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Abstract: This paper reports results of analysis of field ion emission mechanism from tungsten-epoxy
composite emitters that are compared to tungsten nano-field emitters. In this context, the mechanism of
emission from this type of emitters is described based on a theory of induced conductive channels. The tungsten
emitters were prepared using the electrochemical polishing technique and coated with a layer of the epoxy
resin. Field ion microscope (FIM) analyses are reported including the study of the emission-ion density
distributions from both the uncoated and coated emitters. Two forms of emission patterns have been observed
in the ion emission microscopy technique describing the differences in the emission mechanism of both types
of emitters. The observed results show: (a) the expected crystalline surface atomic distribution images of the
field ion microscopy in the case of uncoated tungsten tips, and (b) randomly distributed emission spots that
describe the locations of the induced conductive channels inside the resin coating layer.

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

1. Introduction

The term ‘field emission’ can describe both electron and ion emission mechanisms. Based on
Fermi-Dirac statis- tics, the physics behind field emission theory was introduced as one of the
significant applications of quantum- mechanical tunneling and free-electron theories of condensed
matter in the 1920s and 1930s [1-3]. Cold field electron emission is the transition of electrons through
a reduced potential energy barrier from the surface of micro/nano pointed emitter (tip) into vacuum.
According to Fowler- Nordheim theory, when two electrodes (usually separated by a small distance
not more than 10 mm) with one of them is a micro/nano pointed emitter, and after applying an intense
electric field (usually in the range of 3 V/nm), electrons can quantum-tunnel through an exact
triangular potential energy barrier from energy levels close to the Fermi level of the material used [4—
9].

In the case of field ion emission (FIM), the system is usually filled by a gas at low pressure (such
as He or Ne). The nano tip is set to be the anode allowing the used gas atoms to be ionized when
located near the apex surface. Electrons from the used gas atoms can tunnel through the reduced
potential energy barrier providing positively charged ions (like Ne+). These ions are then accelerated
within the applied extraction electric field to- wards 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 ions emission distribution (a magnified image of the surface atomic distribution)
as being emitted from the surface of the tip [10-14]. Field ion emitters are particularly attractive
as sources of ion beams. Due to their suitable emission properties and simple operating principle,
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this type of emitters has been used in several applications, such as scanning ion microscopy
[15,16].

The results as obtained for the field electron emission microscopy (FEM) experiments from
composite emitters (with metal-insulator-vacuum interface) reported exotic and interesting
behavior, such as obtaining a switch-on current, where the measurement of the emitted current
is exceptionally found at high values (the emission process suddenly starts at the range of few
micro-amps) and the related current-voltage characteristics has lower threshold voltages.
Another behavior has been reported in the obtained emission pattern in the FEM, where the
emit- ted current density distribution shows more focused and brighter pattern than the case of
the uncoated emitters. In addition to that, different behavior in the current-voltage
characteristics has been reported along with lower thresh- old voltage when operating the
experiment after the occurrence of the switch-on phenomenon [17-26]. The FIM results from
metal-insulator composite emitters have been previously reported from different types of
insulators such as polymers [27-31], the results show randomly distributed locations of intense
and bright spots within the FIM pattern.

In this work we discuss the FIM results from the tungsten- epoxy composite emitters. The
results present multiple switch-on behavior and the FIM pattern provides more evidence for the
creation of the induced tunneling conductive channels as discussed before.

2. Materials and Methods

2.1. Materials

Tungsten is one of the materials frequently used for manufacturing field emitter tips [21,23],
because of its suitable properties, such as a high melting point of 3414 °C [32], stiffness
(strength), high density, chemical stability, along with having the lowest vapor pressure at
1650°C, in addition to the simple preparation of micro/nano- tip emitters using the electrolytic
polishing technique as cathode production technology [8,20].

In this experiment, we used high purity (99.99%) poly- crystalline tungsten wires with a
diameter of 0.1 mm and a work function value of 4.66 eV [33], provided by Goodfel- low Cambridge
Ltd. (Huntingdon, United Kingdom). Be- fore the electrochemical etching process, the tungsten
samples were prepared 1.0 cm in length. These samples were then etched and field emission tips
with approximately 70 nm of curvature radius were obtained. The prepared field emission tips were
then used as uncoated field ion emitters and the base material for the composite emitters.

