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 Excellent Field-Emission Performances of Neodymium 
Hexaboride (NdB 6 ) Nanoneedles with Ultra-Low Work 
Functions  

    Junqi     Xu     ,    Guanghua     Hou     ,    Takao     Mori     ,    Huiqiao     Li     ,    Yanrui     Wang     ,    Yangyang     Chang     , 
   Yongsong     Luo     ,    Benhai     Yu     ,    Ying     Ma     , and    Tianyou     Zhai     *  
 High-quality NdB 6  nanostructures with a low work function are successfully 
synthesized via an one-step catalyst-free chemical vapor deposition process. 
Field emission properties of these nanostructures (curve nanowires, short-
straight nanorods, long-straight nanowires, and nanoneedles) are systemati-
cally investigated and found to be strongly affected by the tip morphologies 
and temperatures. The nanoneedles with sharp tips demonstrate the lowest 
turn-on (2.71 V/ μ m) and threshold (3.60 V/ μ m) electric fi elds, as well as 
a high current density (5.37 mA/cm 2 ) at a fi eld of 4.32 V/ μ m in compari-
sion with other nanostructures. Furthermore, with an increase in tempera-
ture from room temperature to 623 K, the turn-on fi eld of the nanoneedles 
decreases from 2.71 to 1.76 V/ μ m, and the threshold fi eld decreases from 
3.60 to 2.57 V/ μ m. Such excellent performances make NdB 6  nanomaterials 
promising candidates for application in fl at panel displays and nanoelec-
tronics building blocks.      
  1   .  Introduction 

 One-dimensional micro/nanoscale materials have drawn tre-
mendous attention due to their basic scientifi c research and 
potential technological applications. [  1  ]  Field emission (FE) is 
based on the physical phenomenon of quantum tunneling, 
during which electrons are injected from a material's surface 
into vacuum under the infl uence of an applied electric fi eld. 
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The Fowler-Nordheim (F-N) theory pre-
dicts that electron emitters made of mate-
rials with a low work function, higher 
aspect ratio and higher curvature of the 
tip, could greatly enhance the FE current 
with a lower applied turn-on voltage. [  2  ]  

 Rare-earth hexaboride (REB 6 ) nano-
structures are ideal materials for FE 
application as an electrical fi eld-induced 
ion and electron point source due to 
their miniature dimensions, low work 
functions, as well as excellent electrical, 
thermal, and mechanical properties. [  3–11  ]  
The advantages of using REB 6  as a FE 
candidate originate from their crystal 
structure, in which the rare-earth metal 
atom is embedded inside a stable boron 
octahedral network. The boron octahedral 
network arrangement results in a unique 
combination of all the desired properties 
for an excellent cathode material. So far, most previous studies 
focused on the synthesis and FE properties of LaB 6  nanostruc-
tures since LaB 6  has the relatively low work function (2.6 eV) 
and good stability. Recent theoretical research showed that the 
cathodes materials with work functions lower than 2 eV may 
undergo different electron emission mechanisms, including 
thermionic emission, fi eld emission, and fi eld-induced ballistic 
emission, which provides us the light to improve the emission 
performances using these special mechanisms. [  12  ]  Neodymium 
hexaboride (NdB 6 ) was reported to have an ultra-low work func-
tion (1.6 eV) [  13  ]  than many previously reported FE materials 
(Table S1). If single-crystalline NdB 6  nanostructures with a high 
aspect ratio morphology, such as nanowires and/or nanonee-
dles, can be fabricated, it might be an ideal candidate for the 
investigation and development of advanced fi eld emission 
theory, and effi cient cathodes for vacuum electronic devices. 

 The great challenges for the fabrication of high-quality 
NdB 6  nanostructures fi rst come from the existence of several 
thermodynamically stable NdB 6  phase with different Nd:B 
atoms; [  14  ]  Second, the traditional methods, such as fl oating 
zone method, [  15  ]  solid-state reaction, [  16  ]  borothermal reduc-
tion process, [  17  ]  thermal evaporation [  18  ]  and hydrothermal reac-
tion, [  19  ]  etc. are not suitable for the growth of high-aspect-ratio 
NdB 6  nanostructures. To the best of our knowledge, there are 
only two literatures on NdB 6  nanowire synthesis: Ding et al. [  20  ]  
fabricated the NdB 6  nanowires through a self-catalysis process, 
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      Figure 1.   Typical SEM images of several NdB 6  nanostructures: a) curve nanowires (Sample  a ); 
b) short-straight nanorods (Sample  b ); (c) long-straight nanowires (Sample  c ); and d) nanon-
eedles (Sample  d ). 
however, the lack control on growth direction 
and wire diameter in this method limits its 
further application. Recently, Cheung et al. [  21  ]  
developed a palladium-nanoparticle-catalyzed 
chemical vapor deposition (CVD) process 
to synthesize NdB 6  nanowires and nanoo-
belisks, but the boron precursor (B 10 H 14 ) is 
solid and not easy to control its fl ow under 
CVD system, in addition, this approach 
requires external heating devices and com-
plex pipe lines into the reactor. Therefore, 
more effective and easy operable method to 
synthesize NdB 6  nanostructures should be 
developed. Besides of synthesis, the property 
and application of NdB 6  nanostructures has 
not been reported to date. 

