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Abstract 
HfC nanoneedle with both excellent electron emission characteristics and robust 
structure is regarded as a potential candidate for field-emission point electron source 
especially high emission current. Herewith, the HfC nanoneedle emitter has been 
fabricated by focused ion beam method. The transmission electron microscope with 
energy dispersive spectrum characterization show it has a sharp tip of curvature of 
radius of 10-20 nm and the structure is single crystalline with <100> orientation. The 
HfC nanoneedle emitter shows a convergent beam, low work function of 3.2 eV and 
also low turn-on field and threshold field of 2.7 V/nm and 3.5 V/nm at 2 nA and 50 nA 
respectively. It also shows a good field emission stability with fluctuation as 1.4%/30 
mins and 1.5%/15 mins under normal (50 nA) and high current (280 nA) respectively. 
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Introduction 

Cold field-emission (CFE) point electron source shows the highest brightness and 

smallest energy spread which is the best candidate for electron beam systems including 

imaging, inspection, and lithography [1-2]. However, the only viable tungsten CFE 

point electron source remains to have two major shortcomings: (i) it has a high work 
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function (~4.3 eV) which limits its energy spread and therefore the resolution in 

imaging system; (ii) it usually emits an unstable current with rapid decays [3-5]. During 

the past six decades, many materials including metal nanotips, carbon nanotube, 

graphene, and nanowires have been explored and studied for the application as field-

emission point electron sources [6-22]. 

Hafnium carbide (HfC) has shown great potential for application as field-emission 

electron sources due to its high melting point, excellent thermal and electrical 

conductivities, low work function, outstanding mechanical strength, and especially high 

current emission capability [23-25]. The field-emission characteristics are usually 

determined not only by the chemical composition of the emitter material, but also by 

the morphology and structure of the emitter surface. To explore the optimal morphology 

and structure of nanostructures for field emission, several types of HfC structures have 

been investigated over the past 30 years. Started from 1990s, HfC tips have been 

fabricated by electrochemical polishing and their field emission performance has been 

measured and reported in several publications [18-20]. Kagarice et al. reported the field 

emission characteristics from (310)-oriented single-crystalline HfC tip with tip radius 

of 150-300 nm fabricated by electrochemical polishing and it showed a lower work 

function, higher emission brightness, lower energy spread, and more stable emission 

current than W(310) CFE point electron source [20]. However, the fluctuations of 

emission current were still greater than 10%/h in a high vacuum of 6 × 10−8 Pa, which 

was concluded as unsatisfactory for practical uses. HfC films or nanorods were also 

deposited on carbon nanotubes or silicon tips to improve the emission current and 

emission stability [26-28]. Recently, we began to utilize HfC nanowires that have a 

single-crystalline structure and also large aspect ratio beneficial for field emission 

performance [12-14]. The results showed high emission brightness, excellent emission 

stability, and narrow energy spread when the HfC nanowire was sharpened by using 

field-evaporation or focused ion beam (FIB) processing [13,14]. However, the 

inevitable mechanical vibrations of the suspended HfC nanowire structure and the 
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complex fabrication process still impose limitations on making it scalable in fabrication 

and process control.  

Recently, we have developed a FIB method to enable controllable and efficient 

fabrication of CFE nanoneedle emitters that possess a sharp and crystalline tip with a 

robust structure [29-30]. Furthermore, the FIB-processed LaB6 CFE nanoneedle emitter 

was installed in a TEM and showed the desired capabilities of atomic imaging with sub-

angstrom resolution and especially long-term stability [31]. Therefore, the FIB method 

is now a technique of choice naturally to prepare HfC nanoneedle emitters to examine 

the electron emission characteristics of an HfC CFE point electron source. 

In this work, an HfC nanoneedle field-emitter has been fabricated by the FIB 

method. The atomic structure and elemental distribution of the HfC nanoneedle field-

emitter have been characterized by scanning transmission electron microscopy (STEM) 

with energy-dispersive X-ray spectroscopy (EDS). The field emission measurements 

showed that the HfC nanoneedle has a low work function of 3.2 eV and also a low turn-

on field of 2.7 V/nm at an emission current of 2 nA. The characteristics of a single 

emission spot, excellent emission stability, and high emission current make the HfC an 

outstanding candidate for the CFE point electron source. 

