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The  field  electron  emission  properties  of  an individual  ˇ-rhombohedral  boron  nanowire  (ˇ-r  BNW)  with
eywords:
ield emission
ingle boron nanowire
anoscale electrode separation

electrode  separation  at nanoscale  have  been  studied  by ultrahigh  vacuum  four-probe  scanning  tunneling
microscope  (STM)  system.  A  reproducible  and  stable  emission  current  can  be obtained.  The  maximal
emission  current  density  of  individual  boron  nanowire  is  about  5 ×  104 A/cm2 at  a  low  bias  voltage  (80  V).
An  obvious  deviation  from  the  Fowler–Nordheim  (FN) theory  appears,  when  the electrode  separation
reduced  below  120 nm. This deviation  is tentatively  assumed  to due  to the  invalidation  of  free  electron
cloud  approximation  in  FN  theory.
owler–Nordheim (FN) theory

. Introduction

One-dimensional (1D) nano-materials have exhibited the supe-
ior field emission properties than those used traditionally due to
heir high aspect ratios, small radius of curvature at the tip, low
urn-on field and physical and chemical stable properties. Among
hem, the carbon nanotubes (CNTs) were considered as the most
romising cold field emission cathode material. However, due to
ncontrollable preparation and complicated electronic structures,

t is very difficult to put CNTs into practical applications. In our
revious studies, some nano-structures based on boron, such as
ingle crystalline boron nanocones and nanowires array with �-
etragonal structure, have been synthesized repeatedly and showed

 great potential to be an ideal cold field emission (FE) cathode
aterial [1,2]. Furthermore, the field emission measurements of

D nanostructures were carried out with micron-scale electrode
eparation so far, and the required bias voltages are mostly around
undreds of volts, even higher than one thousand volts in some
xperiments [3].  For the application of field emission source of
anowires, the high voltage requirement is one of the remarkable
bstructors, especially for the portable devices. The most feasible
olution is to get the anode closer with emitter, which could obtain
igher applied electric field with the same bias voltage.

In this paper, we report a field emission electron source of
n individual ˇ-rhombohedral boron nanowire (ˇ-r BNW) with

arying electrode separation d at nanoscale. Using only 80 V
node voltage, we can easily obtain 5 × 104 A/cm2 emission cur-
ent density with an inter-electrode distance of 250 nm,  which is
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comparable to the multi-wall carbon nanotubes [4,5]. The mea-
surements show an obvious deviation from the FN theory when the
electrode separation is reduced below a threshold (here is 120 nm).
This result illuminates the limitation of inter-electrode distance for
FN theory. Considering a good flexibility with the stable resistance
to mechanical fracture even under a strain of 3% [6], our studies
proved that the ˇ-r BNW could be applied in the future portable
flexible display devices.

2. Experiments

The ˇ-r BNWs were synthesized through a developed chem-
ical vapor deposition (CVD) method in a high temperature tube
furnace [6].  A chemical etched tungsten probe was used as the sub-
strate to grow boron nanowires. The field emission measurements
were performed in a four-probe scanning tunneling microscopy
(STM) system, which has four independent STM set-ups and a scan-
ning electron microscopy (SEM) [7].  The whole system is assembled
in ultra high vacuum (UHV) chamber with basic pressure around
2 × 10−10 mbar. The anode was  another clean tungsten probe
whose diameter at its apex is around hundreds of nanometers. Tak-
ing advantage of the scanning piezo tube of STM, we could easily
manipulate the probes and control the anode–cathode separation
very precisely at nanometer scale. Fig. 1a shows the SEM image of
prepared boron nanowire used as cathode and another W probe as
anode, where the anode diameter and anode-nanowire separation
are about 200 and 350 nm,  respectively. The field emission of elec-
trons from selected single B nanowire (grounded) can be realized

with a positive bias voltage applied on the anode probe (shown
in the sketch Fig. 1b), A Keithley 6430 source-meter was used for
supplying the voltage (varying from 0 V to a maximum of 80 V) and
measuring the current (with sub-fA sensitivity) simultaneously.

dx.doi.org/10.1016/j.apsusc.2011.03.048
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Fig. 1. (a) SEM image of an individual boron nanowire cathode and a tungsten probe anode for field emission measurement in a four-probe STM system. The diameter of the
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This may  be induced by the desorption of contaminant on surface
or the reshaping of emitting surface resulted from the emission
current [10–12].  Moreover, after the stable value achieved, the
anowire is 50 nm,  and the electrodes separation d is 250 nm;  (b) schematic illustra
n  a W probe. Both probes can be manipulated with the STM piezo fine movement