 Very recently, we developed an effective 
CVD approach to synthesis vertically aligned 
single-crystalline LaB 6  nanowire arrays using 
LaCl 3 ·3H 2 O as the La source and B 2 H 6  as the 
B source. [  22  ]  Here, we extend this method to 
fabricate high quality and uniform 1D NdB 6  
nanostructures with different morphologies. 
Through this one-step catalyst-free CVD 
method, NdB 6  nanostructures with different 
morphologies, such as curve nanowires, 
short-straight nanorods, long-straight nanow-
ires, and nanoneedles, can be successfully 
obtained. The morphology of the NdB 6  nano-
structures can be adjusted by tuning the reac-
tion temperatures and the distances between 
the precursors and the substrate. The fi eld 
emission properties of these nanostructures 
are comparatively investigated and found to 
be strongly affected by the morphologies. 
The NdB 6  nanoneedles with maximum cur-
vature of radius are the best fi eld emitters 
with a low turn-on fi eld of 2.71 V/ μ m, a low 
threshold fi eld of 3.60 V/ μ m, and a good sta-
bility. Besides, the temperature-dependent 
fi eld emission properties of the NdB 6  nanon-
eedles are also investigated: the turn-on 
fi eld, threshold fi eld, current density, and 
the dependence of the effective work func-
tion on temperature are discussed for better 
understanding of the FE mechanism of the 
regarded nanoneedles.  
  2   .  Results and Discussion 

  2.1   .  The Morphology, Structure, and Growth 
Mechanism of NdB 6  Nanostructures 

 Representative morphologies and structures of the produced 
NdB 6  nanostructures, as revealed by fi eld-emission scan-
ning electron microscopy (SEM), are shown in  Figure    1  . The 
low-magnifi cation SEM images (Figures  1 a 1 , b 1 , c 1  and d 1 ) 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5038–5048
demonstrate that the NdB 6  nanostructures uniformly and com-
pactly cover the entire substrates. The morphologies at high-
magnifi cation (shown in Figures  1 a 2 , b 2 , c 2  and d 2 ) are quite 
different depending on synthetic conditions, mainly due to the 
reaction temperature and distances between the precursors and 
the substrates. Figure  1 a is the SEM image of a product obtained 
at a low temperature (860 °C) and a short distance (3 cm). 
The nanowires are curve with a diameter of  ∼ 160–200 nm and 
a length of  ∼ 8–10  μ m. With a rise in the reaction temperature 
(880 °C) and at a short distance (5 cm), the morphology changes 
from curve to straight, and the obtained short-straight nanorods 
5039wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 2.  TEM images of NdB 6  nanoneedle: a) TEM image; b) HRTEM image; c) the corresponding SAED pattern; d) Nd elemental maps; 
e) B elemental maps; f) atomic model of a cubic NdB 6  with the [001] growth direction. 
show a smaller diameter of  ∼ 140–160 nm and square cross-
section (as shown in Figure  1 b). On increasing the reaction 
temperature to 900 °C and the distance to 7 cm, long-straight 
nanowires with a further smaller diameter of  ∼ 120–140 nm 
was obtained, and the length is up to  ∼ 40–50  μ m (as shown in 
Figure  1 c). When the reaction temperature reaches 920 °C and 
the distance increases to 9 cm, high-density needlelike nano-
structures, with a length of  ∼ 20–30  μ m are observed on the 
whole Si wafers (as shown in Figure  1 d). Magnifi ed images of 
these nanoneedles taken from a different view (see Supporting 
Information, Figure S1) reveals that this NdB 6  structure has 
an abruptly sharpened tip, which is very favorable for the fi eld 
emission. Thus, the synthesize conditions play a key role in 
determining the deposited NdB 6  morphologies.  