 

Results and discussion 

The HfC nanoneedle emitter was fabricated from a single crystalline HfC bulk and 

attached onto a tungsten platform by a standard lift-out method using a FIB system [29-

30]. Figure 1a is a typical bright-field TEM image of the HfC field-emission nanoneedle 

after FIB fabrication and it has a very sharp tip with a curvature of radius of ~10 nm. 

The inset in Figure 1a is a selected area electron diffraction (SAED) pattern of the tip 

apex of the HfC nanoneedle which shows that the nanoneedle is single crystalline and 

aligned in the <001> direction. Figure 1b is a high-resolution high-angle annular dark-

field (HAADF-) STEM image of tip marked with blue box in Figure 1a. The single-

crystalline structure of the nanoneedle is observed clearly. The spacings of 0.23 nm and 
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0.27 nm correspond to the {002} and {111} lattice planes of HfC, respectively. In 

addition, the HfC tip has a thin amorphous layer with a thickness of about 3 nm on the 

surface. To further reveal the surface structure of the HfC nanoneedle, the chemical 

composition was obtained by EDS mapping and the elemental distribution of Hf, 

C, and O is shown in Figure 1c-e, respectively. The distribution of Hf (Figure 1c) 

increased gradually from surface to interior while the distribution of C (Figure 

1d) is nearly uniform throughout the nanoneedle. Oxygen is present due to 

surface oxidation and its distribution (Figure 1e) is concentrated at the surface 

only. Figure 1g is a line profile, drawn from the region indicated by the yellow 

arrow (Figure 1c), of the distributions of Hf, C, and O. It reveals that the 

concentration of Hf, C, O as a function of depth. The ratio of the elements Hf : 

C : O at the amorphous layer (depth of 3 nm) is 1.0:1.7:1.8 and at depth greater 

than 6 nm is 1.0:1.0:0.3, respectively, indicating that the interior is HfC and the 

amorphous layer on surface has a composite structure of Hf-C-O, which is 

induced by oxidation and carbon contamination during exposure to air. It should 

be noted that, before field emission measurement, thermal flashing was applied 

to remove the surface layer [32].  

The field-emission characteristics of the HfC emitters were measured in a high 

vacuum chamber with base pressure of 1×10-7 Pa. Figure 2a is a scanning electron 

microscope (SEM) image of the HfC nanoneedle. It has a sharp tip with a radius of ~15 

nm. Compared with the HfC nanowire emitter, the nanoneedle emitter has a much more 

robust structure, beneficial for both dissipation of heat due to emission of high electric 

current and relieving the vibrations in high electric field. The inset in Figure 2a is a field 

emission pattern. Due to its sharp tip, the HfC nanoneedle emitter has single emission 

spot which is important for obtaining a high brightness of electron emission. Figure 2b 

is the current-voltage (I-V) curve of the electron emission and Figure 2c is its 

corresponding Fowler-Nordheim (F-N) plot, respectively. The turn-on voltage is only 

205 V when the emission current is set at 2 nA and the threshold voltage is 260 V when 

the emission current is set at 50 nA. The F-N plot shows excellent linearity with R2-
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factor of 0.996, confirming that it is cold-field emission indeed. 

 

Figure 1 TEM characterization of HfC nanoneedle field-emiitter. (a) Typical TEM 
image with inset being SAED of the tip; (b) High-resolution HAADF-STEM image of 
HfC nanoneedle tip marked with blue box in (a); (c-f) EDS maps of HfC nanoneedle 
showing distribution of element (c) Hf, (d) C, (e) O, and (f) Hf+C+O; (g) Depth profile 
along the arrow indicated in (c) showing concentration of Hf (blue), C (green), and O 
(red). 
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Figure 2 Measurement of field-emission characteristics. (a) SEM image of HfC nanoneedle 
with inset being the FEM pattern; (b-c) Field-emission I-V and corresponding F-N curves. 

