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Fabrication and characterization of a focused ion beam milled lanthanum
hexaboride based cold field electron emitter source
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We report on a method of fabricating lanthanum hexaboride (LaB6) cold field emission tips with
sub-100-nm apices by using a combination of electrochemical etching and focused ion beam milling.
The primary advantage of combining the two methods is rapid fabrication while maintaining
reproducibility. The LaB6 tips have low work functions and high mechanical stabilities and are
chemically inert to residual gases. Field emission characterization was performed on three tips, with
apex sizes of 15, 85, and 80 nm yielding 10 nA cold field emission currents at 0.76, 3.9, and 3.6 kV
extraction potentials, respectively. All three tips showed excellent emission current stability
for periods exceeding 30 min in a 5 ! 10"9 mbar vacuum. Published by AIP Publishing.
https://doi.org/10.1063/1.5039441
A field emission electron source is an essential component in a modern transmission electron microscope (TEM),
scanning TEM (STEM), and scanning electron microscope
(SEM), as it provides an electron spot size down to the subAngstrom range in a STEM or SEM and excellent phase contrast in a high-resolution TEM.1,2 Whereas a Schottky thermally assisted field emission (STFE) source has a high
emission current and good long-term stability, a cold field
emission source (CFES) has a higher source brightness and a
lower energy spread.3 CFES technology based on crystalline
tungsten (W) has long been implemented4 but exhibits
poorer emission current stability and higher vacuum sensitivity than STFE devices. These issues are related to the work
function and robustness of the tips, as well as chemical inertness to residual gases.5 The advent of new material fabrication techniques, such as chemical vapor deposition, has
allowed the fabrication of carbon-based devices, including
carbon nanotubes,6 carbon cones,2 and doped silicon carbide7 emitters, which have excellent brightness, peak emission current, and stability. However, the disadvantages of
these sources include difficulties associated with their axial
alignment in W wire mounts,8 as well as Coulomb effects
following emission from such small tips.9 An alternative
strategy is to employ compound materials such as lanthanum
hexaboride (LaB6),10–12 whose low work function of 2.7 eV,
low vapor pressure,13 chemical inertness,14 and high
mechanical robustness potentially make it a superior CFES
compared to W.15 Although functional LaB6 nano-tip
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emitters have been prepared using various methods,12,14,16
these generally involve many steps, from fabrication to
mounting of the tips, making them time-consuming in production and difficult to use as practical CFES devices. Here,
we present a simple, fast, versatile, and robust method for
the fabrication of LaB6 nano-emitter devices. We employ a
two-step process, involving electrochemical etching and
focused ion beam (FIB) milling of single crystal LaB6 rods
that are permanently fitted to thermally robust, electrically
conducting fixtures, resulting in ready-mounted monolithic
LaB6 structures. This method in comparison to others2,3,6,24
allows easy and superior control over axial alignment as well
as over the tip apex size and shape, thereby ensuring a high
degree of performance and reliability. Fabricated LaB6 tips
have shown excellent stability in comparison to conventional
W field emitters24 and earlier LaB6 monolithic field emitters.12 Nondecaying emission current is also observed for
24 h operation (see supplementary material).
Single crystalline LaB6 rods with diameters of 0.60 mm,
lengths of 5 mm, and h100i orientation, so chosen because of
their low work function and vapor pressure,10 were purchased from APTech. Each LaB6 rod was fitted tightly into a
short tube made from tantalum (Ta), protruding by about
2 mm from one end. The Ta tube was wrapped with 0.25 mm
diameter W wire, and W wire leads were laser-welded to the
pins of a ceramic mount, as shown schematically in Fig.
1(a). This fixture formed the basis of all subsequent processing and characterization steps. Electrochemical etching of
the LaB6 rod was then performed using a method similar to
that described by Wang et al.,16 yielding a tip with an apex
of sharpness 1–10 lm, as shown in Fig. 1(b).
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FIG. 1. (a) Schematic diagram of the
mounted LaB6 tip protruding outside a
Ta tube surrounded by W wires that
are laser welded to contact pins on a
ceramic mount; (b) SEM image of an
electrochemically etched LaB6 tip of
size 1–10 lm; (c) schematic diagram
of FIB milling of a LaB6 tip; (d) SEM
image of a LaB6 tip after FIB milling.
Inset: magnified view of the tip apex;
(e) HRTEM image of the tip apex,
showing 5 nm irregularities on the
surface.