 A typical low-magnifi cation transmission electron microscopy 
(TEM) image of the NdB 6  nanoneedle is shown in  Figure    2  a. 
The nanoneedle has smooth surface and sharp needle, and is 
 ∼ 120 nm in lateral dimension. Figure  2 b is a high-resolution 
TEM image, which confi rms that the nanoneedle is well crys-
tallized and is parallel to the [001] crystallographic direction. A 
corresponding selected-area electron diffraction (SAED) pattern 
of the nanoneedle in Figure  2 c reveals that this nanoneedle 
is grown in the [001] crystallographic direction of the cubic 
NdB 6  with lattice constant a = 0.41 nm. The diffraction pat-
tern appears identical as we moved the SAED aperture along 
the entire nanoneedle, suggesting that the NdB 6  nanoneedle is 
single crystalline. The <001> growth of these NdB 6  nanonee-
dles may be attributed to the fact that the {001} lattice planes 
of the NdB 6  have the highest atom density, and therefore, it 
would minimize the total energy for the crystal to growth in 
this direction. [  7c  ]  Figure  2 f displays a corresponding structural 
model, which is in good agreement with the HRTEM images of 
040 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
NdB 6  nanoneedles. A detailed chemical analysis was carried out 
using element mappings. Figure  2 d shows the Nd elemental 
map and demonstrates a uniform distribution of the composi-
tional elements Nd. However, it is diffi cult to accurately detect 
the B elements (Figure  2 e) because of the small atom number. 
Therefore, high-quality single-crystalline NdB 6  nanostructures 
elongated preferentially [001] direction have been successfully 
fabricated.  

 The X-ray diffraction (XRD) patterns of the as-synthesized 
NdB 6  nanoneedles (sample  d , top trace) and the standard 
NdB 6  powder diffraction pattern from the Joint Committee 
on Powder Diffraction Standards Card (JCPDS No. 11–0087) 
(bottom trace) are both presented in  Figure    3  a. No character-
istic peaks of impurities are detected, indicating the high purity 
of the synthesized product. All the diffraction peaks can be 
well indexed to cubic NdB 6  with a lattice of a = 0.41 nm and a 
space group of  Pm-3m , in good agreement with the literature 
values. [  4a  ]  Figure  3 b displays the RT Raman spectra of the NdB 6  
nanoneedles (sample  d ). The  Pm-3m  symmetry of the NdB 6  
structure gives us the following normal lattice vibration modes: 
 Γ  = A 1g +E g +T 1g +T 2g +2T 1u +T 2u , where the Raman-active pho-
nons are A 1g , E g , and T 2g , two T 1u  modes are infrared-active, 
and T 1g  and T 2u  are optically inactive. Three peaks located at 
680, 1143, and 1273 cm −1  can be assigned to the Raman active 
modes T 2g , E g  and A 1g , respectively, of NdB 6 , and they com-
pletely satisfy the polarization selection rule in the cubic sym-
metry. [  23  ]  An extra peaks located at 178 cm −1 , denoted by an 
arrow, can be regarded as the vibration of the rare-earth ions 
in the cage, and can be assigned as the “optical” T 1u  mode. [  24  ]  
The mode below 100 cm −1  and a broad peak at 1400 cm −1 , 
denoted by asterisks, are commonly observed for trivalent and 
intermediate-valent crystals. [  25  ]  The relatively intense and sharp 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5038–5048
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      Figure 3.  (a) XRD pattern of NdB 6  nanoneedles; (b) Micro-Raman spec-
trum of NdB 6  nanoneedles at room temperature; (c) Survey spectrum of 
XPS analysis of NdB 6  nanoneedles, and, Nd-3d binding energy spectrum 
and B-1s binding energy spectrum shown on the left-top and right-top 
respectively. 
peaks suggest that the nanowires are highly crystalline, which 
is consistent with the XRD pattern and the HRTEM. The NdB 6  
nanoneedles (sample  d ) have also been further characterized by 
XPS spectroscopy for the surface analysis. Figure  3 c gives the 
representative spectra, showing that the surface of the sample 
contains neodymium, boron, carbon and oxygen. The Nd 3d 
peaks at 983.5 (shown in the top-left of Figure  3 c) and B 1s 
peak at 188.0 eV (shown in top-right  Figure    4  c), agree well with 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5038–5048
the data obtained in earlier reports [  23  ]  and serve as additional 
confi rmation of NdB 6  phase.   

