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properties, 1D nanostructures such as nanotubes, nanowires, 

and nanorods have attracted signifi cant interest for their 

potential use in fi eld emission (FE) devices. [ 9 ]  Among the 

various 1D nanostructured materials that have been char-

acterized in the literature, carbon nanotubes (CNTs) exhibit 

notably outstanding fi eld emission behaviour, [ 10,11 ]  especially 

in their low-threshold electric fi elds and large emission cur-

rent densities. These intriguing properties result from the 

small tip size and high aspect ratio of the CNTs, as well as 

their high electrical and thermal conductivities. 

 A great deal of research has explored the possibility of 

fabricating CNT-based fi eld emission devices. [ 12,13 ]  However, 

some critical challenges remain that hinder the successful 

development of such technologies. First, FE from CNTs is 

unstable and degrades easily at “industrial vacuum condi-

tions” due to the adsorption of residual gas molecules, [ 14 ]  

preventing the use of CNTs in practical devices. Second, 

although CNTs exhibit high-fi eld enhancement factors, high 

electric fi elds are also needed to extract electrons from 

CNTs due their high work functions, which can be as large as 

5.0 eV. [ 10 ]  Third, the uniformity of the emission current from 

an array or fi lm of CNTs is still not satisfactory for some DOI: 10.1002/smll.201403323

 A high-quality fi eld emission electron source made of a highly ordered array of 
carbon nanotubes (CNTs) coated with a thin fi lm of hexagonal boron nitride ( h -BN) 
is fabricated using a simple and scalable method. This method offers the benefi t of 
reproducibility, as well as the simplicity, safety, and low cost inherent in using B 2 O 3  as the 
boron precursor. Results measured using  h -BN-coated CNT arrays are compared with 
uncoated control arrays. The optimal thickness of the  h -BN fi lm is found to be 3 nm. As 
a result of the incorporation of  h -BN, the turn-on fi eld is found to decrease from 4.11 
to 1.36 V µm −1 , which can be explained by the signifi cantly lower emission barrier that 
is achieved due to the negative electron affi nity of  h -BN. Meanwhile, the total emission 
current is observed to increase from 1.6 to 3.7 mA, due to a mechanism that limits the 
self-current of any individual emitting tip. This phenomenon also leads to improved 
emission stability and uniformity. In addition, the lifetime of the arrays is improved as 
well. The  h -BN-coated CNT array-based fi eld emitters proposed in this work may open 
new paths for the development of future high-performance vacuum electronic devices. 
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  1.     Introduction 

 Field emission electron sources [ 1–3 ]  are widely used in a 

number of applications, including health care and border 

control technologies, and are critical parts of displays, [ 4 ]  X-ray 

sources, [ 5,6 ]  communications devices such as travelling wave 

tubes, [ 7 ]  and microwave amplifi ers. [ 8 ]  Due to their unique 
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practical applications, which may mainly be attributed to var-

iations in the CNTs’ morphology. Moreover, although CNT 

emitters can theoretically provide large emission currents, the 

total emission current still falls short of what is required for 

some high-power fi eld emission devices, such as microwave 

amplifi ers and X-ray sources. 

 Meanwhile, the FE properties of wide band-gap mate-

rials (WBMs) have gained research interest as alternative 

FE materials due to the recent demonstration of impres-

sive emission performance shown by diamond on metal 

tips. [ 15 ]  The emission properties of WBMs are related exclu-

sively to the negative electron affi nity (NEA) of these mate-

rials, which include cubic boron nitride (cBN), [ 16 ]  aluminum 

nitride (AlN), [ 17 ]  and zinc oxide (ZnO), [ 18 ]  among others. This 

class of fi eld emitters is capable of both high FE stability and 

a long lifetime. However, the conductivity of these materials 

is too low to supply enough electrons for use in FE devices. 

Recently, to address these shortcomings, several groups 

have published works describing FE produced using WBMs 

coated on carbon-based nanomaterials, [ 19–21 ]  arguing that the 

enhanced FE seen in these studies may be attributed to the 

combined enhancement effects of both the WBG nanostruc-

ture and the carbon-based nanomaterial template. 

