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Single HfC nanowire field emitter/electrode structures have been fabricated using nano-assembling

and electron beam induced deposition. Field ion microscopy has been applied to study the atomic

arrangement of facets formed on a field evaporation-modified HfC nanowire tip. Field evaporation

and crystal form studies suggest that the {111} and {110} crystal planes have lower work

functions, while the {100}, {210}, and {311} planes have higher work functions. Field emission

measurement permits us to obtain that the work function of the {111} crystal plane is about 3.4 eV.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3694047]

Hafnium carbide (HfC) as a most refractory material

exhibits appealing physical and chemical properties, includ-

ing low electrical resistivity, low work function, high me-

chanical strength, high chemical stability, high wear

resistance, and extremely high melting temperature of

3900 �C.1–3 The brightness of an HfC electric field-induced

electron emitter can be one order of magnitude higher than

tungsten (W) emitter, while the energy spread of the emitted

electron beam is 50% lower mainly because of its lower

work function of 3.3 eV compared to W, which has a work

function of around 4.5 eV.3 The emission stability is also

expected to improve due to its high hardness and low surface

mobility which can reduce the impact of adsorption of resid-

ual molecules and ion bombardment.4 Single-crystalline

nanowires as well as carbon nanotubes possess a unique

combination of excellent crystallinity and ideal geometry of

nano-metric sharpness and uniform axial thickness. These

structural characteristics make them highly feasible as candi-

dates of high performance point electron emitters as demon-

strated experimentally using rare-earth hexaboride single

nanowires and single carbon nanotubes in our previous

work.5–12 Therefore, an HfC nanowire emitter can poten-

tially provide a more predictable and stable performance as

compared to its counterparts with cone-shaped geometry. In

addition, it is possible to use a single-crystalline nanowire to

obtain a clean and stable apical surface in a repeatable man-

ner through field evaporation without applying heating (ther-

mal flashing). The operational conditions involving thermal

flashing are usually very difficult to control to obtain repeat-

able field emission patterns in practice.12–14

In this work, we report a study of the structure and elec-

tric field-induced electron emission of individual HfC nano-

wires. To study the field emission properties of a single HfC

nanowire, we have assembled a single nanowire field emitter

structure. Field ion microscopy (FIM) and field emission mi-

croscopy (FEM) are used to characterize the topological ge-

ometry of the tip surface to sub-nanometer precision. The

FIM and FEM data combined with measurement of field

emission current also enabled us to obtain the work functions

of a single HfC nanowire.

HfC nanowires were synthesized using hafnium tetra-

chloride (HfCl4) and methane (CH4) by chemical vapor dep-

osition (CVD) with nickel (Ni) metal as catalyst. The

nanowires grew in the [001] direction and were of 20–80 nm

in thickness and a few tens of microns in length. The growth

of the HfC nanowires is identified to follow the vapor-liquid-

solid (VLS) mechanism.

To make a field electron emitter, we picked up a single

HfC nanowire and mounted it onto the tip of a W needle

using a home-built nano-assembly system.12 The structure of

such a nanowire emitter is shown in Figure 1(a). The tip of

the HfC nanowire was first modified by a field evaporation

process to smoothen out the corners and edges. The process

was monitored in situ using an FIM.15 An FIM image of the

HfC nanowire tip, which is composed of images recorded at

3 different exposure times to reveal more clearly the inner

and outer facets, is shown in Figure 1(b). In the FIM image,

facets with Miller indices of {100}, {110}, {111}, {311},

and {210} are all resolved as circular planes surrounded by

concentric rings corresponding to the atomic terraces. The

size of a circular plane corresponds to the area of the facet

formed on the surface of the nanowire tip, which follows the

order of {111}> {110}> {100} for the low index facets.

This order agrees with the planar atomic packing density of

the HfC crystal, which is of the NaCl-type in crystal struc-

ture with lattice parameter a¼ 0.4458 nm. In the FIM image,

the imaging atoms are Hf atoms, because C atoms are more

negatively charged than Hf in the crystal.16,17 Figure 1(c) is

a scanning electron microscope (SEM) image of the same

nanowire taken after tip-modification by field evaporation.

The radius of curvature can be calculated from the FIM

image using the ring counting method18

r ¼ nd=ð1� cos hÞ; (1)
a)Author to whom correspondence should be addressed. Electronic mail:
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where r is the local radius of curvature, n is the number of

rings between the center of one facet to the center of the ad-

jacent facet, d is the inter-planar distance of the ring terrace,

and h is the angle between the crystallographic directions

normal to the two facets, respectively. The local radii of cur-

vature for the {100} facet and the {111} facet were calcu-

lated to be 20.5 nm and 10.3 nm, respectively. The radii of

curvature at the tip apex and the tip corner were measured

from the SEM image to be 23.7 nm and 11.6 nm, respectively,

which agree well with the ring counting results. Figure 1(d) is

a reconstructed model of the nanowire tip showing the

distribution of facets of different lattice planes. The tip geom-

etry remained the same even after performing field evapora-

tion for more than 3 h at a depletion rate of one lattice plane

every 30 s. It was also observed that, during raising the extrac-

tion voltage, all the facets in the image started evaporation at

about the same threshold voltage. Since the radius of curva-

ture of the outer facets is smaller than that of the inner facets,

the threshold electric field for field evaporation must be higher

for the outer facets than that for the inner facets under the

same extraction voltage. The field evaporation threshold F0

can be obtained by considering a direct ionic evaporation over

an electric field reduced energy barrier18

F0 ¼ ðKþ VI � /Þ=q3; (2)

