
Citation: Sobola, D.; Alsoud, A.;

Knápek, A.; Hamasha, S.M.; Mousa,

M.S.; Schubert, R.; Kočková, P.;
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Abstract: This paper presents an analysis of the field ion emission mechanism of tungsten–epoxy
nanocomposite emitters and compares their performance with that of tungsten nano-field emitters.
The emission mechanism is described using the theory of induced conductive channels. Tungsten
emitters with a radius of 70 nm were fabricated using electrochemical polishing and coated with
a 20 nm epoxy resin layer. Characterization of the emitters, both before and after coating, was
performed using electron microscopy and energy-dispersive X-ray spectroscopy (EDS). The Tungsten
nanocomposite emitter was tested using a field ion microscope (FIM) in the voltage range of 0–15 kV.
The FIM analyses revealed differences in the emission ion density distributions between the uncoated
and coated emitters. The uncoated tungsten tips exhibited the expected crystalline surface atomic
distribution in the FIM images, whereas the coated emitters displayed randomly distributed emission
spots, indicating the formation of induced conductive channels within the resin layer. The atom probe
results are consistent with the FIM findings, suggesting that the formation of conductive channels
is more likely to occur in areas where the resin surface is irregular and exhibits protrusions. These
findings highlight the distinct emission mechanisms of both emitter types.

Keywords: field ion emission; tungsten atomic distribution; epoxy molecular distribution; composite
field emitter; composite electron sources

1. Introduction

The term “field emission” refers to both the electron and ion emission mechanisms.
Based on Fermi–Dirac statistics, field emission theory was developed in the 1920s and the
1930s as a major application of quantum mechanical tunneling and free-electron theories
of condensed matter [1–4]. Cold-field electron emission occurs when electrons transition
through a reduced potential energy barrier from the surface of a micro/nano-pointed
emitter (tip) into a vacuum. According to the Fowler–Nordheim theory, when two elec-
trodes (typically separated by a small distance of no more than 10 mm), with one being
a micro/nano-pointed emitter, are subjected to an intense electric field (usually around
3 V/nm), electrons can quantum-tunnel through a triangular potential energy barrier from
energy levels near the Fermi level of the material used [1–4]. Nanocomposite cold-field
emitters are very important in many scientific applications, such as scanning electron
microscopy, atomic force microscopy, and electron probe microanalysis [5–9].
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In the FIM, the system is filled with a low-pressure gas (such as helium or neon), with
the nano-tip acting as the anode. The gas atoms near the apex of the tip become ionized as
their electrons tunnel through a reduced potential energy barrier, resulting in positively
charged ions (e.g., Ne+). These ions are accelerated by the extraction electric field toward
the cathode, which is typically an imaging screen (often fluorescent). The emitted photons
create a field ion microscope (FIM) pattern, displaying a magnified image of the surface
atomic distribution corresponding to the ion emission from the tip surface [10–12]. Field
ion emitters are widely used in applications such as scanning ion microscopy, owing to
their favorable emission properties and straightforward operation [13,14].

In the case of the FIM, the system is usually filled with gas at low pressure (such
as He or Ne). The nano-tip was set as the anode, allowing the used gas atoms to be
ionized near the apex surface. Electrons from the gas atoms can tunnel through the reduced
potential energy barrier, providing positively charged ions (such as Ne+). These ions are
then accelerated within the extraction electric field applied to the cathode, which is an
imaging screen (usually a fluorescent screen). The observed photons form what is known
as the FIM pattern, which describes the ion emission distribution (a magnified image of
the surface atomic distribution) as emitted from the surface of the tip [10,12,15]. Field ion
emitters are particularly attractive sources of ion beams. Owing to their suitable emission
properties and simple operating principle, these types of emitters have been used in several
applications such as scanning ion microscopy [13,14].

In the field of electron emission, a substantial body of the literature has studied the
effects of epoxy coatings on emission patterns. Al Soud et al. [16] investigated electron
emissions from composite emitters, and the results obtained from field emission microscopy
(FEM) experiments showed unusual and intriguing behavior. Notably, the emitted current
was exceptionally high at elevated values, with the emission process starting abruptly
in the range of a few µA. Additionally, the corresponding current–voltage characteristics
exhibited a lower threshold voltage. Panda et al. [17] investigated the effect of implanting
silver (Ag) ions into ultra-nanocrystalline diamond (UNCD) films to enhance the electron
field emission properties, achieving a low operating field of 8.5 V/µm and a high electron
current density of 6.2 mA/cm2 at an applied field of 20.5 V/µm. Li et al. [18] reported a
different behavior in the emission pattern observed in field emission electron microscopy,
where the emitted current density displayed a more concentrated and brighter pattern
compared to uncoated emitters. Ji et al. [19] proposed a self-compensating electron emission
mechanism for bulk graphene to explain its improved field emission performance.