 As a WBM,  h -BN is an outstanding candidate, demon-

strating the NEA, chemical inertness, excellent thermal con-

ductivity, and stability needed for FE devices. [ 22 ]  When coated 

on CNTs and used as a fi eld emitter,  h -BN can decrease the 

height of the surface potential barrier of the emitter, thereby 

correspondingly enhancing the fi eld emission,  [ 23 ]  as well as 

protecting the CNTs from damage during emission. However, 

the fabrication of continuous and high-quality ultrathin  h -BN 

fi lms over large areas has proven to be diffi cult, especially 

when attempted on a substrate of protruding CNTs. Most 

successful  h -BN fi lms have been grown on specially selected 

substrates via chemical vapour deposition (CVD). [ 24,25 ]  

On the top of the diffi culty presented by the use of CNTs 

as substrate, CVD growth necessitates the use of rather 

unconventional boron-containing gaseous precursors, such 

as boron trichloride (BCl 3 ), [ 26 ]  diborane (B 2 H 6 ), [ 27 ]  or boron 

trifl uoride (BF 3 ). [ 28 ]  These compounds are expensive in addi-

tion to being highly toxic, unstable, and pyrophoric. As such, 

sophisticated equipment and delicate processing are typically 

required to deposit a fi lm with this technique. 

 In this work, a vertically aligned CNT array was coated by 

a continuous thin fi lm of hexagonal boron nitride ( h- BN) via 

a facile, safe, and low-cost method by using boron oxide and 

ammonia. These are the same raw materials used in the indus-

trial synthesis of bulk  h -BN powder. The method described 

herein may be used to produce a fi lm with tunable thickness. 

Characterization experiments confi rmed the excellent FE 

performance of the  h -BN-coated CNT arrays, which demon-

strated a low turn-on fi eld, high maximum emission current, 

greatly prolonged lifetime, high stability, and high uniformity.  

  2.     Results and Discussions 

 A schematic of the fabrication process of  h -BN-coated 

CNT arrays may be found in  Figure    1  a, with further details 

presented in the Experimental Section. The method is based 

on the reaction of molten boron oxide (B 2 O 3 ) with gaseous 

ammonia (NH 3 ), as described in our previous publication. [ 29 ]  

Scanning electron microscopy (SEM) was used to charac-

terize the morphology of the intermediate or fi nal product 

after each step of the fabrication process. First, high-quality 

CNT arrays were grown via CVD, as shown in Figure  1 b. 

These arrays were then exposed to B 2 O 3  vapor, resulting in a 

uniform coating of a layer of B 2 O 3 , as shown in Figure  1 c. The 

B 2 O 3 -coated CNT arrays were heated to the desired reaction 

temperature (typically 900 °C) in a tubular furnace under an 

argon (Ar) atmosphere, at which point the B 2 O 3  melted and 

the CNT arrays were wetted with liquid B 2 O 3 . Afterward, a 

fl ow of NH 3  gas was introduced into the furnace to initiate 

the reaction of molten B 2 O 3  with NH 3 , thereby forming  h -BN. 

The resultant samples were CNT arrays coated with a dense, 

continuous, uniform, and smooth fi lm of  h -BN, as shown in 

Figure  1 d. Compared with other  h -BN growth processes, 

such as sputter coating, the method presented here is facile, 

low-cost, and scalable while still being able to produce high-

quality, ultrathin, and continuous nanocrystalline  h -BN fi lms. 

Moreover, this growth method is highly reproducible and 

able to operate within a wide margin of process conditions. 

  The morphology of the  h -BN-coated CNTs was further 

studied with transmission electron microscopy (TEM), as 

shown in Figure  1 e–g. The as-grown CNTs were highly crys-

talline and several-walled, with between three and ten layers. 

The CNTs were then warped uniformly with the  h -BN fi lm. 

The thickness of the  h -BN fi lms can be tuned by adjusting 

the B 2 O 3  deposition time. For the typical examples shown in 

Figure  1 f,g, the approximate thicknesses of the  h -BN fi lms are 

3 nm and 8 nm. The deposition times used to prepare these 

samples were 15 and 30 min, respectively. Structural data for 

the as-synthesized  h -BN fi lms were captured using selected-

area electron diffraction (SAED). The electron diffraction 

rings seen in Figure  1 h can be identifi ed as the typical {100}, 

{110}, and {200} rings of polycrystalline  h -BN. This structure 

is consistent with the elemental composition of the fi lm as 

characterized by electron energy loss spectroscopy (EELS, 

Figure  1 i). Two distinct absorption features are apparent, one 

beginning at 188 eV and the other at 401 eV, which correspond 

to the known B K and N K edges, respectively. The spectrum 

shows clear p* peaks that denote the transition of a 1s electron 

to the empty p* antibonding orbitals. These peaks are char-

acteristic of the sp 2  hybridization of both the B K and N K 

edges. In addition, a much weaker peak commencing at 284 eV 

is observed, corresponding to the sp 2  C C bonds of the CNTs. 