where K is the vaporization energy, VI is the ionization

energy, / is the work function, and q is the charge of the ion

of interest. In the case of the HfC nanowire tip, taken K and

VI the same for all facets, the difference in F0 must come

from the variation of the work function of the various surface

planes. We, therefore, have observed that the {111} and

{110} crystal surfaces have lower work functions than the

{100}, {311}, and {210} crystal surfaces. Our observation

supports the conclusion that, for a compound material, the

crystal planes with a higher atomic density have a lower

work function whereas for an elemental material, planes

with a lower atomic density have a lower work function.19

We should note that our result is contrary to a previous study

carried out on a electrochemically polished HfC emitter

under thermal flashing, where it was reported that the work

function of the {111} and {100} planes is higher.20 We at-

tribute the difference to the flatness and cleanliness of the

surface being measured.

FIG. 1. (Color online) (a) SEM image of a single HfC nanowire emitter fab-

ricated by nano-assembly and electron beam deposition. (b) FIM image

from the clean surface of a h100i oriented HfC nanowire tip after field evap-

oration. (c) SEM image of the nanowire emitter tip after field evaporation,

showing rounded emission tip. (d) Reconstructed surface of the nanowire tip

showing the distribution of facets of different lattice planes.

FIG. 2. (Color online) (a) Field emission pat-

tern from the HfC nanowire. Four-fold symme-

try is present in the emission pattern due to the

symmetrical structure of the HfC surface. (b)

Dependence of the field emission total current

on extraction voltage (I-V curve). (c) F-N plot

obtained from (b). (d) Current density J vs.

1:14� 109e�2:3 m=V=ðm=VÞ2 for deduction of

work function.
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After the HfC nanowire tip had been cleaned, field-

induced electron emission was obtained after the extraction

voltage polarity was reversed. A field emission pattern is dis-

played in Figure 2(a). It was observed that only the regions

corresponding to the {111} planes are bright.

A typical relationship between the emission current I
and the applied extraction voltage V (I-V curve) from a field-

evaporated clean tip is given in Figure 2(b). It was observed

that I increased exponentially with respect to V. The electron

emission current density J (in A/cm2) can be expressed by

the room temperature Fowler-Nordheim equation as21

J ¼ 1:54� 10�6 F2

/
exp �6:3� 109 /3=2

F

 !
; (3)

where F is the extraction electric field and / is the work

function of the emission site. Replacing J by I/A, where A is

the effective emission area, and F by bV, where b is the geo-

metrically determined field factor, we can rewrite Eq. (3)

into the logarithmic form of Fowler-Nordheim plot (F-N

plot)

ln
I

V2

� �
¼ ln A � 1:54� 10�6 b2

/

� �
� 6:83� 107 /3=2

b
� 1

V
:

(4)

Figure 2(c) shows the F-N plot which exhibits a good linear-

ity with correlation coefficient above 0.996 and the slope k is

4865 eV3/2 cm. Since it is difficult to know the field factor b
which can be from 1/(5r) to 1/(100 r) depending on the emit-

ter geometry,22,23 here, we choose the approximation

proposed by Charbonnier and Martin to express the F-N

formula as24

J ¼ 1:14� 109/2e10:4=
ffiffiffi
/
p e�2:3m=V

ðm=VÞ2
; (5)

where m ¼ � d½log10ðI=V2Þ�
dð1=VÞ ¼ � 1

ln10
� d½lnðI=V2Þ�

dð1=VÞ ¼ � 1
ln10

k. The

value of m is 2113 for our emitter. From the FIM image

shown in Figure 1(b) and the SEM image shown in Figure

1(c), we can approximately take the tip as a hemisphere with

a radius of 15.4 nm, which is the average value of the radius

at the corner and at the center, and the total area of the {111}

facet as about 15% of the whole tip surface area. This gives

rise to an emitting area of about 2.24� 10�12 cm2 and thus,

J ¼ I
2:24�10�12 A/cm2. Figure 2(d) shows the linear relation-

ship between J and 1:14� 109e�2:3 m=V=ðm=VÞ2 according

to Eq. (5) and the slope which equals to /2e10:4=
ffiffiffi
/
p

is 3307.

From the above data, the work function is obtained to be

/¼ 3.4 eV for our emitter. This is in good agreement with

the value of 3.3 eV reported by Mackie et al. of the work

function of HfC measured from field emission spectroscopic

experiment.25

In conclusion, a single HfC nanowire field emitter has

been assembled and the emitter tip was cleaned with low

temperature field evaporation. Stable field emission patterns

have been obtained and a low work function of 3.4 eV of the

{111} crystal surface has been deduced. Comparing with an

HfC needle emitter, the localization of electron emission to

the HfC {111} nano-facets promises a highly efficient elec-

tron emitter with high brightness and low energy spread,

making the HfC nanowire emitter a potential point electron

source for the field emission electron microscopes and its

arrayed structure an excellent candidate for large area Spindt

field emitters,26 which now have been able to afford a current

density as high as 17 A/cm2.27
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