Moreover, to explain the mechanism of electron emission from nanocomposite emitters,
Latham and Mousa [2] proposed a model in 1986 for hot electron emissions and the
formation of conductive crystal channels within a dielectric coating. More recently, in 2023,
Knápek et al. [20] introduced a new model to explain the behavior of composite emitters.
This model treats composite emitters as capacitors, in which the switching phenomenon is
viewed as a post-collapse discharge effect in the dielectric layer. Abuamr et al. [21] studied
the effect of traps produced by the oxide layer on the emission current.

In the field of FIM, several studies have explored the effects of polymers on ion
emission. Moussa et al. [22] reported findings from composite emitters showing randomly
distributed locations of intense and bright spots within the FIM pattern. Velikodnaya
et al. [23] presented a multi-emitter ion source based on a carbon nanomaterial consisting
of a tungsten dot with a sphere of aluminum-filled epoxy resin composite formed at
the tip. In addition, Oberdorfer et al. [24] introduced a computer model to simulate field
evaporation by focusing on dielectric materials. Starting with a known sample structure, the
simulation replicated evaporation and volumetric reconstruction from the data, similar to
real measurements, and identified and quantified artifacts arising from the procedure. Other
studies have explored the application of composite emitters in helium-ion microscopy [25].

The aim of this work is to investigate the multi-switch-on behavior observed dur-
ing the testing of tungsten–epoxy nanocomposite emitters in FIM. The FIM and atom
probe topography (APT) results offer additional evidence for the formation of induced
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tunneling conductive channels, similar to those observed in composite emitters during
cold-field emission.

2. Sample Preparation

Tungsten (W) is one of the materials frequently used for manufacturing field emitter
tips [26] because of its favorable properties, including a high melting point of 3414 ◦C, high
stiffness, strength, density, and chemical stability, along with the lowest vapor pressure at
1650 ◦C [27]. In addition, tungsten allows for the simple preparation of micro/nano-tip
emitters using an electrolytic polishing technique for cathode production [1,28]. In this
experiment, high-purity (99.99%) polycrystalline tungsten wires with a diameter of 0.1 mm
and a work function value of 4.66 eV were used [29], provided by Goodfellow Cambridge
Ltd. (Huntingdon, UK). The W tip was prepared via electrolytic etching. The process
involved placing a straight tungsten wire, 1 cm in length and 0.1 mm in diameter, into
a copper tube measuring 0.5 cm in length and 0.4 mm in diameter. The samples were
attached as the anode in a specialized instrument with the cathode set as a nickel plate.
This setup produces field emission nano-tips with an apex radius of approximately 20 nm
using the drop-off method of the electrochemical polishing technique. A 5 M solution
of sodium hydroxide (NaOH) was used as the etchant, which was most effective after
being left for 4–7 h to allow the NaOH particles to fully dissolve and the solution to cool
down. To begin the polishing process, approximately 10 mL of the solution was placed in a
special plastic container within the instrument, where the two electrodes were immersed
in NaOH solution. The setup was connected to a power supply that provided a polishing
AC voltage of 20 V. As the tungsten wire began to corrode, the applied AC voltage was
gradually reduced until it reached 2 V. This step is crucial because the timing of the etching
circuit cutoff significantly affects the sharpness of the tip generated. The prepared samples
were thoroughly cleaned to remove any residual hydroxide solution from the tip surface.
The prepared samples were cleaned to remove any residual hydroxide solution from the
tip surface. The cleaning process involved immersing the polished samples in alcohol,
followed by a 20-min ultrasonic bath in distilled water. The etching procedure used in this
experiment met the diameter requirement for the FIM experiments, as the radius of the
FIM tip should not be lower than 100 nm. This procedure produces field emission tips with
radii of approximately 20 nm before coating. The prepared tips had a radius of curvature
of 70 nm. Figure 1 illustrates the electrochemical etching device and etching steps. When
the tip detaches, the resistance in the etching circuit suddenly increases, prompting the
AC voltage source to quickly switch off. The timing of this shutdown is critical for the
sharpness of the tip. Subsequently, the tungsten wire was carefully removed from the
solution and immediately cleaned by dipping it in alcohol and distilled water for a few
seconds, followed by a 10-min ultrasonic bath.