Figure  1 l shows the Raman spectra for the CNTs before and 

after coating with  h -BN, which confi rms that the crystal struc-

ture of the CNTs was not altered by the coating process. 

 The FE properties of the  h -BN-coated CNT arrays were 

also studied and compared with those of the bare arrays. 

The curves of FE current densities versus applied electric 

fi eld for the as-grown (uncoated) CNT array and the  h- BN-

coated samples ( Figure    2  a) show that the lowest turn-on fi eld 

(the electric fi eld required to generate a current density of 

10 µA cm −2 ) is demonstrated by the sample coated with a 

3 nm thick fi lm of  h -BN. The turn-on fi eld of an array with 

a thicker coating (8 nm) was found to be higher. The total 
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emission currents of the samples with both thick and thin 

coatings were much higher than that of the bare CNT array, 

reaching a maximum of 3.7 mA (that corresponds to a cur-

rent density of 92.5 mA cm −2 ). This trend is in agreement 

with previously published research on the effect of coatings 

of dielectric WBMs on silicon and molybdenum tips. [ 30,31 ]  

   2.1.     Electron Emission Mechanism 

 Electron emission from the  h -BN-coated CNT array emit-

ters results from a repeating two-step mechanism. The fi rst 

step is the injection of electrons into the conduction band 

of the  h -BN fi lm through the Schottky barrier ( Φ  B ) that is 

formed at the  h -BN/CNT interface. This is followed by elec-

tron emission from a localized area at the  h -BN surface due 

to the NEA induced by the penetration of the electric fi eld 

into the  h -BN layer. The electron emission mechanism may 

be explained by the energy band diagrams shown in  Figure    3  . 

  Electrons injected are made through the junction 

between the CNTs and the  h -BN thin fi lm. The as-fab-

ricated  h -BN fi lm consists of both hexagonal crystalline 

grains and amorphous regions and is a p-type semicon-

ductor, with a Fermi level higher than that of the CNTs as 
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 Figure 1.    a) Diagram of fabrication process of an  h -BN fi lm coated CNTs fi eld emitter. And SEM images of b) as-grown CNTs, c) CNTs coated with 
B 2 O 3 , and d) CNTs coated with  h -BN. And TEM images e) as-grown CNT, f) 3 nm  h -BN-coated CNT, and g) 8 nm  h -BN-coated CNT. Part h) is the 
SAED pattern of the as-synthesized  h -BN fi lms, in which the electron diffraction rings were identifi ed as the typical {100}, {110}, and {200} rings 
of polycrystalline  h -BN. i) Raman spectra comparison of the as-grown CNTs and  h -BN-coated CNT. j) EELS spectra of the h-BN-coated CNT, showing 
the presence of B, N elements of h-BN, and C element of CNT.
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a result of their 6.0 eV bandgap, Fermi level at a position 

of 2.8 eV above the valence band, and NEA surface. There-

fore, a positive space charge layer with a high concentration 

of holes arises from the crystal defects and dangling bonds 

near the  h -BN/CNT interface. This leads to the generation 

of a high internal electric fi eld ( E  int ) at the interface, as 

shown in Figure  3 a. Due to these circumstances, electron 

injection from the CNTs into the  h -BN layer is dominated 

by the tunnelling effect. As the strength of the applied fi eld 

is increased, the height of the barrier between the CNTs 

and the  h -BN fi lm is reduced (as shown in Figure  3 b), 

leading to an increase in the propensity of the electrons to 

undergo tunnelling, as evidenced by the increase in emis-

sion current. 

