HRTEM results in Fig. 1C and
2C. It is worth noting that our current calculation focused on
single-walled BNTs. A more complicated model of multi-walled
BNTs should offer a more accurate picture of our synthesized
structures and this is under investigation.

Boron-based nanostructures have been considered as one of
the potential materials for field emission. Their surface electron
affinity is one of important factors strongly affecting field emis-
sion properties. Ultraviolet photoemission spectroscopy (UPS) is
an effective tool to measure the work function or electron affinity
(the energy difference between the vacuum level and the bottom
of the conduction band) of a semiconductor, which is basing on
the energy band diagram of the semiconductor.*** Here we
compare the electron affinity of the film containing BNTs and
BNWs with that of the pure BNW film on a silicon substrate by
using this technique. For simplification, we denoted the pure

BNW film as Sample-Type I and the mixed film of BNTs and
BNWs as Sample-Type II. These two samples have similar
densities and aspect ratios. Fig. 3C shows their corresponding
UPS spectra. The low kinetic energy cutoff is magnified by
10 times to obtain more accurate data. The spectral widths
(Wspectra) of the samples were obtained by linearly extrapolating
the emission onset edges to zero intensity at both the low kinetic
energy cutoff and the high kinetic end, which are equal to the
energy difference between the deep level in the valence band and
the edge of the valence band for semiconductor. Based on this
method, the widths are determined to be about 15.9 eV and
16.4 eV for Sample-Type I and Sample-Type II, respectively. The
surface electron affinity x of a sample may be determined using
the relation given below:*

X = h/Y - Eg - I/Vspfactra (1)

where E, is the energy band gap, and iy = 21.2 eV, which is the
radiation energy of the He I line. The energy band gap of boron
nanostructure can be assumed to be the same as that of bulk
boron, ie. 1.56 e¢V.'3* Then the y values are deduced to be
3.74 eV and 3.24 eV for Sample-Type I and Sample-Type II,
respectively. This result may suggest that the BNTs have a lower
surface electron affinity than BNWs. Subsequently, we calculate
their corresponding surface work function values according to
the relation between the work function ¢ and the electron affinity
X in non-doped semiconductors, which is ¢ = x + E/2. The
obtained work function values are 4.52 ¢V and 4.02 eV for
Sample-Type I and Sample-Type II, respectively, indicating that
the work function of BNTs may be lower than that of the bulk
boron (about 4.6 eV)."*#¢ In addition, as exhibited in Fig. 3C, the
overall UPS spectra shapes of Sample-Type I and Sample-Type
IT are similar, suggesting that Sample-Type II may have an
energy band structure resembling that of Sample-Type 1. This is
possible since the real FE properties of BNT are likely to be
smeared out in our UPS measurement due to the mixture of
BNWs and BNTs. The real work function of BNT may be
concealed by the appearance of the mixture film, and further
Kelvin probe force microscopy technology (KPFM) research will
be performed on individual boron nanotube in our following
work because it is a powerful technique for measuring the work
function of materials at the nanoscale.*’*®

Theoretical studies'®2! have proposed that BNTs may possess
metallic properties which are independent of its tubular structure
(i.e., “armchair”, “zigzag” or “chiral”), but these were not
confirmed experimentally before. Since in our present study
a large quantity of BNTs can be fabricated in one sample, we
were able to measure the electrical properties of individual BNTs
in situ using our modified high-vacuum SEM system.’** We
carried out the measurements on 15 individual BNTs of Sample-
Type 11, and typical results of three individual BNTs (A, B and
C) were given for comparison in order to understand their
intrinsic physical properties. Fig. 4A shows the SEM image of the
W probe and the individual BNT ready for measurement, in
which the open end of the individual nanotube can be clearly
seen. Fig. 4B and C provide the SEM images of the individual
boron nanotube and the tungsten probe during the conductivity
measurement and during the field emission measurement,
respectively. The distance between the individual BNT and
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100 nm

Fig. 4 The SEM images of the individual BNT and the tungsten probe
(A) before the measurement; (B) during the conductivity measurement;
(C) during the field emission measurement.

tungsten probe is kept constant at about several micrometres in
field emission measurements. Their electric transport properties
may be compared by studying the curves in Fig. SA. The electric
transport I~V curves of all three individual nanotubes are almost
linear, indicating there is a good electrical contact existing
between the nanotube and the substrate. Taking the averaged
values of outer diameter of 30 nm, inner diameter of 20 nm and
length of 3 um, we determine that Nanotube C has the highest
conductivity (36.85 Q'cm~') and Nanotube A has the lowest
(16.76 Q@ 'ecm™') among these three nanotubes. These conduc-
tivity values of these individual nanotubes are close to the
conductivity of a metal (> 10> Q'cm™'), suggesting that BNTs
possess the electrical transport properties comparable to a metal.
Also, Table 1 highlights the significant difference in the electric
transport properties between individual BNT and individual
BNW and the typical conductivity of a BNT is 10*-10° times
higher than that of an individual BNW (~10-3 Q~'cm™"). Finally,
we measured 24 individual BNTs and found that their conduc-
tivities are in the range of 12-76 Q~'cm~!, which are higher than
most of the reported nanostructures and are very close to some
reported values of carbon nanotubes (~10> Q7 'cm™').52
Therefore it can be concluded that boron nanotubes have