For the coating layer, we used a single-component epoxy resin branded as “Epoxylite
478 (E-478)”, produced by Elantas Europe. The electrical properties of E478 were previously
reported, with a local work function value of 3.42 eV, an energy gap of 3.94 eV, and an
electron affinity of 2.16 eV [29]. To apply the coating layers on the tip surface, the NaOH
solution container was replaced with an epoxy resin container. The coating process involves
controlled tip dipping and generally consists of two main steps. The first step involved
immersing the cleaned tip slowly and perpendicularly into the epoxy resin. Repeating
this step creates thicker coating layers, as each dip results in a coating layer 20 nm in
thickness. The second step involved heating the coated tips in a vacuum furnace for 5 h
at 423 K (Memmert UN 55; Büchbach, Germany). This step was crucial for expelling the
solvent and curing the epoxy resin on the surface of the coated tip. Achieving defined
immersion and precise perpendicularity during the coating (and etching) processes is very
important. Therefore, the etching device was connected to a digital visible light microscope
to closely monitor the etching/coating process. This combination is recommended for a
more controllable and precise etching and coating procedure.
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Figure 1. (A) Illustration of the electrochemical etching system. (B) The etching procedure.

3. Methodology

The tested emitters were used as standard FIM ion sources. The separation distance
between the sample and FIM imaging screen was set to 10 mm. The samples were installed
inside a laser-assisted wide-angle tomographic atom probe (LaWaTAP) developed by
Cameca (Gennevillier, France). In this experiment, neon (Ne) gas was utilized as the
imaging gas for FIM investigations. In this configuration, the cathode was a phosphorescent
screen, and the anode was used as the sample. Consequently, Ne ions were generated near
the apex surface of the samples under the influence of a strong electric field, and these ions
were projected towards the phosphorescent screen [30,31]. The phosphorescent screen was
made from transparent glass coated with a thin layer of tin oxide, which was subsequently
covered by a layer of phosphorus to interact with the incident ions and record the ion
emission microscopy patterns. The system temperature must be maintained at very low
levels, ranging from 30 to 90 K, to reduce the surface diffusion of the sample atoms and
improve the control of the field evaporation process. The FIM experiments were conducted
under ultra-high-vacuum conditions, where the background chamber pressure was kept
below 10−9 Pa, and the pressure of the Ne imaging gas was set to 10−5 Pa [32,33]. Figure 2
illustrates the LAWATP system.
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Figure 2. Schematic diagram of LWATAP system.

4. Characterization

In this study, the purity times of the uncoated tungsten nanocomposite emitter and W
nanocomposite emitter were studied to determine the composition of the coating material
using scanning electron microscopy with energy-dispersive spectroscopy (MIRA-TESCAN,
Czech Republic). Figure 3 shows an SEM micrograph with EDS of nanocomposite emitter
W and nanocomposite W. A secondary electron detector with a primary electron beam
energy of 5 keV was used to obtain the SEM micrographs. The radius of the uncoated
W nano-emitter was approximately 70 nm, whereas that of the nanocomposite W nano-
emitter was approximately 90 nm. The thickness of the epoxy layer was ~20 nm. Figure 3
shows the EDS results for a point on the tips of both the W nanocomposite emitter and W
nanocomposite emitter. As shown in Figure 3A, tungsten predominated, indicating the
effectiveness of the cleaning process during fabrication. The EDS analysis in Figure 3B
reveals that the epoxy components consisted of carbon, oxygen, and chlorine. Gold was
used as the coating material for the SEM-EDS measurements.
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Figure 3. SEM-EDS micrograph of (A) uncoated W nano-emitter. (B) W nanocomposite emitter.

5. Results and Discussion
5.1. FIM Results

The structure of the FIM patterns for uncoated tungsten samples is well known [34,35].
For the sample discussed in this article, a high-resolution FIM image revealing the atomic
structure was obtained at 7.5 kV, as shown in Figure 4. The image shows the surface atomic
distribution, highlighting the different facets of polycrystalline tungsten at the center of the
field of view.
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Figure 4. The surface atomic distribution of polycrystalline tungsten nano-tip as obtained from field
ion emission microscopy at 7.5 kV.