 In the presence of high electric fi elds, the vacuum barrier 

at the surface of the  h -BN layer will be bent and its maximum 

value decreased  [ 32 ]  by band bending (Φ s  = Φ 1  + Φ 2 ) that arises 

from the positive space charge layer that is induced by the 

nearby presence of the Schottky junction (Φ 1 ) and the pene-

tration of the electric fi eld from the vacuum side into the inter-

face between the CNTs and the  h -BN fi lm (Φ 2 ). This bending 

may have a value of up to a few electron volts for values of 

 E  vac  higher than 100 V µm −1 . [ 33,34 ]  The Φ s  has the effect of 

guaranteeing that the surface of the  h -BN has NEA. Once 

electrons in the conduction band of the CNTs have tunnelled 

into the conduction band of the  h -BN fi lm, they can easily be 

emitted into the vacuum from the NEA surface of the  h -BN.  
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 Figure 2.    Part a) shows the dependency of the FE current on the applied 
electric fi eld ( J–E ) for 8 nm, 3 nm,  h -BN-coated CNTs emitter and bare 
CNTs emitter, while b) shows the corresponding FN curves.

 Figure 3.    Energy band diagram of thin  h -BN fi lm coated CNTs 
a) without, b) with external applied fi eld, and c) thick  h -BN fi lm coated 
CNTs with an external applied fi eld.  E  vac0  is the original vacuum level, 
 E  vac1  is the vacuum level after  h -BN coated on CNT without an applied 
fi eld,  E  vac2  is the vacuum level after  h -BN coated on CNT with an 
applied fi eld,  E  c  is the conduction band,  E  v  is the valence band,  d  1  and 
 d  2  are the thicknesses of  h -BN thickness,  E  F  is the Fermi level,  d  1  <  d  2 .
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  2.2.     Reduction of Turn-On Field 

 Based on the above analysis, it is clear that electron emission 

from an emitter of  h -BN-coated CNTs is limited mainly by 

the rate of electron injection from the CNTs into the con-

duction band of the  h -BN fi lm. Due to the presence of a pos-

itive space charge layer, the width of the energetic barrier 

between the CNTs and the thin fi lm of  h -BN is much smaller 

than that between vacuum and bare CNTs at the same 

applied fi eld. As a result, the tunnelling of electrons between 

the CNTs and  h -BN is much easier than that directly from 

the CNTs into vacuum. Consequently, the  h -BN coating has 

the effect of reducing the barrier to electron emission, which 

manifests as a decrease in the turn-on fi eld, as shown in the 

 I – V  curves in Figure  2 a. However, when the thickness of 

the  h -BN fi lm is increased, electrons in the  h -BN layer lose 

energy through inelastic scattering, as shown in Figure  3 c, 

and therefore higher extraction fi elds are needed to pro-

duce electron emission. Consequently, the turn-on fi eld of an 

emitter made from an array of CNTs with a coating of  h -BN 

that is 8 nm thick was higher than that of a device with a 

3 nm thick  h -BN layer. 

 The emission barrier or work function of the  h -BN-

coated CNTs was also calculated using the Fowler–Nordheim 

(FN) equation as applied to the fi eld emission [ 35,36 ] 

     
J A E B E/ exp /2 2 3/2β φ φ β( ) ( )= −

  
(1)

 

 where  J  is the emission current,  A  = 1.56 × 10 −6  A V −2  eV, 

 B  = 6.83 × 10 9  V eV −3/2  V m −1 ,  β  is a fi eld enhancement factor, 

 Φ  is the work function, and  E  is the applied fi eld. The equa-

tion can be further simplifi ed as

     
J E A B E/ / exp /2 2 3/2β φ φ β( ) ( )= −

  
(2)

 

 and subsequently linearized

     
ln / ln / / 1 /2 2 3/2J E A B Eβ φ φ β( ) ( ) ( )( )= −

  
(3)

 

   Consequently, the fi eld enhancement factor of bare CNTs 

( β ) can be calculated from the slope ( S ) of the linearized FN 

data, as shown in Figure  2 b, using the formula

     /3/2S Bφ β= −   (4) 

   Based on a reported value of 5.0 eV for the work func-

tion of CNTs, [ 10 ]  the average fi eld enhancement factor of 

bare CNTs was calculated to be 820. As the  h -BN fi lm in 

this work is a p-type semiconductor and suffi ciently thin not 

to signifi cantly affect the emitter radius of the CNTs under 

low current conditions, the same tip radius was assumed for 

both uncoated and coated CNTs. Using these values, the 

calculated work function of the emitter with an 8 nm thick 

layer of  h -BN is 4.1, whereas that of the emitter with a 3 nm 

 h -BN fi lm is 3.2. The trend of these values is in agreement 

with the reports from the literature. [ 23 ]   

  2.3.     Improvement of Maximum Current 

 The maximum emission current of the  h -BN/CNT arrays was 

observed to be much higher than that of the array of bare 

CNTs. This phenomenon may be attributed to the self-current-

limiting effect of the  h -BN coating. This effect operates as fol-

lows: as the applied fi eld increases, there is a moment at which 

the emission current starts to increase as well. The resistance 

of the  h -BN layer simultaneously decreases, thereby screening 

and weakening the electric fi eld that penetrates into the inter-

face between the  h -BN and the CNTs. Consequently, the rate 

at which the emission current increases is reduced. Finally, the 

emission current reaches saturation. 