. Results and discussion

The field emission of electrons is usually analyzed in the frame-
ork of Fowler–Nordheim (FN) theory [8].  The emission current I

an be written as

 =
(

E2
local

˚

)
exp

(
−B˚3/2

Elocal

)

here the local electric field Elocal is connected with the applied
lectric field Eapplied as Elocal = �Eapplied,  ̊ is the work function and

 is the field enhancement factor; B = 6.83 × 107 (V eV−3/2 cm−1) is
 universal constant. The experimental data is usually treated as
ollows. As the Eapplied = V/d, where V and d are the applied volt-
ge and anode–cathode separation, the slope of Ln(I/V2) plotted
s. 1/V  (F–N plot) gives the value of ˚3/2d/� . According to this for-
ula, the Ln(I/V2) should have a linear relation with 1/V  in emission

ange.Fig. 2a shows the emission current–voltage (I–V) curve of an
ndividual B nanowire with inter-electrode distance as 200 nm.  The

easured boron nanowire is about 50 nm in diameter and more
han several �m in length. The separation between the tip of the
anowire and anode probe is much smaller than the length of
he nanowire itself, which promises the concentration of the field
etween the tip of nanowire and the anode probe. So it is reasonable
o take the nanowire and its substrate probe as an equipotential
urface, what means we could take the distance between the tip
f the nanowire and the anode probe as the anode–cathode sepa-
ation d approximately. The emission current reaches 1 �A at only
0 V bias voltage and does not show any sign of saturation. The cor-
esponding emission current density reaches 5 × 104 A/cm2, which
s a little smaller than the reported �-tetragonal nanowire [2].  This
alue could become higher if we consider the voltage limit of the
ystem and the UHV circumstances. Our experiment is essentially
ifferent from all previous field emission studies, for the reason that
e have the capability to operate at low voltage in order to get such
igh current density (here is 80 V to get 104 A/cm2). The emission
hreshold field, defined here as the applied field required for a cur-
ent of 1 pA [9],  can be evaluated as ET

applied
= V /d = 140 V/�m. The

–N plot in the inset of Fig. 2a shows a good linearity. If we assume
he work function  ̊ of ˇ-r BNWs is the same as ˛-t BNWs, which

s equal to 4.4 eV [2],  the enhancement factor � = −B˚3/2d/k = 20 (k
s the slope of F–N plot). The small � value and ultra low operat-
ng voltage are no other than the characteristics of nanoscale field
mission electron source.
f the measuring installation. The black thicker line indicates a B nanowire prepared
t the anode–cathode separation is controlled very precisely at nanometer scale.

Fig. 2b shows the current stability curve with time at bias voltage
V = 60 V, when the current density maintains around 2000 A/cm2

for 1 h. A drastic drop of emission current appears in the initial few
minutes for the first measurement almost on each boron nanowire.
Fig. 2. (a) Field emission current against electric field (I–V) curve measured on the
single boron nanowire with an interelectrode distance of 250 nm.  The inset straight
F–N plot indicates that the emission follows F–N behavior; (b) field emission current
as  a function of time at a bias of 60 V, which shows a good stability of emission current
form an individual B nanowire.
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ig. 3. (a) The field emission curves with different electrode separation d, which incr
–N  plots of (a); (c) The solid square spots show turn-on field against anode–cathod
ependences of enhancement factor � on separation d, respectively; (d) scheme of 

urrent starts rising up with time very slowly. We  tentatively
ssume that this current increasing is just caused by the local Joule
eating, which causes the decrease of work function or even the
hermal electron [9,13].

Thanks to the ability of accurate distance control, we could
ecrease the separation between anode and cathode down to
ozens of nanometers, which is only limited by the resolution of
EM. Fig. 3a shows the I–V plots of another one dimensional boron
anowires at the electrode separation varying from 60 to 340 nm,
ith each step of 20 nm.  Because the emission currents decay very

ast with electrode separation increasing, in order to exhibit all
lots clearly, Fig. 3a is only a close-up part in the range of 0–3.2 nA.
rom the corresponding curves of 1/V  against Ln(I/V2) shown in
ig. 3b, we can find that the F–N plots are straight only if the sepa-
ation d is larger than 120 nm.  This indicates that when d is larger
han 120 nm,  the electron emission from boron nanowires is in
ccordance with the Fowler–Nordheim theory very well. However,
n(I/V2) vs.  1/V  curves show obvious deviation from linearity with
he diminishing of d from about 120 nm.  For the plot at d = 60 nm,
he knee point (indicated by an arrow) is at the bias voltage of
3 V and emission current of 2.5 nA, respectively. In previous stud-

es, these deviations from linearity were attributed to the thermal
ffect of high current density [14,15] or the semiconductor behav-
or of emitter [16,17]. However, in our experiment, this deviation
ecomes more seriously when the separation is getting smaller,
ven though the emission current density at knee point decreases.
his indicates that this kind of deviation is totally unrelated with
oule heating caused by the emission current.