-— A
4 B -~ B .
0
— 2 4 /
< £
a s
=0 L !
§ < 2 / i
5 ¥ / /
° -
0 -
10 5 o 5 10 o 20 40 60 BO 100
E (Viumy
Voltage (V)
3
C A 5 D
™ : /
ak \ \.\. L 60
: 12: \ i 40
Taof v\ B
| H b 20
» ‘\\__,_,_;5—“’"-'-'" et BT 3
-21 9
0.00 0.03 0.06 0.09 [] 30 &0 a0 120
VVE { pmiV) E(Viim
G0
E
a0l
=
=
- 20 W*—-M—HM
]
=20
[ 1000 2000 3000 4000
Time (s)

Fig.5 (A) The electric transport curves of single BNTs, A, B and C refer
to the three different BNTs. (B) The field emission /-FE curves of the three
individual BNTs (A, B and C). (C) Their corresponding FN plots. (D)
The typical vacuum breakdown process of a BNT. (E) The typical
emission stability curve of a BNT recorded at a high current of 20 pA.

metal-like transport properties. The difference of individual
BNTs in the observed conductivity might result from the
morphological difference in diameter and length if it is not due to
the chirality discrepancy of their tubular structure.

Fig. 5B and C provide the plots of field emission current versus
electrical field (I-E) and their corresponding Fowler-Nordheim
(FN) plots. The distance between the individual BNT and the
tungsten probe is kept at a constant of about several micrometres
in field emission measurements. The individual BNTs have an
averaged 1 nA field of about 50 V pum~"' (1 nA field is defined as
the field required to obtain a total current of 1 nA) and 1 pA field
of 55V um~' (1 pA field is defined as the field required to obtain
a total current of 1 pA), and they are much lower than those of
typical individual BNWs (90 V um~'and 110 V um™'). Nanotube
C has the best field emission performance and Nanotube A has
the worst among these three nanotubes. By summarizing the
electric transport and FE properties of the three BNTs (Table 1),
one can see that the nanotube with the highest conductivity has
the best field emission performance.®

In Fig. 5C, it is obvious that the FN plots of all individual
BNTs can be divided into two segments. As for different
behaviors of the FN plots of individual nanotubes at low
currents and high currents, we believe that the existence of
thermal-emission current at high field enhances the field-emission
current, and thus results in the nonlinearity, which resembles the
illustration on an individual nanowire.*® In our previous paper,
we have reported that a carbon nanotube at high emission
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Table 1 List of the electric transport and FE properties of individual BNTs and BNWs

Individual Conductivity/ 1 nA 1 nA Maximum Breakdown Emission
nanostructure Q'em™! field/V pm™! field/V ym™! current/pA B (low field) field/V um™! Instability
nanotube A 16.76 74.8 75.8 34 3596 112.8 23% (at 20 pA)
B 24.84 54.2 54.6 47.7 8766
C 36.85 26.1 28.2 88.9 19130
nanowire 5% 1073 90 110 2 3000 225 30% (at 10 pA)
(average
value)

current will reach high temperature in experiments and the
emission current is composed of the field emission current and
the thermal emission current.®* This is in agreement with the
research results of other groups that the emission current consists
of two kinds of emission current and the thermal emission
current will be dominant at high current, which leads to the
increase of the FN plots.*>%® The enhancement factor 8 of these
individual BNTs is calculated to be about 7000-10000 at low
electric fields and 1000-3000 at high electric fields, which is
higher than those of individual BNWs. The higher enhancement
factor value of individual BNT suggests that it has much higher
amplification of electric field than nanowire base on the FN
theory, and thus it should exhibit more excellent behavior, which
is in good agreement with our recorded emission data in Table 1.
In addition, the wide range of # values of individual nanotubes
implies that they can be widely used for various FE applications.