 For the growth of nanostructures in vapor deposition system, 
two growth mechanisms have been proposed, namely the vapor-
solid (VS) [  26  ]  and vapor–liquid–solid (VLS). [  27  ]  The VLS mecha-
nism can be ruled out here because no metal particles have 
been found on the tips of the NdB 6  nanostructures, thus we 
suggest that VS mechanism with self-catalyst [  28  ]  is dominant. 
Figure  4  shows schematically the self-catalyst process employed 
in our experiment together with SEM images of the structures 
obtained at different reaction times. At the beginning, the Nd 
atoms generated by thermal evaporation of NdCl 3  precursors 
in vacuum was transported to the Si substrates and decom-
posed to form Nd nanodroplets (Figures  4 a 1  and a 2 ). When 
the B 2 H 6  was introduced, the B atoms from boron precursor 
were absorbed by the Nd nanodroplets, resulting in some NdB 6  
nanoclusters, which, in turn, served as nuclei for the nanowire 
growth (Figures  4 b 1  and b 2 ). Subsequently, NdB 6  nanowires 
began to grow and continued as long as appropriate quantities 
of Nd atoms and B atoms were available (Figures  4 c 1  and  c 2 ). 
Finally, when heating was stopped, the growth terminated and 
the NdB 6  nanowire formed (Figures  4 d 1  and d 2 ). Although the 
time trial growth study does not provide in-situ and in-time 
vision, the results agree relatively good with the sketch of the 
overall. Therefore, the growth of NdB 6  nanoneedles was attrib-
uted to the VS mechanism.  

  2.2   .  Field-Emission Properties of NdB 6  Nanostructures at Room 
Temperature 

 FE properties at RT of the as-grown 1D NdB 6  nanostructures 
were studied in this work. So far, to our knowledge, no research 
on the FE properties of NdB 6  nanostructures has been reported. 
The fi eld emission from the present NdB 6  nanostructures was 
measured at 400  μ m gap between the anode and a sample in 
a vacuum chamber maintained at a pressure of 8.0 × 10 −7  Pa. 
The curves of the emission current density versus the applied 
fi eld (J-E) for the four samples are shown in  Figure    5  , it can 
be seen that the emission current density J exponentially 
ascends with the increase of the applied fi eld E. From Figure  5 d 
(sample  d ), the current density reaches 5.37 mA/cm 2  at the fi eld 
of 4.32 V/ μ m. Such a value is comparable to or even better than 
those of many other inorganic nanostructures. For example, 
the emission current density from ZnO nanostructures rarely 
reaches 1 mA/cm 2  at such low electric fi eld unless some special 
treatments (such as ion implantation and surface modifi cations) 
are done, since these nanowires are known to barely sustain 
such a high current and easily suffer from discharge or break-
down. [  29  ]  An emission current density of about 2.1 mA/cm 2  
was achieved for W nanowires using a similar measurement 
system, although a lower anode-sample distance of 150  μ m 
was exerted. [  30  ]  An emission density of only 0.25 mA/cm 2  was 
observed for CdS nanotips at 10.96 V/ μ m. [  31  ]  Even for LaB 6  nano-
wires, the value of current density can only reach 0.34 mA/cm 2  
at a fi led about 8.1 V/ μ m under an anode-sample distance of 
120  μ m. [  32  ]  Such a high current density of NdB 6  nanoneedles 
at such a low electric fi eld might be due to the ultra-low work 
function and large aspect ratio of the NdB 6  nanomaterials.  
5041wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 4.  (a 1 –d 1 ) Schematic of the growth procedure of NdB 6  nanostructures. SEM images of samples prepared with different growth periods: 
(a 2 ) 5 min; (b 2 ) 10 min; (c 2 ) 20 min and (d 2 ) 30 min. 
 Here, we defi ne the turn-on fi eld (E to ) and threshold fi eld 
(E thr ) as the electric fi elds required producing a current den-
sity of 10  μ A/cm 2  and 1mA/cm 2 , respectively. As seen from 
Figure  5 , the NdB 6  nanoneedles (sample  d ) have the best fi eld 
emission properties with the lowest turn-on fi eld of 2.71 V/ μ m 
and the lowest threshold fi eld of 3.60 V/ μ m. While the corre-
sponding turn-on fi elds and threshold fi elds are 5.60, 3.85, 
3.01 V/ μ m and 7.94, 5.03, 4.31 V/ μ m for other samples, respec-
tively. From  Table   1 , one can also see that the FE characteris-
tics are morphology-dependent: a curve nanowire (sample  a ) 
exhibits a poor FE performance due to magnetic fi eld shielding 
effect, which is often found in SiC nanowires; [  33  ]  a long-straight 
nanowire (sample  c ) shows better FE properties than a short-
straight nanorod (sample  b ) due to its larger ratio of length to 
diameter; for a nanoneedle (sample d), which have sharp tips in 
comparison with straight nanostructures (sample  b  and  c ) and 
curve nanowires (sample  a ), demonstrates the best FE perfor-
mance. These data suggest the NdB6 nanostructures (samples 
b, c and d) may rival and even surpass those of other inorganic 
nanostructures for emitter applications (as summarized in 
 Table   2 ).   

