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Nanotips exhibit a low turn-on field and high emission current
density, and are considered promising candidates in future cold-
field emitters. Howeuver, it is difficult to fabricate an emitter with
ultra-fine curvature radius, outstanding collimation and stable
interfacial adhesion. In this study, we developed an in situ technique
that enables the fabrication of single-crystal hafnium carbide (HfC)
nanotips on top of tungsten (W). The single-crystal feature and
outstanding collimation of HfC nanotips were confirmed using
transmission electron microscopy (TEM). In situ TEM investigation
revealed that the HfC nanotip exhibited a typical field-emission turn-
on voltage of 128 V (20 nA), and a significant current of ~230 nAata
low extraction voltage of 149 V, when the distance between the tip
and extractor is ~50 nm. The field enhancement factor of the HfC
nanotip was as high as ~2 x 10’ m™1. These exceptional properties
can be attributed to the single-crystal feature, the nanometer-sized
apex, the outstanding collimation and the stable interfacial adhesion
of the HfC nanotip.

1. Introduction

A cold-field emitter is widely used in electron microscopes and
is a crucial part in determining the resolution and stable
performance of modern advanced electron microscopes. The
low turn-on field and high emission current density of an
emitter are important parameters for characterizing field-
emission performance. According to Fowler-Nordheim (FN)
theory, the larger the field enhancement factor, the higher
the emission electron current density. Previous theoretical
and experimental studies have shown that an emitter with a
smaller apex curvature usually exhibits a higher field

“College of Materials Science and Engineering, Beijing University of Technology,
Beijing 100124, China

b CAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, CAS
Center for Excellence in Nanoscience, National Center for Nanoscience and
Technology, Beijing 100190, China

“ Department of Materials Science and Engineering, Southern University of Science
and Technology, Shenzhen 518055, China

2518 | Nanoscale Horiz., 2025, 10, 2518-2525

© Lihua Wang

¥ ROYAL SOCIETY
PP OF CHEMISTRY

In situ growth and field emission of single-crystal

*@ and Xiaodong Han (2)%¢

New concepts

This work reports a novel process for fabricating single-crystal nanotips.
By combining a micromanipulation system with a pulsed-current quench-
ing process, single-crystal hafnium carbide (HfC) nanotips are obtained
through in situ growth on the tungsten (W) tip apex. Nanotips, which
exhibit low turn-on field and high emission current density due to their
high field enhancement factor, are considered promising candidates for
future cold-field emitters. However, it is a challenge to fabricate emitters
with an ultra-fine curvature radius, outstanding collimation, and stable
interfacial adhesion. Using this method, the interface between the
fabricated HfC nanotips and the W substrate is more stable than that
of emitters fabricated through mechanical transfer. Furthermore, this
method ensures that the fabricated HfC exhibits outstanding collimation
and a high field enhancement factor of ~2 x 10’ m™" (higher than that of
commercial cold-field emission electron sources (~ 10°)). Benefiting from
these properties, the single-crystal HfC nanotips exhibit a low turn-on
voltage (128 V/20 nA), a high field emission current (~230 nA/149 V/
50 nm) and stable emission performance. This work provides a novel and
facile method for fabricating single-crystal field-emission nano-emitters
with stable interfacial adhesion, outstanding apex collimation and a high
field enhancement factor.

enhancement factor. Therefore, nanostructured emitters with
smaller apex curvatures are considered promising candidates
for future advanced cold-field emitters. In past decades, many
experiments have demonstrated that nanostructures, such as
nanotips,'” nanowires,®> nanotubes,”” nanoparticles® and 2D
materials,” always exhibit a large emission current density, and
show potential as next-generation cold-field emission (CFE)
electron sources. For instance, many nano-sized emitters can
produce a high emission current density, an order of magni-
tude higher than those of commercial single-crystal W cathode
tips.®

Thus, in the past few decades, numerous studies have been
conducted to fabricate nanostructured emitters. De Jonge
et al.>° used a piezo-driven micromanipulator to mount nano-
materials onto a W tip. However, this method suffered from low
controllability, which compromised the precision of the apical
structure and collimation of the nanomaterials. Furthermore,
the interfacial adhesion between the nanomaterials and the W