Furthermore, the emission stability of individual BNT and its
endurance ability at high working current were investigated,
which are vital factors in determining the FE performance of
a working emitter. The typical BNT vacuum breakdown process
is shown in Fig. 5D, revealing that individual BNTs can work
fine until the emission current reaches about 80 pA. The cross-
section area 4 of a BNT may be obtained using the following
expression:

A= Tt(’%ut - rizn) (2)

where r,,¢ and ry, are respectively the averaged outer (30 nm) and
inner diameter (20 nm) of the BNT. A typical value of 4 is about
3.925 x 107" m? Thus the upper limit of emission current
density can reach 2.04 x 10" A m~2, which is comparable to that
of the CNTs reported so far (10'"'-10'> A m~2),5:557 guggesting
that BNTs have good endurance to high working current density.
In addition, with reference to Table 1, the maximum emission
currents (~40-80 pA) of an individual nanotube are about 20-40
times higher than that (~2 pA) of a typical individual nanowire.
The vacuum breakdown field (112.8 V um™') of an individual
nanotube is almost half of that of an individual nanowire (225 V
um~'). This may be understood since the cathode vacuum
breakdown is dependent on Joule heating, rather than applied
gap field.*® For an individual BNT, it can reach much higher
current than an individual BNW. In addition, the emission
current endurance of individual BNTs is found to be two times
higher than that of the CNTSs in the reports (8-20 pA),36:60-61
which suggests that BNTs are better than CNTs in the applica-
tion of high-power microwave tubes and high-current point
sources. We do not know at this stage if the melting point of an
individual nanotube is different that of an individual nanowire,
and if it affects their vacuum breakdown behaviour.

Typical FE stability over time of an individual nanotube at
high working current is shown in Fig. 5E. The direct current (DC)
field was fixed at 90 V um " and the emission current was 20 pA at
the beginning. The whole measurement lasted for 1 h. The fluc-
tuation is less than 22%, which is better than that of an individual
nanowire (30% at 1 pA). Meanwhile, the 22% instability at high
current of 20 pA is acceptable for these reasons: 1) part of the
current fluctuation results from the vibrations of vacuum pumps
that leads to a slightly changing distance between the probe and
the sample during the FE measurements; 2) at more commonly
used lower working current the stability should be considerably
improved, which has been proposed in previous paper.

For the consideration of device applications, we further
investigated the FE characteristics of these two types of thin films
on silicon substrates. Fig. 6A compares their J-F and FN plots.
The turn-on fields (defined as the electric field for J = 10 pA cm—2)
of Sample-Type I and Sample-Type IT are 5.0 V um~"' and 4.8 V
um~', respectively, while the threshold fields (defined as the
electric field for J = 1 mA cm~?) are found to be 12.5 and 12.2V
um~!, respectively. The FE properties of Sample-Type II are
slightly better than those of Sample-Type I. When the electric
field is over 13 V um™', the emission current density of Sample-
Type II is seen to have a much faster increase tendency than
Sample-Type I. At 20.7 V um™', the field emission current density
of Sample-Type II arrives at 16.51 mA cm? while the corre-
sponding value of Sample-Type I is only 9.25 mA cm™?% as
provided in Table 2. The inset is their corresponding FN plots.
The FN plot of Sample-Type Il is nearly linear and the FN plot of
Sample-Type I may be divided into two straight lines. According
to the FN theory, the FN equation is most suitable for metal and
may be used to only approximately estimate the emission prop-
erties of semiconductors.® So the difference in the FN plots
suggests that Sample-Type II has metallic properties. From the
above comparisons, one may see that Sample-Type II has better
field emission properties than Sample-Type I. The possible
physical explanation is that some BNTs existing in Sample-Type
IT can improve its field emission properties due to their higher
conductivity. Although the turn-on and threshold field of the
sample are still higher than those of the CNTs,>¢* the existence of
the BNTs has improved the FE behaviors in comparison with
pure boron nanowires. Once pure BNT films are prepared
successfully, they will be more suitable than CNTs in FE appli-
cations from the viewpoint of emission uniformity because the
conductivity of the boron nanotubes has been proved to be
chirality-independent in our above-mentioned measurements.

We further demonstrated their application in one device, i.e.
the luminescent tube. We first succeeded in growth of the two
types of boron nanostructure film on 2 mm diameter stainless
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Fig.6 (A) The current density versus electric field (J-E) curves of sample
I and sample II. The inset is the FN plots of the two samples. (B) The
characteristic curves of field emission current versus the electric field
applied to the extracting gate in a luminescent tube. Left-hand inset
corresponds to their FN plots. Right-hand insets show digital camera
photos of the nanostructured cathode in a stainless steel substrate and the
luminescent tube from our lab. (C) The luminance as a function of
extracting gate field. Their operation images at different luminance values
(115.4, 443.7 and 1527 c¢d m~?) recorded by CCD are provided in the
inset.