 The FE current-voltage characteristics at RT are further ana-
lyzed by a simplifi ed Fowler-Nordheim (F-N) equation [  2,45  ] 
42 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
J = AE
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      or
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) − BE N3/2

$E   
(2)

      

Where A E  = 1.54 × 10 −6  A eV V −2 , B E  = 6.83 × 10 3  eV −3/2  μ m −1 , 
J is the current density,  β  is the fi eld enhancement factor, E is 
the applied fi eld, and φ is the work function of the emitting 
material, which is 1.6 eV for NdB 6 . The linear variation of ln 
(J/E 2 ) vs 1/E (the F-N plots) (the insets of Figure  5 ) implies that 
the electron emission from NdB 6  nanostructures follows the 
traditional F-N behavior, i.e. a process of tunneling of electrons 
through a potential barrier. The calculated fi eld-enhancement 
factors from the F-N plots are summarized in Table  1 . Nano-
needles have the highest  β  value (368), compared to sample 
 a  (191), sample  b  (220) and sample  c  (305). The higher  β  of 
sample  d  is thought to profi t from its higher aspect ratio and 
smaller emitter radius than those of sample  a ,  b , and  c . 

 The emission stability behaviors of the NdB 6  nanoneedles is 
also investigated. The representative emission stability curve by 
keeping an electric fi eld at 3.5 V/ μ m over a period of 12 hours 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5038–5048
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      Figure 5.  Field-emission properties of (a) curve nanowires; (b) short-straight nanorods; (c) long-straight nanowires and (d) nanoneedles. The insets 
are the corresponding Fowler-Nordheim ln(J/E 2 )-(1/E) plots showing linear dependence. 
is given in  Figure    6  . No notable current density degradation 
was observed, and the emission current fl uctuations were as 
low as 5.2%, indicating the high stability of NdB 6  nanoneedles. 
The stable FE performance may be attributed to the uniform 
distribution of the NdB 6  nanoneedles, which guarantees a 
uniform fi eld emission current across the nanostructures. In 
comparison, Table  2  summarizes the key performance para-
meters of some fi eld emitters reported in the literature. The 
NdB 6  nanoneedles are comparable to other nanostructured 
emitters. Such good fi eld emission may own to the unique 
© 2013 WILEY-VCH Verlag G

 Table 1.    Turn-on fi elds, threshold fi elds and fi eld enhancement factors 
( β ) for the produced NdB 6  nanostructures. 

Sample  Morphology  Turn-on fi eld 

[V  μ m −1 ]  

Threshold fi eld 

[V  μ m −1 ]  
 β   

 a   curve nanowires  5.60  7.94  191  

 b   short-straight nanorods  3.85  5.03  220  

 c   long-straight nanowires  3.01  4.31  305  

 d   nanoneedles  2.71  3.60  368  

Adv. Funct. Mater. 2013, 23, 5038–5048
characteristics of our NdB 6  samples, e.g., ultra-low work func-
tion, sharp tips of the nanoneedles, high aspect ratio of length 
to diameter, high chemical resistance, and high mechanical 
strength etc.. In comparison with carbon nanotube (CNTs), the 
relative high turn-on fi eld and low fi eld enhancement factor ( β ) 
of NdB 6  nanostructures mainly attribute to the random align-
ment of these nanoneedles as well as fi eld screen effect caused 
by higher population density of the emitters. The intrinsic 
values of the current density and  β  for vertically aligned nano-
needle arrays with appropriate density should probably be 
much higher than the values obtained in this work, so we sug-
gest precisely control of morphology, alignment, and position 
should be further studied in future.   

  2.3   .  Temperature-Dependent Field-Emission Properties of NdB 6  
Nanoneedles 

 Besides the work function and morphology of the cathode mate-
rials, temperature of the cathode is another important factor 
for the FE performance. Temperature-dependent fi eld elec-
tron emission [  46,47  ]  can provide deep insight into the physical 
5043wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 Table 2.    Key fi eld-emission performance parameters of some nanostructured fi eld emitters reported in the literature and in this work. 

Materials  Turn-on fi eld 
[V  μ m −1 ]  

Threshold fi eld 
[V  μ m −1 ]  

Field enhancement 
factor ( β )  

Stability: testing time 
and fl uctuation  

Ref.  