For the coated tungsten samples, the detected FEM behavior was characterized by a
switch-on phenomenon and a focused single bright spot. This behavior was previously
explained by Mousa in 1986, who described the creation of crystallized channels that allow
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electrons to pass to and from vacuum to the tungsten surface [2]. The difference in the FEM
behavior between the uncoated and coated tungsten samples is presented in Figure 5, as
observed in previous studies [16,26].
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In this study, the tip was connected to a high-voltage power supply. The applied
voltage was gradually increased until the first ion emission was observed at 5 kV. The
resulting FIM data were divided into three phases. The first phase (erosion phase), which
spans the voltage range of 5–7.2 kV, is illustrated in Figure 6. In this set of figures, the yellow-
highlighted regions (bright spots) represent the imaging of the molecular distribution of
the resin layer, while the red regions (dull spots) indicate the atomic distribution of the
tungsten surface, as seen through the resin layer.
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The appearance of bright spots (yellow-highlighted regions) was associated with Ne+

ions generated through direct ionization by organic molecules at the resin surface. Because
the surface of the epoxy layer is uneven, the ionization intensity at the protrusions is the
highest at this stage. This was accompanied by erosion of the epoxy layer. In this context,
brighter spots indicate a higher density of emitted Ne+, whereas larger spots, often with
multiple connected circular regions (or spots with tails), suggest the imaging of more atoms
within the same molecule. In contrast, the dull spots (red-highlighted regions) resulted
from the indirect ionization of Ne+. This occurs in surface regions with a thin resin layer,
where electrons from Ne atoms tunnel through the resin molecules to reach the tungsten
surface atoms. This tunneling process facilitates the localization and imaging of tungsten
atoms, albeit with a lower density of emitted Ne+. Because molecules are composed of
multiple atoms, the production of Ne+ ions increases with the number of ionization spots
supplied. Moreover, molecules have more atoms available for capturing and imaging.
This explains the differences in size and brightness between the yellow and red regions,
which correspond to the imaged elements, thus providing support for the proposed theory.
A schematic of this process is shown in Figure 7.
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Figure 7. A schematic diagram of the ionization process of Ne gas on the surface of coated tungsten
samples.

To simplify the detection and differentiation between resin surface molecules and
tungsten surface atoms, we utilized the brightness levels of the imaging spots. Because
molecules are larger in size than atoms, the concentration of ionized Ne atoms is higher
when detected at the molecules, resulting in brighter spots.

The second phase of the results was obtained within the voltage range 7.2–9.6 kV. At
this stage, erosion areas develop and form channels that facilitate the transport of tungsten
ions. In this range, the FIM images revealed only the atomic distribution of the tungsten
surface through the resin layer, as evidenced by the dull spots in Figure 8. The bright spots
in this case are smaller than those described earlier, indicating that they represent tungsten
surface atoms, but with a more intense ionization process for the Ne gas.

The third and last phases of the results were obtained in the voltage range 10.0–15.0 kV.
At this stage, the formation of conductive channels increased and depended on the topog-
raphy and the thickness of the epoxy layer. The FIM images (Figure 9) show new active
resin surface regions that contribute to the Ne ionization process. Again, the bright large
spots are related to the resin surface molecules, whereas the small bright and dull spots
are related to the tungsten surface atoms. In addition, Figure 9A–C show blurred large
bright spots, which are believed to be obtained for inner resin surface molecules that were
imaged by the tunneling ionization process, where the Ne+ ions were ionized by losing
their electrons when tunneled to the inner surface molecule, and the gradient in brightness
is related to the intensity of the ionization of Ne gas.
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(E) 14.6 kV, and (F) 15.0 kV. The yellow-highlighted regions indicate inner resin surface molecules
imaged by tunneling ionization currents.

At some regions, where the epoxy layer was very thin, it was possible to image the
tungsten surface atoms when the Ne+ ions are created through tunneling currents. Ne
electrons were charging the resin molecules, which are in turn discharged through the
close tungsten atom. This process helps to locate these atoms in addition to the inner resin
surface molecules, as seen from the blurred spots in Figure 9D–F.