This journal is © The Royal Society of Chemistry 2025
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substrate was weak,"! which would significantly affect the stability
of the emitter. Di Bartolomeo et al employed carbonaceous
deposits induced by electron irradiation to enhance the electrical
quality and mechanical stability of the contacts.'” This method is
suitable for larger samples, but usually introduces carbon con-
tamination into small samples. Additionally, many studies have
utilized focused ion beam (FIB) techniques to transfer nanoma-
terials onto W filaments, followed by the deposition of platinum
to create nano-emitters.’>'* The FIB techniques inevitably intro-
duce impurities or undesirable defects in the emitters, leading to
degraded emission properties. Nanotips, which were directly
grown at the apex rather than being physically assembled, were
believed to obtain better interfacial adhesion. This method
enabled control over both the collimation and the connection
between the nanotips and the substrate,*>*® while the curvature
radius of the emitter was always very large due to the high growth
temperature. HfC is a promising field-emission material due to its
excellent thermal properties, electrical conductivity, and chemical
stability. It is more resistant to ion bombardment than metal,
which enhances the longevity and emission stability of the field
emitter. Previous reports have demonstrated that nanostructured
HfC exhibits outstanding field-emission stability.'”° However,
most previous methods faced challenges in ensuring both colli-
mation and a stable connection between the nanotips and the
substrate. Therefore, there is an urgent need to develop a method
that can fabricate single-crystal HfC nanotips with stable inter-
facial adhesion, excellent collimation and an ultra-fine curvature
radius.

In this study, we developed an in situ growth method using a
micromanipulation system and pulsed-current quenching pro-
cess, which successfully synthesized a single-crystal HfC nanotip
directly on the apex of a W tip. The single-crystal HfC nanotip
grew along the [100] direction, with a curvature radius of ~10 nm.
In situ field-emission measurement in a TEM revealed that the
HfC nanotip exhibited an ultra-low turn-on voltage of 128 V and a
high emission current of ~230 nA (tip-extractor distance of
50 nm). Most importantly, this nanotip demonstrated excellent
repeatability and stability during cycle tests across varying trans-
mitting distances. These results provide a simple and rapid
method for preparing nanotips applied to CEF electron sources.

2. Experimental section

2.1. Sample preparation

First, the W tip was prepared using electrochemical etching.”*
HfC (99.5%, Zhongnuo Advanced Material Technology Co., Ltd)
layers were deposited onto the W substrates using a magnetron
sputtering coating system (Lab-18) produced by Lesker in the
United States. The HfC thin films on the W substrates were
subsequently transferred to the W tip using a micromanipula-
tor (MM3A, Kleindiek Nanotechnic) within a scanning electron
microscope (SEM) chamber. Finally, a 100 mA and 1.5 ms pulse
current (B2962A series, Keysight) was applied to the HfC/W
sample to obtain the HfC nanotip. A schematic of the prepara-
tion process of the HfC nanotip is shown in Fig. 1a. W nanotips
were also prepared using this method, for comparison (Fig. S1).
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2.2. Structural characterization

Characterization of the morphology and structure of the nano-
tips were carried out using SEM (FEI Quanta 200 FEG), TEM
and high-resolution TEM (HRTEM) (FEI Tecnai G2 F20 U-
TWIN) installed with energy dispersive X-ray spectroscopy
(EDS). Chemical bonding of the synthetic nanotips was deter-
mined using electron energy loss spectroscopy (EELS) on an FEI
Titan environmental TEM. X-ray photoelectron spectroscopy
(XPS) was performed with an Escalab250Xi system using Al
Ko X-rays.

2.3. Field emission measurement

The field-emission properties were measured in situ using a
TEM (FEI Tecnai G2 F20 U-TWIN) under vacuum conditions of
~2 x 107" Pa. A schematic diagram of the device for field-
emission measurements is shown in Fig. S2: the nanotip was
fixed to the piezoelectric-driven part and electrically grounded,
serving as the cathode, and a W ball on the opposite side served
as the anode. The distance between the nanotip and W ball was
adjusted by moving the nanotip, allowing for the measurement
of current-voltage (I-V) curves at various distances.

3. Results and discussion

Fig. 1a is a schematic of HfC nanotip preparation, and Fig. 1b-d
provide the corresponding SEM images showing the morphol-
ogy and structural features of the W tip, HfC/W tip, and HfC
nanotip, respectively. As shown in Fig. 1d, the HfC nanotip
exhibited outstanding collimation, which was further con-
firmed by the TEM image in Fig. 1le. To further verify the
reproducibility of the proposed method, Fig. S3 displays
another two examples of the fabricated HfC nanotips, showing
that the in situ growth method, combining a micromanipula-
tion system and pulsed-current quenching, was efficient and
reproducible.