Carbon nanotube arrays  -  2.7–3.3  -  20 h, -   [  34  ]   

Layered MoS 2  Sheets  3.5    1138  3h, <15%   [  35  ]   

W nanowire arrays  4.0  -  1904  6 h, <3.6%   [  30  ]   

Mo nanwoires  5.0  9.9  -  -   [  36  ]   

Si nansoires  7.3  -  424  -   [  37  ]   

In 2 O 3  nanowires  10.7  17.7  -  3h, <10%   [  38  ]   

ZnO nanowire arrays  5.6  9.3  1397  -   [  39  ]   

WO 3  nanostructures  6.2  -  1480  -   [  40  ]   

ZnS nanowires  5.5–11.67  -  1942–891  8 h, -   [  41  ]   

CdS nanowires  8.95  10.39  388  1000 min, -   [  31  ]   

SiC nanotubular  5  10  -  -   [  42  ]   

AlN nanotips  4.7  -  1175.5  4h, <0.74   [  43  ]   

LaB 6  nanorods  4.62  -  405  10 h, <10%   [  32  ]   

CeB 6  nanorods  9.5 at 0.1  μ A cm −2   -  1035–1165  2.2 h, <10%   [  44  ]   

NdB 6  nanoneedles  2.71  3.60  368  12 h, <5.2%  This work  

long-straight NdB 6  nanowires  3.01  4.31  305  -  This work  

short-straight NdB 6  nanorods  3.85  5.03  220  -  This work  
properties of a nanostructure, reveal the relations between the 
electron emission characteristics and temperature conditions, 
and help understanding the direct thermal electric conversion. 
Recently, many efforts have been devoted to study the tempera-
ture-dependent FE of CNTs, [  46,48  ]  ZnO nanowires, [  47  ]  AlN nano-
tips, [  49  ]  graphene fi lms, [  50  ]  SiC nanostructures, [  51  ]  etc.; all the 
authors got similar results: Higher the temperature of emitter 
is, more decrease the turn-on and threshold electric fi elds. 
However, no research on high temperature fi eld emission of 
NdB 6  nanoneedles has yet been initiated, so the investigation of 
temperature-dependent fi eld emitters of NdB 6  arrays is highly 
needed. 
44 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag

      Figure 6.  Representative stability curve of NdB 6  nanoneedles at RT. 
 Normally, for temperature dependent fi eld emission, the 
total current density J is given by simplifi ed F-N equation and 
Richardson equation as: [  48,52  ] 

J = JE + JT

=
AE$2E 2

N
exp(−BEN3/ 2

$E )[ 2
sin(2) ] + ART 2e−N /kT

  
(3)

      

2 ≈ 2.2B(kT /q )N1/2

1.959E   
(4)

      

Where J E  is the fi eld current density, J T  is thermionic current 
density, A R  is Richardson constant with a theoretical value of 
120 A vm −2  K −2 , T is the emitter temperature, k is the Boltz-
mann constant, and  θ  is the temperature correction factor (A E , 
B E , J,  β , and E are defi ned as before). Specifi c to NdB 6  with a 
work function of 1.6 eV and temperature below 1000 K, the 
value of [ 2

sin(2) ]  is always 1.0 within the studied temperature 
range. Therefore, the contribution of thermionic emission to 
the current density is much smaller than FE. And the tempera-
ture-dependent fi eld emission characteristics can be expressed 
by the traditional F-N Equation ( 3 ) and ( 4 ). 

  Figure    7  a shows the characteristic J-E curves of NdB 6  nanon-
eedle emitters at different temperatures with an anode-sample 
distance of 400  μ m. It was observed that the emission current 
density is dependent on a number of factors, the applied fi eld, 
tip geometry, cathode work function, emission temperature, 
etc., variations in any of these factors would be refl ected in 
the emission currents. The relatively smooth and consistent 
curve of the sample at the excitation of thermal fi eld indicates 
the stable electron emission. When the temperature increases 
from RT to 623 K, it is very interesting that the turn-on fi eld 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5038–5048
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      Figure 7.  Dependence of fi eld emission current J on the applied electric fi eld E of NdB 6  nanoneedles at different temperatures: (a) J-E plots; (b) The 
F-N plots for different temperatures; (c) Turn-on fi eld and threshold fi eld at different temperatures; (d) Variations of emission current at 3.92 V  μ m −1  
at different temperature; (e) Work function at ambient temperature. 
and threshold fi eld of the sample decreases rapidly from 
2.71 to 1.76 and 3.60 to 2.57 V/ μ m, respectively, as shown in 
Figures  7 a and c. Meanwhile, at an applied electric fi eld of 
3.92 V/ μ m the emission current density increases signifi cantly 
from 2.42 to 10.36 mA/cm 2 , shown in Figures  7 a and d. In other 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5038–5048
words, to obtain an emission of 2 mA/cm 2 , the required electric 
fi eld for this NdB 6  nanoneedle emiter is 3.85 V/ μ m at RT but 
2.95 V/ μ m at 623 K. The current density of NdB 6  nanoneedles 
(10.36 mA/cm 2  under a fi eld of 3.92 V/ μ m at 623 K) is appar-
ently better than those of other temperature-dependent fi eld 
5045wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 Table 3.   Key temperature-dependent fi eld-emission performance parameters of some nanostructured fi eld emitters reported in the literature and in 
this work. 