 According to the FN equation, [ 35 ]  the emission current 

depends strongly on the fi eld enhancement factor, which is 

itself a function of the local geometry of the emitting tip. 

However, even in a highly ordered array of CNTs, there is 

considerable variation in tip geometries. In other words, 

some CNTs have a higher aspect ratio and will therefore emit 

a large current, whereas others have a low aspect ratio and 

correspondingly low emission currents. If the emission cur-

rent exceeds the maximum value any given tip can withstand 

(typically in the range of 10 µA), [ 7 ]  then the emitting tip will 

be destroyed. [ 37,38 ]  To achieve large total emission currents, 

it is necessary to combine the emission current from each 

CNT in the entire array. [ 39 ]  The self-current-limiting behavior 

of the coated arrays can protect the emitting CNTs from 

being damaged due to large currents, ultimately resulting in 

improved values of maximum emission current. 

 In addition, the improvement in the maximum emission 

current can be further attributed to the good thermal con-

ductivity and stability of  h -BN. The deposited  h -BN fi lm, 

which functions as a heat-sink, effi ciently conducted the heat 

generated by the emitting CNTs, protecting the CNTs from 

burnout. This allowed the CNT emitter to operate at a much 

higher emission current.  

  2.4.     Improvement of Lifetime and Stability 

 Temporal emission testing was conducted at a pressure of 

5 × 10 −5  mBar and an initial emission current of 1 mA, with 

the results displayed in  Figure    4  . Figure  4 a shows the con-

tinuous stability test of the array of bare CNTs as compared 

with an array with a 3 nm thick  h -BN coating. The stability 

of the coated emitter was greatly improved over that of 

the bare CNT emitter, [ 39,40 ]  with the coated sample demon-

strating an extremely low emission current fl uctuation of only 

±1.2%. Two main phenomena contribute to this trend. First, 

the stability of the current may be partially attributed to the 

self-current-limiting mechanism discussed above. Since the 

self-current-limiting behavior operates against increases in 

the emission current, it has the effect of dampening sudden 

spikes in the current that arise due to instability. This mech-

anism serves to reduce the current fl uctuation at a fi xed 

applied fi eld. Second, the increase in stability may also arise 

as a result of the unique chemical properties of  h -BN. One 

of the key mechanisms behind current fl uctuation from CNT-

based emitters is the adsorption of gaseous species onto the 
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emitting surface. These contaminants modify the local work 

function of the CNTs, [ 41 ]  which lead to large increases or 

decreases in the emitted current. Due to its superior chemical 

inertness, the  h -BN fi lm is less susceptible to the adsorption 

of contaminant gases. Consequently, there are only limited 

changes in the work function, which have a negligible effect 

on the emitted current. As a result of these two mechanisms, 

the emission from  h -BN-coated CNT arrays is much more 

stable than that from arrays of bare CNTs. As a result, the 

lifetime of the coated arrays is also improved. The pulse 

response is shown in Figure  4 b. The width of one pulse was 

10 ms, while the duty cycle was 1:1. The uniformity of the 

pulse emission current was also greatly improved compared 

with previous works, which is a crucial metric for some FE 

devices that operate at high frequencies. [ 42 ]  

  It is obvious from the integrated intensity images 

(ZnO:Zn phosphor) captured of both the array with a 3 nm 

thick  h -BN coating and the bare CNT array at an emission 

current of 1 mA (Figure  4 c,d) that the emission of the coated 

array was much improved compared with that of the bare 

CNT array. This also indirectly proves the existence of the 

self-current-limiting mechanism discussed above. 

 In conclusion, highly ordered arrays of CNTs grown by 

CVD were coated with a thin fi lm of  h -BN using a simple 

and scalable method. Deposition of  h -BN fi lms onto the CNT 

array led to enhanced fi eld emission behavior from the emit-

ters. Compared with the array of bare CNTs, the  h -BN/CNT 

hybrid structures exhibited much lower turn-on fi elds and 

higher maximum emission currents, which may be attributed 

to the reduced emission barrier of the hybrid emitter arrays as 

well as to the self-current-limiting mechanism of these arrays. 