Herewith the improved F-N theory is invoked to analyse the field-emission data 

[33-36]. The field-emission current is given as 

𝐼𝐼 = 𝐴𝐴c1𝐹𝐹2

𝜙𝜙
exp�−𝑉𝑉𝐹𝐹c2𝜙𝜙

3
2

𝐹𝐹
�                     (1) 

where I is the emission current, A is the emission area, 𝜙𝜙 is the work function in eV, 

c1 = 1.54×10-6 eV V-2, c2 = 6.83×109 eV-3/2 V m-1, and F is the electric field at the tip 

apex of the emitter that can be expressed as  

𝐹𝐹 = βV                              (2) 

in which 𝜷𝜷 is a proportionality factor relating the extraction voltage V and the electric 

field F, and VF is the appropriate particular value of a current correction function 

that is related to the work function ϕ and the relevant local surface field F. It is 

expressed as 

𝑽𝑽𝑭𝑭 = 𝒗𝒗(𝒚𝒚) = 𝟏𝟏 − 𝒚𝒚𝟐𝟐 + 𝟏𝟏
𝟑𝟑
𝒚𝒚𝟐𝟐𝐥𝐥𝐥𝐥 (𝒚𝒚) ,              (3) 

in which 𝑦𝑦 = 𝑐𝑐𝐹𝐹1/2/𝜙𝜙 and c = 1.2 eV V-1/2 nm1/2. 

The linearized F-N plot of ln(I/V2) vs. 1/V, i.e.,  

ln � 𝐼𝐼
𝑉𝑉2
� = 𝑘𝑘

𝑉𝑉
+ 𝑏𝑏 ,                         (4) 

has a slope 𝒌𝒌 = −𝒔𝒔𝒕𝒕𝒄𝒄𝟐𝟐𝝓𝝓𝟑𝟑/𝟐𝟐/𝜷𝜷 and intercept 𝒃𝒃 = 𝐥𝐥𝐥𝐥 (𝑨𝑨𝒄𝒄𝟏𝟏𝜷𝜷𝟐𝟐𝒓𝒓/𝝓𝝓), where st and r 

are the appropriate value of a slope correction function and intercept correction 

function, respectively,  
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𝒔𝒔(𝒚𝒚) = 𝟏𝟏 − 𝟏𝟏
𝟔𝟔
𝒚𝒚𝟐𝟐                       (5) 

and 

𝒓𝒓(𝒚𝒚) = (𝟏𝟏 + 𝟏𝟏
𝟗𝟗

[𝒚𝒚𝟐𝟐 − 𝒚𝒚𝟐𝟐 𝐥𝐥𝐥𝐥 𝒚𝒚])−𝟐𝟐 𝒆𝒆𝟗𝟗.𝟖𝟖𝟖𝟖𝟖𝟖(𝟓𝟓𝟔𝟔−
𝟏𝟏
𝟑𝟑 𝐥𝐥𝐥𝐥 𝒚𝒚)/∅𝟏𝟏 𝟐𝟐⁄

 .       (6) 

For a sharp emitter with a hemispherical tip of radius r, β = 1/(5r) empirically and 

its value is β = 1.3 × 107/m  [37-38]. Substitute the β  value to equation (2), the 

turn-on field and threshold field are obtained as 2.7 V/nm at 2 nA and 3.5 V/nm at 50 

nA, respectively. The measured slope k = –2762 and the work function are obtained as 

3.2 eV, which is slightly lower than the work function measured at the (100) surface of 

bulk HfC crystal [18]. It is also in agreement with the value deduced from HfC nanowire 

sharpened by FIB method[14].  

Emission stability is of crucial importance for the point electron source. 