Materials  Turn-on fi eld at RT 
[V/ μ m]  

Threshold fi eld at RT 
[V/ μ m]  

whether linear relation 
between ln(J/E 2 ) and 

1/E  

Maxim J at corresponding E and T 
[mA/cm 2 ; V/ μ m; K]  

Ref.  

Carbon nanotubes  7.5  -  Yes  0.3; 8.3; 573   [  46  ]   

multiwalled carbon nanotubes  -  4.0  Yes  9.6; 8.9; 650   [  48  ]   

graphene fi lm  9.8  -  Yes  0.2;7.6; 623   [  50  ]   

ZnO nanorods  7.5  15  Yes  3.2;6.0; 600   [  47  ]   

AlN nanotips  7.7  7.9  Yes  1.0; 4.5; 573   [  49  ]   

LaB 6  nanowires  4.6  -  Yes  2.7; 8.2; 573   [  32  ]   

NdB 6  nanoneedles  2.71  3.60  Yes  10.3; 3.94; 623  This work  
emitters (as summarized in  Table   3 ), which promises a good 
future of this NdB 6  nanostructure in practical fi eld emitter 
applications.    

 The decrease of turn-on fi eld and increase of emission cur-
rent density upon the increase of temperature might be a result 
of the decrease of effective work function of the NdB 6  nano-
needle emitters. Further analysis on the temperature-dependent 
FE properties of NdB 6  nanoneedles were done by using Fowler-
Nordheim theory described in Equation ( 4 ). In the range of RT 
to 623 K, the linear relationship indicates that the fi eld-emission 
behavior obeys the FN rule as the electrons can tunnel through 
the potential barrier from conduction band to vacuum. As a 
matter of fact that the change of temperature between RT and 
623 K will not infl uence the crystal structure, emitter geometry, 
and spatial distribution of emitting centers, fi eld-enhancement 
factor ( β ) should be a constant in the test range of tempera-
tures. To estimate the effective work function ( Φ ) of these NdB 6  
nanoneedles, we assume the initial  Φ  at RT is 1.6 eV, and  β  
of the NdB 6  nanoneedles is 368 from the constant F-N slope. 
Assuming that  β  does not change with temperature, then the 
effective work function ( Φ  eff ) at different temperature can be 
calculated through the relation k = –B Φ  eff  3/2 / β . From Figure  7 e, 
the  Φ  eff  decreases from 1.60 to 0.86 eV with the increase of 
temperature, which interprets well the temperature-dependent 
fi eld-emission effects for the NdB 6  nanoneedles: the signifi cant 
reduction of the turn-on fi eld and the remarkable increase of 
emission current result from the sharp decrease of work func-
tion at increased temperature. 

 To date, Temperature-dependent FE characteristics of the 
nanostructures have not been completely understood. Although 
the exact explanation of the observed temperature dependence 
of the emission current needs more research, the following 
effects may have strong infl uence. As known, the NdB 6  is a 
semiconductor materials, and in physical, the work function 
( Φ ) can be expressed as: [  53,54  ] 

E F = E0 − E F   (5)      

E F = EC + EV

2
+ kB

2
T ln

NV

NC   
(6)

      

Where E 0  is the fi xed vacuum level, E F  is the Femi energy, 
E C  is the conduction band energy, E V  is the valence band 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
energy, k B  is the Boltzmann constant, T is the temperature, N V  
and N C  are the effective density-of-state of electron and holes, 
respectively. Specifi c to the NdB 6  nanoneedles, at low tempera-
ture Femi energy is lower, the barrier height is also larger and 
electrons tunneling probability decreases; with temperature 
increase, Femi energy also increases, the barrier (i.e. effective 
work function) decreases from 1.60 to 0.86 eV (as shown in 
Figure  7 e). Therefore, the turn-on and threshold fi elds decrease 
(shown in Figure  7 c), while the fi eld emission current increases 
(as shown in Figure  7 d) when the temperature is elevated. Such 
phenomen have also been found in other semiconductor mate-
rials, such as CNTs, [  44  ]  graphene fi lm, [  46  ]  ZnO nanoarrays [  43  ]  
and SiC nanoneedles, [  48,49  ]  in which the enhanced FE properties 
are attributed to the rising of Fermi level along temperature.   