The microstructure and crystal structure of the HfC nanotips
were further characterized by HRTEM. Fig. 2a shows the TEM
image of the fabricated HfC nanotip. The HfC nanotip, which
had a size smaller than 20 nm, exhibited a rounded surface
with no theoretical cubic facet. Fig. 2b provides the HRTEM
image of the HfC nanotip, revealing a curvature radius of
~8 nm. Fig. 2c displays the inverse fast Fourier transform
(FFT) image corresponding to the blue-framed region in Fig. 2b.
The measured interplanar spacings were ~ 2.68 A, which can be
well indexed to the (111) and (111) planes of the face-centered
cubic structure of the HfC [011] axis. The image revealed that
the nanotip exhibited a single-crystal feature and was colli-
mated along the [100] direction, corresponding to an emission
plane of (200). The mapping and EDS analysis confirmed that
the HfC nanotip consisted of Hf, C and W elements, as shown
in Fig. 2d. Obviously, the uniform distribution of elements and
ordered arrangement of atoms confirmed the successful fabri-
cation of the single-crystal HfC nanotip. More importantly, no
obvious interface was observed between the W substrate and
the HfC nanotip, indicating that the fabricated HfC nanotip
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Fig. 1
TEM image of HfC nanotip.

formed a reliable HfC/W connection interface. This was attrib-
uted to the fact that the HfC nanotip grew directly at the apex of
the W tip. Such a solid connection was essential for the
practical application of field-emission nanotips.

To further investigate the chemical composition of the HfC
nanotip, EELS and XPS characterizations were performed. As
shown in Fig. 3a and b, we have collected the EELS spectra of
the HfC nanotip and pure HfC (the corresponding SEM images
are provided in Fig. S4). The spectra revealed the presence of C
and Hf elements alone, with no detectable oxygen or other
impurities, indicating the formation of a pure HfC nanotip.
This finding was consistent with the EDS results. As indicated
in Fig. 3a, the peaks at 283 eV (1s — IT*) and 295 eV (1s - ¢*)
corresponded to sp®> and sp® hybridized C atoms,

2520 | Nanoscale Horiz., 2025, 10, 2518-2525

(a) Schematic illustration of the preparation method for an HfC nanotip; (b)—(d) SEM images of W tip, HfC/W tip, and HfC nanotip, respectively; (e)

respectively.”>** The EELS spectra of Hf were composed of
M4, 5 (1700-1900 eV) and M3 (2140 eV) edges (Fig. 3b). Overall,
the characteristic C K-edge and Hf M-edge were observed at
about 290 and 1800 eV, respectively. A typical XPS survey
spectrum of the HfC nanotip, shown in Fig. 3c, exhibits the
characteristic peaks of Hf 4f, W 4f, C 1s and O 1s at binding
energies of 16.8, 33, 392 and 531.9 eV, respectively. Fig. 3d
showed the high-resolution spectra of Hf 4f. Carbide peaks can
be identified at 15.5 and 17.2 eV, corresponding to the Hf-C
bond, while peaks at 17.8 and 19.2 eV can be assigned to
partially oxidized HfC species.>* Fig. 3e shows the deconvolu-
tion diagram of C 1s, where the peak at 283.8 eV can be
ascribed to Hf-C for HfC.?® The C-C, O-C-O and O-C=0O
peaks located around 284.8, 286.3 and 288.8 eV can be

This journal is © The Royal Society of Chemistry 2025
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Fig. 2
maps for Hf and C and EDS analysis of the HfC nanotip.

attributed to the environmental impurities of adventitious
carbon in its various states, as reported in the literature.>*™®
Conclusively, the presence of the Hf-C peak directly confirms
the successful preparation of the HfC nanotip. Furthermore,
the O 1s spectrum shown in Fig. 3f reveals two distinct peaks.
Among them, the peak at 530.5 eV is attributed to the binding
of Hf-O, the peak at 532.1 eV is related to the hydroxyl
substance from water molecules adsorbed on the surface. The
appearance of the Hf-O peak may be attributed to the tendency
of HfC to oxidize during the transfer or storage processes.>*
The field-emission properties of the HfC nanotips were
investigated using an in situ TEM holder. As shown in Fig. 4a,

This journal is © The Royal Society of Chemistry 2025
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(a) TEM images of HfC nanotip; (b) HRTEM images of HfC nanotip; (c) inverse FFT crystalline lattice image of HfC nanotip; (d) element distribution

a W ball was placed at the fixed end and positively biased as the
anode, and the nanotip was fixed at the piezo-driven micro-
manipulator as the cathode. The distance between the cathode
and the anode can be controlled by the movement of the
micromanipulator. Fig. 4b shows a typical relationship between
the emission current and the extraction voltage (I-V curve) from
an HfC nanotip with a curvature radius of 8 nm. The emission
current of the nanotip increased exponentially with the extrac-
tion voltage. Additionally, the I-V curves were measured for W
with curvature radii of ~14 nm and ~ 150 nm. The W nanotip
with a curvature radius of ~14 nm (the details of its micro-
structure are shown in Fig. S5) also showed a similar trend to