Further apex size reduction and shaping were carried out
using FIB milling, as shown schematically in Fig. 1(c). The
rod was aligned on-axis with the ion beam and milled centresymmetrically from the top. This procedure is similar to the
annular milling method used for the preparation of atom probe
tomography specimens.17 Rough milling (with a beam current
of 21–60 nA at 30 kV) was used to sharpen the tip by iteratively removing ring-shaped areas, thereby decreasing the
inner diameter. This step was followed by finer milling,
involving gradual reduction of the ion current (typically from
2.5 nA to 80 pA), as well as the outer and inner diameters of
the milling pattern. Finally, a polishing step using an ion
beam of 5 kV and a current 40 pA for approximately 20 s with
an inner diameter mask setting of zero was applied to reduce
the level of gallium implantation.17
Figure 1 shows the LaB6 tip morphology subject to the
chosen processing steps. An SEM image of the tip after electrochemical etching is shown in Fig. 1(b), revealing an apex
size of approximately 10 lm. Figure 1(d) shows one of the
etched tips after FIB milling. This process resulted in conical
structures with lengths of approximately 20–30 lm and base
diameters of 2–5 lm. The apex diameters were 85, 15, and
80 nm for tips 1, 2, and 3, respectively. The combined LaB6
fabrication procedure (electrochemical etching and FIB milling) yielded field emission structures with large bases (tens
of lm) and good mechanical stabilities and electrical conductance. The largely non-selective rate of FIB milling preserves the material stoichiometry and eliminates potential
surface contamination and chemical changes caused by electrochemical etching. A high degree of reproducibility is also
ensured by this process.18 A possible concern is destruction
of the LaB6 crystallinity due to ion bombardment during FIB
milling. HRTEM images of the tip apex recorded in a TEM
fitted with a customized sample transfer arm confirmed the
presence of damage to the tip in the form of irregularities. A
more detailed study of the tip surface is deferred to a future
report.
The field emission behaviour of the emitters was then
studied. The entire assembly [Fig. 1(a)] was transferred to a
field emission characterization chamber with a base pressure of approximately 5 ! 10"9 mbar, as shown schematically in Fig. 2. A precision high voltage power supply

(iseg SHQ 226L) was used to set up the field emission voltage, and the emission current was detected using an ammeter (Keithley 6487) connected to a grounded retractable
stainless steel plate positioned at a distance of 30 mm from
the tip. A single microchannel plate (MCP) and phosphor
assembly that was lens-coupled to a CCD camera was
placed 20 mm behind the steel plate to image the electron
emission pattern. In order to optimize the shape of the tip
apex and to achieve stable emission, thermal conditioning
was applied.19 At temperatures above 800 # C, surface tension forces drive surface migration, rounding, and smoothing of the LaB6 emitter tip.12 Finally, in a process known as
dulling, the apex radius increases through transport of
material from the apex towards the shank.19 The temperature was typically fixed in the 900 # C–1500 # C range for
approximately 2 min, well below the point at which changes
in the surface composition may occur.12 Field emission is
described by the well-known Fowler-Nordheim (F-N) equation,20 which can be written in the simplified form21,22
!
"
B
;
(1)
I ¼ AV 2 exp "
V

FIG. 2. Schematic diagram of the present field emission characterization
setup.
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FIG. 3. Current vs voltage (I-V) curves recorded from the LaB6 tips, showing the onset of field emission for tip 1(blue), 2(red), and 3(green) at 3.0 kV,
550 V, and 2.8 kV, respectively, confirming the sharpness of tip 2 in comparison with tip 1 and tip 3.