As for the coating layer, we have used the single com- ponent epoxy resin branded with
‘Epoxylite 478 (E-478)’, produced by Elantas Europe. The E478 epoxy resin con- sists of
Poly(Bisphenol A-co-epichlorohydrin), Neopentyl glycol diglycidyl ether, polyglycol, and
Trichloro(N,N-dime- thyloctylamine)boron. The electrical structure of the E478 was previously
reported with local work function value of 3.42 eV, energy gap of 3.94 eV, and electron affinity
of 2.16 eV [33]. This makes the E478 suitable for field ion microscopy applications.

2.2. Methodology

2.2.1. Electrochemical Etching

The tungsten wires are placed in a 0.4 mm in diameter copper tubes. The samples are then
attached as the anode of a special instrument, where the cathode is set to be a nickel wire.

This instrument can provide field emission nano-tips with apex radius of approximately 20
nm using the drop- off method of the electrochemical polishing technique. The etchant used is a
5 M solution of sodium hydroxide (NaOH), where it is found better to be used after 4-7 hours,
until the NaOH particles are well dissolved and the solution is cooled down. To start the
polishing process, approximately 10 ml of the solution is added in the instrument special plastic
container where the two electrodes are immersed in the NaOH solution. The set-up is then
connected to a power supply providing a polishing AC voltage of 20 V. When the tungsten wire
begins to corrode, the applied AC voltage is gradually reduced until it reaches 2V. The latter
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point is extremely important, as the cut-off time of the etching circuit greatly affects the
sharpness of the generated tip.

The prepared samples were then cleaned from any residuals of the hydroxide solution on the
surface of the tip. The cleaning procedure includes immersing the polished samples in alcohol
followed by a distilled water ultrasonic bath for 20 minutes.

The followed etching procedure in this experiment fulfills the diameter requirement for FIM
experiments, since the required radius of the FIM tip should not be larger than 100 nm,
and this procedure provides FE tips with radii approximately in the range of 20 nm before the
coating process. In this experiment, the radius of curvature for the prepared tips was 70
nm.

2.2.2. Coating Process

To apply the coating layers on the tip surface, the NaOH solution container is replaced
with another container of the epoxy resin. The coating process is based on controlled tip
dipping and generally involves two main steps. The first step is to immerse the cleaned tip in
the epoxy resin slowly and perpendicularly to the resin sur- face. Repeating this step creates
thicker coating layers, as each dip creates a coating layer of 20 nm in thickness [17]. The second
step involves heating the coated tips in a vacuum furnace for 5 hours at 423 K, Memmert
UN 55 (Biichbach, Germany). This step is important to expel the solvent and to cure the epoxy
resin on the surface of the coated tip [17,21].

Achieving a defined immersion and precise perpendicularity of the coating (and etching)
process is very important. For this reason, the etching device is connected to a digital visible-
light microscope to trace the etching/coating process. This combination is better advised to obtain
more controllable and monitored etching/coating process.

2.2.3. Field Ion Microscopy

The tested emitters have been used as standard FIM ion sources. the separation distance
between the sample and the FIM imaging screen was set to 10 mm. The samples have been
installed inside a laser assisted wide- angle tomographic atom probe (LaWaTAP) developed by
Cameca (Gennevilliers, France). In this experiment, Neon (Ne) gas was used as the imaging gas
for the FIM investigations. In this case, the cathode was a phosphorus screen, and the anode was
the sample. Thus, Ne ions were generated near the samples” apex surface under the influence of
the dense electric field, and then to be projected towards the phosphorus screen [10, 15]. The
phosphorus screen is prepared from transparent glass coated with a thin layer of tin-oxide,
which is then covered by phosphorus layer to interact with incident ions and record the ion
emission microscope patterns.

The system temperature must be kept at very low temperatures in the range of 30-90 K, to
reduce surface diffusion of the sample atoms and thus improve the control of the field
evaporation process. The FIM experiments have been performed in ultra-high vacuum
conditions where the background chamber pressure is kept below 109 Pa, and the Ne imaging
gas pressure was set to 10-5 Pa [10,15].