Nanoscale Horiz., 2025, 10, 2518-2525 | 2521
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high-resolution XPS spectra of the HfC nanotip.

the HfC nanotip, while the W tip with a curvature radius of
~150 nm showed no emission current. Interestingly, we
noticed that the five I-V cycle curves of the HfC nanotip almost
overlap, indicating its emission stability. This stability can be
attributed to the better resistance to ion bombardment and gas
adsorption of HfC. The field-emission current of the HfC
nanotip was as high as 233 nA at an extraction voltage of
149 V, which was apparently higher than that of the W nanotip
(126 nA), This difference was mainly due to the larger field

2522 | Nanoscale Horiz., 2025, 10, 2518-2525

enhancement factor and lower work function of the HfC
nanotip.”® The semi-logarithmic plot of the I-V curve (in the
inset of Fig. 4b) shows that the emission current of the HfC
nanotip increased slowly from 80 to 90 V and achieved rapid
growth from 90 to 149 V. The emission current of the W nanotip
showed no obvious change before 110 V, and the growth rate
between 110 V and 149 V was similar to that of the HfC nanotip.
While for the W tip, the emission current showed no obvious
change from 0 to 149 V.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Measurement of field emission in in situ TEM. (a) TEM image showing the W ball and nanotip sample. (b) Field emission /-V curves of HfC nanotip,
W nanotip and W tip at a tip—W ball distance of 50 nm. The inset in (b) shows a semi-logarithmic plot of (b) over the full voltage range (0—150 V). (c) Local

magnification of field emission /-V curve shown in (b) and (d) corresponding
Field emission /-V curves of the HfC nanotip at various distances.

Fig. 4c provides a magnified image that corresponds to
Fig. 4b, clearly showing that the turn-on voltage of the HfC
nanotip (defined as the voltage required to generate a 20 nA
current) was only ~128 V, while that of the W nanotip was as
high as 138 V. Furthermore, we recorded the I-V curves of the
HfC nanotip at various distances (Fig. 4f), with emission
currents of 609 nA, 244 nA, 144 nA, and 83 nA at distances of
30, 50, 60, and 70 nm, respectively. These results demonstrate
that the HfC nanotip exhibited both high emission current and
stability under a moderately high vacuum. To analyse the turn-
on field and field enhancement factor as a function of distance,
the FN plots of the HfC nanotip at various distances are plotted
in Fig. S6. The field enhancement factor of the HfC nanotip
was calculated from substitution of the work function of HfC

This journal is © The Royal Society of Chemistry 2025

linearized FN curve. (e) Work functions of the HfC nanotip and W nanotip. (f)

(3.929 eV) and the slope of the FN plot (Fig. S6) into eqn (S4).
Table S1 lists the turn-on field and corresponding field
enhancement factor at various distances (defining the field
corresponding to the 20 nA FE current as the turn-on field). The
turn-on field decreased and the field enhancement factor
increased slightly with increasing tip-extractor distance. The
trends in turn-on field and field enhancement factor can be
explained by the fact that the distribution of the electric field
between tip and extractor changed as the distance increased.
When the distance was very small, the tip to extractor approxi-
mated a parallel plate configuration, when the field enhance-
ment factor of the HfC nanotip was relatively small. As the HfC
nanotip was moved away from the extractor, the parallel plate
approximation diminished, and the geometric properties of the

Nanoscale Horiz., 2025, 10, 2518-2525 | 2523
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Fig. 5 The FE current—time (/-t) curve of the HfC nanotip.

HfC nanotip exhibited a relatively large enhancement factor,
leading to a reduction in turn-on field.*

To further explore the emission stability of the HfC nanotip,
we measured the FE current-time (I-t) curve under conditions
of d = 50 nm and V = 150 V. As shown in Fig. 5, the emission
current of the HfC nanotip was stable at 235 nA over 160 min
(in a vacuum of 2 x 10~° Pa), and the emission noise was stable
at 1.3%, indicating that the HfC nanotip showed long-term
emission stability.

Based on the in situ TEM measurements, the work functions
of the HfC nanotip can be evaluated. According to FN theory,
the slope mgy of the FN equation is given as:*'

1 MEN
In (W) ==, +b 1)

where [ is the emission current, V is the extraction voltage, mgy
is the slope of the FN plot, and b is the intercept of the FN plot.
The FN plots of the HfC nanotip and W nanotip are shown in
Fig. 4d. The FN plot had an excellent linear fit with a correlation
coefficient above 0.958, indicating that the field emission from
the nanotips agreed with a metal-vacuum field-emission model,
as described by the FN equation. The slopes mgy of the HfC
nanotip were 1149, 1166, 1133, 1185, 1127 eV**> cm, and of the
W nanotip were 1909, 1793, 2142, 2580, 2305 eV*? cm,
respectively.