Achieving brighter and more concentrated emission spots in the case of imaging the
resin surface is related to the high concentration of N10e gas ions in small areas within
the resin surface molecules, allowing for the creation of a large density of Ne+ at these
spots owing to an intense thermal transition of the Ne gas electrons to the resin surface.
These electrons can easily flyover above the reduced potential energy barrier (PEB), which
is reduced because of two factors: The first is because of a lower local work function value
for the epoxy coating layer (2.97 eV), which reduces the height of the PEB and so also the
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vacuum level. Second, when an external electrostatic field is applied in the space between
the two electrodes, the PEB’s shape changes to a reduced image-rounded PEB, which is
known as the Schottky–Nordheim SN-PEB. The top of this SN-PEB can be reduced by
increasing the intensity of the electrostatic field, and when applying extremely intense
fields, the top of the SN-PEB will be lower than the Fermi level of the used material,
allowing the electrons to thermally transfer from above the reduced SN-PEB [36]. This can
help increase the density of Ne+ to be created at small spots, and then emitted at higher
densities, providing brighter spots on the imaging screen.

This theory is valid to explain why the field ion emission process started at lower
voltages for the case of coated samples (at 5.0 kV) in comparison with the case of uncoated
samples (at 7.2 kV). In addition, the coated regions of the coated samples could operate
at higher voltages (15.0 kV) than the uncoated samples (12.0 kV). This provides further
evidence of the longer lifetime and durability of the coated samples. To prove this result,
atom probe tomography analysis was performed at 15.0 kV for the coated samples, and the
results are discussed in the next subsection.

Another possible explanation can be discussed within this context, as the Ne ions will
be concentrated within a small volume above the surface. This may allow for secondary
Ne+ ions to be created by the collisions between the created Ne+ ions and the Ne ions,
which, of course, can increase the density of the created ions at the bright regions and thus
the ions impacted on the imaging screen.

5.2. Atom Probe Tomography Analysis

The nano-emitter was examined before and after coating using atomic probe tomogra-
phy (APT) (Figure 10) to understand the distribution of E-478 epoxy resin and the formation
of conductive channels. APT can provide quantitative information and the exact positions
of the resin molecules at grain boundaries; the results can be obtained with the highest
available spatial resolution. APT measurements were performed using the same instrument
as that used for FIM measurements. The measurements were carried out in the voltage
mode at a temperature of 75 K and pulse fractions of 5–15 kV with evaporation rates of
1–3%. The data were evaluated using Cameca’s TAP3D software v2.2.
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Figure 10. (A) Atom probe tomography analysis of (A) uncoated nano-emitter and (B) nanocomposite
emitter.

As shown in Figure 10A, tungsten ions were predominant and formed a polycrystalline
tungsten structure. These results were consistent with Figure 4. In Figure 10B, the epoxy
components of carbon, silicon, and oxygen can be observed in small proportions, while
noise refers to the ionized resin molecules, and their concentration is observed to be higher
than that of the other ions. This indicated the erosion phase of the epoxy layer. On the other
hand, tungsten ions were concentrated at specific locations. This indicated the formation of
conductive channels in these areas. This is consistent with Figures 6, 8 and 9. In addition,
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the presence of white areas is attributed to the lack of ionization of the resin molecules. This
indicates that the formation of conductive channels has a higher probability at protrusions,
as illustrated in Figure 7.

Figure 11 illustrates the distribution of epoxy layers on the surface of the nanocompos-
ite emitter. Various resin-forming molecules, including C2O, CH2, and CH, were analyzed.
This confirms that the noise observed in Figure 10B is attributable to the presence of the
epoxy molecules. These results are consistent with those of many previous studies on
epoxy in more detail [37–39].
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6. Conclusions

In the context of this research, it has been proven that composite sources produce
bright and concentrated emission spots. In both emission techniques (FEM and FIM),
these spots were characterized by higher emission densities than those obtained from the
emission process from a regular tungsten tip.

The emission process was discussed in the context of the creation of induced con-
ductive channels through the coating layer by charging the resin molecules through the
ionization of Ne gas, after which the induced charge is discharged when the electrons
tunnel through the resin layer to the conductive region of the tungsten surface. The results
obtained from FEM and FIM studies show that using composite metal-dielectric field
emitters is a promising methodology for producing electron/ion beam sources, which will
add several benefits to the technology of electron/ion beam instruments, such as scanning
electron/ion microscopy and focused electron/ion beam lithography devices. This type of
electron/ion beam source has several advantages, such as focused and concentrated beams.

Moreover, APT analysis provided strong evidence of the durability of the coated
samples, as the resin layer did not evaporate even at high voltages.
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