$
pﬃﬃﬃﬃ%
Sb2
exp 10:4= / ;
A ¼ 1:5 ! 10"6
/
B ¼ 6:44 ! 109 /3=2 =b;

where V is the applied voltage, I the emission current, S the
emitting area, and b the field enhancement factor. All of the
quantities are given in S.I. units, while the work function u
is in eV. From Eq. (1), it is clear that a high emission current
can be achieved by choosing a material that has a low work
function, as well as by fabricating a sharper tip, as the field
enhancement factor is typically inversely proportional to the
tip apex radius, and hence, b / S"1=2 . I–V curves recorded
after conditioning are shown in Fig. 3 for all three tips.
Least-square fits of Eq. (1) are in excellent agreement with
ð1Þ
' 5:9ð4Þ ! 104 V; bð1Þ ' 4:8 ! 105 m"1 ;
the data for BFN
ð2Þ
for tip 1, BFN ' 9:9ð5Þ ! 103 V; bð2Þ ' 2:9 ! 106 m"1 for tip
ð3Þ
' 5:6ð3Þ ! 104 V; bð3Þ ' 5:1 ! 105 m"1 for tip 3.
2, and BFN
The apex radii can be estimated from the empirical relation
b ' 1=5r to be rð1Þ ' 410nm; r ð2Þ ' 70nm, and rð3Þ ' 395nm.
By using the fit result, the electric field E at the apex of each
tip can be estimated to be 1.9GV/m at 3.9kV for tip 1,
2.2GV/m at 760V for tip 2, and 1.8GV/m at 3.6kV for tip 3.
Here, we assumed that the bulk work function of LaB6 is
2.7eV. The effective barrier height subject to this electric
field, also known as the Schottky reduced tunneling barrier,23
is then estimated to be 1.0eV for tip 1, 0.9eV for tip 2, and
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FIG. 5. Temporal stability of the emission current for LaB6 tips. Note the
slight jumps for tip 1 and tip 3.

1.1eV for tip 3. The imaging results for the emission pattern
are shown in Fig. 4. Gaussian beam spots are suggestive of
the Gaussian virtual source. We attribute the distorted
appearance of the emission pattern from tip 1 to the imperfect alignment of the tip with respect to the optical axis.
Long-term emission stability is a key factor in the practical utilization of electron emitter devices. In this respect,
LaB6 nanowires have been shown to significantly outperform
metallic tips.24 Figure 5 shows temporal stability profiles of
our LaB6 emitters. We observed an almost negligible decay
of emission current compared to metallic emitters (typically
( 35% decay over 1 min) over ( 30 min and relative RMS
noise values of 0.2%, 0.6%, 1.1%, and 2.5% (drift-subtracted) for tip 1 at 300 pA, 500 pA, 1 nA, and 5 nA, respectively, 3.5% for tip 2 at 4 nA, and 5% for tip3 at 9 nA. All
measurements were performed at a frequency of 3 Hz.
Different traces of emission current for tip 2 in comparison
to tip 1 and tip 3 are due to the smaller emission area of tip 2
in comparison to tip 1 and tip 3, which results in high fluctuations.26 When performing longer stability measurements at
currents exceeding approximately 4 nA, jumps in current
with intermittent plateaus were occasionally observed. These
plateaus are attributed to bombardment of the tip with ions
desorbed from the anode.25
We have presented a method of fabricating LaB6 field
emission tips, based on a combination of electrochemical
etching, FIB milling, and thermal conditioning. In addition
to its simplicity and rapidity of execution, the technique

FIG. 4. Field electron micrograph
(FEM) images of tip 1 (left), tip 2 (middle), and tip 3 (right) corresponding to
emission currents of approximately 10
nA at 3.9 kV, 760 V, and 3.6 kV, respectively. Gaussian fits (solid line) to the
profiles give FWHM values of approximately 7.7 and 4.5 mm along the long
and short axes, respectively, for tip 1,
1.4 mm for tip 2, and 0.4 mm for tip 3.
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allows for high reproducibility and customizability in terms
of emitter geometry. We characterized the field emission
behavior of three tips with different parameters, yielding
10 nA of emission current at 3.9 kV, 760 V, and 3.6 kV.
Emission current stability measurements over 30 min confirmed excellent stability in terms of current drift and noise
at a modest vacuum level of approximately 5 ! 10"9 mbar,
suggesting that the chemical inertness of LaB6 is a key
advantage over metals for field emission. This property, in
combination with the low energy spread expected for a low
work function material, makes our emitter a promising candidate for use in electron beam instruments. Further investigations, comprising field ion microscopy, virtual source size
measurement, and pulsed emission, will be presented in
upcoming articles.
See supplementary material for 24 h continuous emitter
operation (Fig. S1) and the noise spectrum (Fig. S2).
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