The plot of the enhancement factor � with separation d is

hown in Fig. 3c (circle spots). All the � are extrapolated from the
owler–Nordheim equation here, even for d < 120 nm where we use
he low field range (the F–N plot is still linear) to extrapolate � . Fur-
hermore, the theoretical calculation is carried out using a tip–tip
gradually from 60 nm to 340 nm with the increment of 20 nm; (b) the corresponding
ration d. The circle spots and solid line give the experimental and calculated data of
ary condition in numeric simulation for electric field at the apex of the nanowire.

model, which is different with the previous studies [18–20].  The
elementary method is to solve the Poisson equation:

∇2ϕ = �

ε0

Fig. 3d shows the definition of boundary conditions. Two hemi-
spheres are used to imitate the tungsten probe and boron nanowire.
Both electrodes are considered as metal and treated as equipoten-
tial bodies with periodic boundary conditions. The electric potential
at nanowire is set to 0 V while the counter electrode is 100 V. The
diameters of the probe and the nanowire are assumed as 300 nm
and 50 nm,  respectively, which are similar with the real case. The
black solid curve in Fig. 3c is the theoretical simulation result, which
shows a linear relationship between � and d in the whole range.
In the range of d > 120 nm,  this is in agreement with our experi-
mental results and also Xu’s work [19] very well. However, when
d becomes less than 120 nm,  the enhancement factor � decline
more rapidly than the simulating prediction. This disagreement
indicates that, when the separation goes down to 120 nm,  even at
the relative low electric field where the F–N curve still could keep
its linearity, the electron emission mechanism already changed
somehow.

To understand such disagreement, we need to exclude the hap-
hazard change of topography or composition at the tip of nanowire
during measurement above all. In accordance with the FN theory,
the enhancement factor is determined by the geometric config-
uration of emitting setup and completely independent with the
other properties of emission source. In fact, to get the same emis-
sion current, the local electric field Elocal = �Eapplied at the tip of

nanowire should be unrelated with the separation d. Defining
the turn-on applied field as mentioned before, the turn-on local
field can be expressed as ET

local
= �VT /d. The solid square spots

in Fig. 3c shows the turn-on local electric field varied with d.
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t basically keeps constant around 2300 V/�m when d > 120 nm.
owever, if d < 120 nm,  the required local field becomes smaller
ontinuously with the decreasing of d. This kind of continuous
ecline could not be considered as a consequence of haphazard
hanges of the nanowire emitter since this feature is repeatable
mong many measuring circles. Moreover, it is scarcely possi-
le to cause some changes of emitter only by such low emission
urrent. Therefore, it would be reasonable to attribute all these
eviations from classical field emission theory to the reduction of
eparation d.

This phenomenon could be understood if considering the basic
ssumption of the Fowler–Nordheirmes theory. The F–N theory
ssumes that the electrons in cathode material form a free electron
loud, which obeys the Fermi-Dirac distribution. Then, the elec-
rons tunnel through a one-dimensional potential barrier when

 bias voltage is applied. This assumption of free electron cloud
pproximation is accurate enough at the macroscopic or even
esoscopic scale. However, size effects become dominant when

he electrode separation reaches nanoscale range. It is very pos-
ible that the electron in emitting source cannot be considered as
he free electron any more. The particular electronic structures, sur-
ace states, even the image potential might need to be taken into
ccount. So our study shows the transition from classic F–N field
mission to the quantum behavior. The critical transition distance
ere is around 120 nm.  Our experiment could be considered as the
xploration of the size limitation of F–N tunneling.

. Conclusions

In conclusion, four-probe STM has been used to study the field
lectron emission properties of an individual boron nanowire with
-rhombohedral structure. The maximal emission current den-
ity reached 5 × 104 A/cm2. The precise controlling of separation d
etween anode and nanowire at nanoscale was achieved by manip-
lating the probes via the scanning piezo tube of STM. We  observed
hat as the separation decreasing from 340 nm to 60 nm,  the devi-

tion from F–N theory becomes more remarkable, especially when
he separation is less than 120 nm.  We  tentatively attributed this
eviation to the invalidation of free electron cloud approximation
hen the size effect shows up. Our results reveal the size limita-

[
[

ience 258 (2012) 2149– 2152

tion of the classic FN theory, showing significant exploration of the
design and fabrication of nanoscale electron sources.
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