Figure 3a is the stability of the emission current at 53 nA measured for 30 min in 

a vacuum of 3×10-7 Pa. The fluctuation is calculated by < 𝜟𝜟𝑰𝑰𝟐𝟐 >𝟏𝟏/𝟐𝟐/< 𝑰𝑰 > (in 

which < 𝑰𝑰 >  is the average current and 𝚫𝚫𝑰𝑰 = 𝑰𝑰−< 𝑰𝑰 >  is the deviation of 

current from its average value) and the value is 1.4%. In addition, it has no 

noticeable decay in emission current within the duration 30 min, which is a 

significant improvement compared with the W(310) CFE electron source. When 

the emission time is extended, step noises appeared which were attributed to gas 

adsorption and desorption due to the lower vacuum and they could be eliminated 

by thermal flashing. It was also shown that, when the nanoneedle emitter was 

operated in a same high vacuum (10-9 Pa) as W(310) CFE point electron source, 

the step noises were removed and the a stable long-term emission with a 

fluctuation smaller than 1% in 100 hours without flashing could be achieved [31]. 

A higher emission current results in a higher beam brightness, which is 

highly demand for enhancing the signal-to-noise ratio of images. Figure 3b-c 

show that the fluctuations in emission current of 148 nA and 279 nA in 15 min 

are 0.8% and 1.5%, respectively. For comparison, the fluctuation in emission 

current of 53 nA in 15 mins is 0.7%. Although the higher emission current causes 
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slightly larger fluctuation due to the larger emission area and also more chances 

to induce ion ionization and bombardment, the HfC emitter still exhibited an 

excellent stability and smaller fluctuations that the contemporary W(310) CFE 

electron source. In addition, no deterioration in high current was observed. These 

results show that the HfC nanoneedle emitter has the capability to deliver a stable 

emission of high current. 

 

 
Figure 3 Emission stability under different current and duration. (a) 53 nA, fluctuation of 
1.4%/30 min; (b) 148 nA, fluctuation of 0.8%/15 min; (c) 279 nA, fluctuation of 1.5%/15 min. 
 
Conclusions 

HfC field-emission point electron source can now be fabricated into a robust 

structure of nanoneedle morphology by using controllable FIB techniques. The HfC 

nanoneedle emitter has a very sharp tip and it retains its single-crystalline structure as 

shown by transmission electron microscopy and energy-dispersive spectroscopy 

characterizations. The HfC nanoneedle emitter can deliver an electron beam of low 

divergence, low turn-on voltage. Of particular importance of the HfC nanoneedle field-

emitter is that it can offer field emission of high stability even under a high current of 

~300 nA. The low work function, high emission current, and high emission stability 

make HfC nanoneedle an excellent candidate for high-performance point electron 

sources. 

 

Methods 

Fabrication of HfC nanoneedle emitter: The HfC nanoneedle emitter was fabricated 
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from a (100) oriented HfC crystal by a lift-out method using a FIB-SEM dual beam 

system (FEI Helios 650). The fabrication processes include: (i) A W(310) needle with 

radius of 100 nm was processed by FIB to produce a flat platform at its tip; (ii) A piece 

of HfC was lift-out from the HfC crystal bulk and transferred onto the flat platform of 

W(310) needle; (iii) Apply FIB milling to sharpen the HfC tip with Ga-ion beam to 

obtain the designed structure and geometry. 

Structural characterization: The HfC nanoneedle was transferred on a TEM grid using 

a FIB-SEM system. The microstructure and chemical composition of the HfC 

nanoneedle were characterized by both TEM and Cs-corrected scanning transmission 

electron microscopy (FEI Titan 80-200 kV) equipped with an energy-dispersive X-ray 

spectrometer (EDS).  

Measurement of field-emission: The field-emission characteristics were measured in a 

high vacuum chamber of base pressure 3×10-7 Pa. In the high vacuum chamber, a 

negative voltage was applied on the HfC nanoneedle emitter to induce electron 

emission. A grounded annular extractor with a diameter of 1 cm was placed in front of 

HfC nanoneedle emitter. A grounded microchannel plate (MCP) was placed in front of 

the HfC nanoneedle emitter to observe the field emission pattern. The distance between 

the HfC emitter and MCP was about 5 cm. An electrometer (Keithley 6514) was 

connected between the power supply and emitter for measurement of the total emission 

current. 
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