Then, the work function value can be obtained according to
the FN plot (mgy):

&= |:mFN[)):|

a

3 : Ik
= ] =3.574 % 107 {ir @)

_ [ MEN
2.96 x 107 x 5r

where @ is the work function in eV, mgy is the slope of the FN
plot, 8 is the field enhancement factor, a = 2.96 x 107, and r is
the radius of curvature. For a sharpened emitter with a hemi-
spherical tip of radius r (the unit is cm), § is empirically equal
to 1/(5r). The field enhancement factor of the HfC nanotip
(~2.5 x 10" m™") exceeded that of commercial CFE electron
sources (~10°).*?

The calculated work function values are shown in Fig. 4e.
The work functions of the HfC nanotip were 3.917, 3.964, 3.889,
3.999, 3.874 eV, and those of the W nanotip were 4.151, 4.025,
4.532, 5.131, 4.759 eV, respectively. The emission crystal plane

2524 | Nanoscale Horiz., 2025, 10, 2518-2525
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of the HfC nanotip was (200) from Fig. 2b and c. The average
work function of HfC (200) was obtained as 3.929 eV, which was
slightly lower than that of the HfC (200) nanowire reported in
previous studies.*®> The HfC nanotip exhibited a lower work
function than the W nanotip, which contributed to the lower
turn-on voltage of the HfC nanotip. Table S2 shows the work
functions of HfC {100}, and the calculated work functions in
this work were close to the literature-reported work functions.
We substituted the work function of 3.64 eV and the slope of
the FN plot into eqn (S4),"® and the calculated field enhance-
ment factor of the HfC nanotip was ~1.79 x 107 m™". This
value was close to the empirical relationship of f = 1/5r = 2.5 x
107 m™" (r is the radius of curvature with a value of 8 nm). The
results reconfirmed that the emission of HfC nanotip in this
study was consistent with FN theory. Such a high field enhance-
ment factor also enabled the nanotip-emitters to operate under
relatively low applied voltages, making them promising candi-
dates for field emitter applications in moderately high vacuum
conditions.

We investigated and compared the cold-field emitters in this
work with those reported in the existing literature. As shown in
Table S3, the HfC nanotip in this work had a relatively small
radius of ~8 nm, and a larger field enhancement factor,
compared to previously reported emitters. Such a large field
enhancement factor allowed the cold-field emitters to operate
at a lower turn-on field. As can be seen from Table S3, the HfC
nanotip achieved a higher emission current at a lower electric
field compared to previous HfC emitters.>'® The LaB6 and
CeB6 emitters had a low turn-on field due to their extremely
low work function and achieved a high emission current at a
lower electric field.>*** The single multi-walled CNT usually
operated with a high emission current (~pA) at a very low
electric field, but the emission current typically fluctuated
significantly (24%) under continuous emission.***” In our
work, the current noise of the HfC nanotip was as low as
1.3% during long-term emission (Fig. 5 I-¢ curve), suggesting
that the HfC nanotip can be considered a promising candidate
for future cold-field emitters. Conventionally, three primary
methods have been employed to fabricate nano-emitters:
mechanical transfer using a micromanipulator in SEM,
mechanical transfer using FIB and platinum/carbon deposi-
tion, and in situ thermal growth. In the first and third methods
it was difficult to ensure collimation and a stable connection
between the nanotips and the substrate. The second method
inevitably introduced impurities or caused structural damage.
Our technique provides an alternative route for developing
high-performance cold-field emitters.

4. Conclusions

In conclusion, a novel in situ growth technique was developed
to grow single-crystal HfC nanotips at the apex of a W tip. The
HfC nanotip was a single-crystal structure, several nanometers
in size, with a [100] crystal orientation and outstanding colli-
mation. In situ field-emission tests showed that the single-

This journal is © The Royal Society of Chemistry 2025
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crystal HfC nanotips exhibited conventional field-emission beha-
viour, as described by the FN equation, with a field enhancement
factor of up to ~2 x 10’ m™'. Moreover, the HfC nanotips can
sustain an emission current up to 609 nA, ascribed to the
stability and robustness of HfC. This work provides a novel
and facile method for fabricating single-crystal field-emission
nano-emitters with stable interfacial adhesion, outstanding apex
collimation and a high field enhancement factor.
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