  3   .  Conclusions 

 High-quality NdB 6  nanostructures with low work function 
were successfully synthesized via an one-step catalyst-free 
chemical vapor deposition process. Through tuning the reac-
tion temperatures and the distances between the precursors 
and the substrate, the morphologies of NdB 6  nanostructures 
can be changed from curve nanowires, short-straight nanorods, 
long-straight nanowires to nanoneedles. Field emission meas-
urements at room temperature show that the fi eld-emission 
performance relies not only on aspect-ratio (length to the diam-
eter) but also on the detailed morphology (such as nanowires of 
curve or straight axial). Among the four samples, the nanonee-
dles exhibit the best fi eld emission behaviors: the turn-on and 
the threshold electric fi elds are as low as 2.71 and 3.60 V/ μ m, 
respectively, with a good stability. The excellent performance 
is believed to benefi t from ultra-low work function, sharp-
ened tips, and straight morphology. Field emission of NdB 6  
nanoneedles at various temperatures are fi rst reported in this 
study. It is found that the turn-on and threshold electric fi elds 
decrease from 2.71 to 1.76, from 3.60 to 2.57 V/ μ m, respectively, 
when the temperature increases from RT to 623 K. The work 
function of NdB 6  nanoneedles is dramatically reduced along 
with the increasing temperature, leading to much improved 
fi eld emission properties. NdB 6  nanostructures, with good 
electrical transport and fi eld emission properties, may serve as 
promising candidates for application in fl at panel displays and 
nanoelectronics building blocks.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5038–5048
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 Table 4.    Growth conditions for 1D NdB 6  nanostructures 

Sample  Si 

substrates  

Catalysts  Distance between source 

and substrates [cm]  

 T  

 [°C]   

t 

[min]  

 Reaction pres-

sure   [Pa]   

 Wash gas:   ratio of H 2 /Ar 

and fl ow [sccm]   

 Reaction gas:   ratio of H 2 /

B 2 H 6  and fl ow [sccm]   

 a   <100>  no  3  860  30   ∼ 15  3:7; 100  1:19; 50  

 b   <100>  no  5  880  30   ∼ 15  3:7; 100  1:19; 50  

 c   <100>  no  7  900  30   ∼ 15  3:7; 100  1:19; 50  

 d   <100>  no  9  920  30   ∼ 15  3:7; 100  1:19; 50  
  4   .  Experimental Section 
 NdB 6  nanostructures were prepared by a catalyst-free chemical vapor 
deposition (CVD) method as shown in Figure S2 (see Supporting 
Information). In brief, the synthesis is based on the following chemical 
reactions:

 NdCl 3 ⋅ 6H2 O(s ) −→ NdCl 3(s ) + H2 O(g)       

 NdCl 3(s ) + B2 H6(g) −→ Nd B6(s ) + HC l (g) + Cl 2(g)        
 The reaction was conducted in a horizontal quartz tube furnace. In a 

typical run, 0.2 g neodymium chloride hexahydrate (NdCl 3 ·6H 2 O; mass 
purity: 99.9%) was loaded near the closed end of the quartz test tube and 
deposited in the uniform temperature region, while Si wafers were placed 
upstream to act as deposition substrates. Prior to heating, the quartz 
tubes were evacuated and washed with a mixed gas (30%H 2 +70%Ar; 
volume percent calculation). After that, the quartz tube was heated to 
a preset furnace temperature with an heating rate of  ∼ 15 °C/min while 
pumping vacuum. Then a steady mixed gas (5% B 2 H 6 +95% Ar) about 
50 sccm was fl owed over 30 min under the reaction pressure of  ∼ 15 Pa. 
After the reaction, the furnace was cooled down to room temperature 
under vacuum within 5 h. Four representative samples ( a ,  b ,  c  and  d ) 
were fabricated by varying some experimental parameters, the detailed 
growth conditions are listed in  Table   4 . 

 The synthesized products were characterized by a scanning electron 
microscopy (Hitachi S4800), X-ray diffraction (D8/advance), Raman 
spectrometry (Horiba Jobin-Yoon T6400), transmission electron 
microscopy (JEM-3000F), and X-ray energy dispersive spectrometry. X-ray 
photoelectron spectra were measured using an ESClab-220i-XL electron 
spectrometer (VG Scientifi c) using 300 W Al K α  radiations. The fi eld-
emission properties were analyzed on a home-built parallel-plate-electrode 
high vacuum fi eld emission system with a base pressure of  ∼ 8.0 × 10 −7  Pa 
at different controlled temperatures. The distance between the substrate 
surface and the anode of vacuum chamber was fi xed at 400  μ m.  
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 Supporting Information is available from the Wiley Online Library or 
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