steel disk-shape substrates. The electron gun of the luminescent
tube was designed by our lab, and the details are described
elsewhere.**®5 During the whole measurement, the voltage

applied to the phosphor screen was kept at S kV and the pressure
in the vacuum chamber was lower than 4 x 1075 Pa. Fig. 6B
shows the plots of the total cathode current versus the electric
field applied to the extracting gate (I-E) of two luminescent
tubes. The right hand inset in Fig. 6B gives the digital photo-
graphs of the cathode and the corresponding luminance tube
with boron nanostructures. Tube I used a film mixed of boron
nanowires and nanotubes and Tube II used only boron nano-
wires. Tube II has a lower turn-on field (about 2.0 V um™") and
a lower threshold field (about 4.8 V um™') (at 1 mA cm~?) than
Tube 1. The left-hand inset of Fig. 6B again shows that the FN
plot of Tube II is nearly linear while that of Tube I is not.
Moreover, as may be seen from Fig. 6C, their luminance
increases nearly linearly with the cathode current, which suggests
the feasibility in brightness control. At an emission current
density of 3 mA cm?, the luminance of Tube II (1412 cd m2) is
higher than that of Tube I (1026 cd m~?). The inset in Fig. 6C
shows the pictures of the luminescent tube at different luminance
values in the process of operating, respectively corresponding to
cathode current densities of 0.17, 0.76 and 3.23 mA c¢cm 2. These
two luminescent tubes also exhibit stable luminance operations
(initial luminance is set as 637 cd m~2), whose fluctuation is less
than 7% in 2 h measurements. The two luminescent tubes exhibit
stable luminance operations (initial luminance is set as 637 cd m~2)
with a fluctuation less than 7% in 2 h measurements. Finally, we
estimate the DC power consumption for these two luminescent
tubes working at threshold field. Based on our designed device
structures, about 4 of the cathode current Jc,moqe is adsorbed
by the gate and the other remaining % of the current can reach
the phosphor screen, so the total power consumption Pre, can
be calculated by the following expression:

1 2
PTotal = PGatc + PAnodc = gICathodc VGalc + glCathodc VAnodc (3)

where PGate, PAnodes VGate aNd Vanode are respectively the power
of the gate, the power of the anode, the voltage of the gate and
the voltage of the anode. The total power consumption is about
79.85 mW for Tube II and 80.92 mW for Tube I, and the power
consumption Pg,t is nearly 12 mW for both of them. It is also
found that the power efficiency and luminescent efficiency of the
two luminescent tubes are respectively over 85% and 0.1 Im W,
which can meet the requirements for lighting devices. Their
consumption is still higher than carbon nanotube devices
(PGate = 10.72 mW and Prya = 77.7 mW) reported in ref. 66,
which is enough for general commercial displays because it is
dramatically lower than many lighting elements, such as light-
emitting diodes and cathode-ray tubes using hot filaments. Their
performance comparison in luminescent tube applications
suggest that the existence of the BNTs maybe beneficial to the
tube performance. In addition, the boron nanostructure cold
cathode luminescent tube has threshold field performance similar

Table 2 Comparison of field emission behaviors of Sample-Type I (pure BNW film) and Sample-Type II (film of mixture of BNWs and BNTs)

Sample Average Average Aspect Electron Turn on field Threshold field

type diameter/nm length/pm ratio affinity/eV B (high field) at 10 pA cm %V pm™! at 1 mA cm~%/V pm™!
1 30 5.1 170 3.74 1481 5.0 12.75

11 30 3 100 3.24 1190 4.8 12.2

This journal is © The Royal Society of Chemistry 2010
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to that of a carbon nanotube luminescent tube,®*°¢ further
indicating that it may be suitable for future outdoor display
applications if its operation luminance can be effectively
increased to close to carbon nanotubes.

Conclusions

In summary, we show that BNTs can be synthesized by a thermal
evaporation method. The detailed experimental study of crys-
talline structures of BNTs is reported for the first time. The BNTs
are perfect single crystals with a tetragonal structure and their
growth direction is along [001]. Measurements on individual
BNTs show that their conductivity is in the order of 10> Q~'cm™!,
which is consistent with the theoretical prediction that all the
BNTs possess metallic transport properties. Their average 1 nA
field and 1 pA field are respectively 50 V um~" and 55 V um~!,
which are much lower than those of BNWs. In addition, indi-
vidual BNTs can sustain very high current and current density
(~80 pA and 2.04 x 10" A m™2, respectively), which are very
close to those reported for carbon nanotubes. Application of
films of mixture of BNTs and BNWs and of pure BNWs in
luminescent tubes is demonstrated, and it is found that the
brightness and the efficiency of the tube using the film consisting
of both BNTs and BNWs are better than those using pure BNW
film, and that they can be comparable to those with carbon
nanotubes.
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