The stability and lifetime of the  h -BN/CNT emitters were 

both improved due, again, to the self-current-limiting mech-

anism as well as to the chemical inertness of the  h -BN thin 

fi lm. Integrated intensity images confi rmed the uniformity of 

the fi eld emission current. In addition, as the electron injec-

tion from CNT into  h -BN can also be effectively affected by 

photon absorption, the hybrid emitter should have a good 

photo-induced electron emission performance. This work 

paves the way for future high-performance fi eld emission 

devices, such as X-ray sources and microwave amplifi ers.   

  3.     Experimental Section 

  CNT Array Growth : Vertically aligned arrays of CNTs were grown 
on a highly doped n-type silicon chip via CVD. [ 43 ]  First, photo-
lithography was used to pattern the silicon substrate with 3 µm 
wide square dots at a spacing of 10 µm, into which an Al (10 nm)/
Fe (1 nm) multilayer catalyst was deposited by sputtering. The 
substrate was then heated to 700 °C at a pressure of 10 −2  mbar. 
During heating, ammonia gas was introduced to etch the surface 
of the iron catalyst islands. Acetylene was used as the carbon 
source and was introduced to the deposition chamber once the 
temperature had reached 750 °C. The growth process lasted for 
5 min, yielding CNTs of nearly 5 µm in height. 

  h-BN Coating : 15 g of high-purity B 2 O 3  (Alfa Aesar, 99.99%) 
was added to 150 mL of ethanol at 60 °C and stirred to produce 
a saturated solution. CNT samples were then placed upside down 
above the surface of the B 2 O 3  solution and held there at least half 
an hour (longer times were used to obtain thicker coatings). The sat-
urated solution of B 2 O 3  in ethanol is suffi ciently volatile that B 2 O 3  
was gradually deposited on the surface of the CNT arrays, leading 
to a uniform covering. Freshly prepared B 2 O 3 -coated CNT arrays 
were placed in a quartz boat and then inserted into the quartz tube 
of a homemade CVD furnace. The quartz tube was evacuated to a 
pressure of 10 −3  Torr using an external mechanical pump, and then 
purged and pressurized with Ar gas. The furnace was subsequently 
heated to 900 °C at a ramp rate of 17 °C min −1  with the protection 
of 300 sccm Ar. Once the target temperature was reached, a fl ow of 
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 Figure 4.    a) Accelerated lifetime testing for 3 nm  h -BN-coated CNTs 
array and bare CNT emitter. The initial current densities are both fi xed at 
1 mA. The measurements were conducted at a pressure of 5 × 10 −5  mBar 
to provide an accelerated lifetime test. b) Pulse response testing of the 
3 nm  h -BN-coated CNTs emitter at an electric fi eld of 3.8 V µm −1 . The 
width of a single pulse is 10 mA, and the duty cycle is 1:1. c) Emission 
images of the 3 nm  h -BN-coated CNT and bare CNT, for both of which 
the emission area was 2 mm × 2 mm.
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30 sccm NH 3  was added to the Ar gas fl ow to initiate the reaction. 
The reaction was allowed to proceed for 3 min before the furnace 
was cooled to room temperature at a rate of 15 °C min −1 . 

  Characterization : Surface morphologies were characterized 
using scanning electron microscopy (SEM, Hitachi, S-4800) and 
high-resolution transmission electron microscopy (HRTEM JEOL-
2010F). The boron and nitrogen contents samples were identifi ed 
with EELS, while the crystallinity of the  h -BN fi lms was confi rmed 
by SAED, both of which were performed on the HRTEM instrument. 
Raman analysis was performed using a micro-Raman microscope 
(Horiba JobinYvon, LabRAM HR800). 

  Field Emission Tests : The FE properties of the samples were deter-
mined using a simple diode confi guration in a vacuum chamber. 
Samples were placed beneath a fl at metal anode, separated by two 
spacers, each with a thickness of 0.25 mm. The emission area of 
all of the samples was maintained at 2 mm × 2 mm. Before the fi rst 
emission measurement for each sample, a bias voltage of approxi-
mately 1000 V was applied for approximately half an hour to obtain 
a stable emission condition. Each reported emission current is the 
average value of four measurements from each sample.  
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