3. Results and Discussion

3.1. Field Ion Microscopy

The structure of FIM patterns for the uncoated tungsten samples is well known [11]. For the
sample being discussed in this article, the high resolution FIM image for the atomic structure is
obtained at 7.5 kV as presented in Figure 1, where the surface atomic distribution shows different
facets of the polycrystalline tungsten in the center of the field of view.
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Figure 1. 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 field electron emission (FEM) behavior is
characterized by a switch-on phenomenon and focused single bright spot. Such behaviour has been
explained before by Mousa in 1986 by the creation of crystallized channels which allow the
electrons pass through to/ from vacuum to the tungsten sur- face [17]. The difference in the FEM
behavior between the uncoated and coated tungsten samples is presented in Figure 2, and as
observed before elsewhere [34].

Figure 2. The field electron emission pattern of (a) coated tungsten tip,and (b) same

uncoated tip.

In this study, the used tip is connected to a high voltage power supply. The applied voltage
was increased slowly until the first ion emission process observed at 5 kV, where the observed
FIM results are split into three phases. The first phase describes a voltage period from 5 -7 kV
and described in Figure 3. In this sit of figures, the yellow high- lighted regions (of the bright
spots) describe the imaging of the molecular distribution of the resin layer, while the red
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highlighted regions (of the dull spots) describe the atomic distribution of the tungsten surface as
obtained through the resin layer.

Figure 3. The surface molecular (bright or yellow highlighted) and atomic (dull or red

highlighted) distributions of coated polycrystalline tungsten nano tip as obtained from
field ion emission microscopy at (a) 5.0 kV, (B) 5.5 kV, (C) 6.0 kV, (D) 6.6 kV, (E) 7.0 kV,
(F)7.2kV.

The appearance of the bright spots (yellow highlighted regions) is related to the Ne* when
directly ionized by the organic molecules at the resin surface. At this level, the brighter the
spots the higher generation density of the emitted Ne* can be obtained, and the larger in size
with multiple connected circular shaped regions (or spots with tales) describe the imaging of
more atoms within the same molecule.

The appearance of the dull spots (red highlighted regions) is related to indirect ionization
of Ne*. This can be obtained at surface regions with thin resin layer, where the electrons of Ne
atoms can tunnel through the resin molecules to the tungsten surface atoms, which in turn helps
for locating and imaging of these tungsten atoms with lower density of emitted Ne-.

Since molecules are synthesized by more than an atom, the production of the Ne* will be
higher due to the in- crease of the supplied ionization spots. Moreover, molecules have more
atoms to be captured and imaged. This is why the difference in size and brightness between
the two brightness levels (yellow and red regions) is related to the difference of the imaged
elements, which provide a proof for the suggested theory. A schematic diagram of this process
is proposed in Figure 4.
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Figure 4. A schematic diagram of the ionization process of Ne gas on the surface of
coated tungsten samples.

To simplify the detection and distinguishing method between the resin surface molecules
and tungsten surface atoms we use the brightness level of the imaging spots. since the molecules
are larger in size than atoms, the con- centration of ionized Ne atoms will be higher when
obtained at molecules providing brighter spots.

The second phase of the results were obtained at the voltage range 7.2 — 9.6 kV. At this
voltage range, the FIM images show only the atomic distribution of the tungsten surface through
the resin layer, which is clearly seen from the dull spots in Figure 5. The bright spots in this case
are smaller in size than the ones described in Figure 3, which means they describe tungsten
surface atoms but with more intense ionization process for the Ne gas.

Figure 5. The surface molecular (bright) and atomic (dark) distributions of ”coated”

polycrystalline tungsten nano tip as obtained from field ion emission microscopy at (a)
8.6 kV, (B) 9.0 kV, (C) 9.6 kV.

The third and last phase of the results were obtained at the voltage range 10.0 — 15.0 kV. the
FIM images (Figure 6) show new active resin surface regions to contribute in the Ne ionization
process. Again, the bright large spots are related to resin surface molecules, while the small
bright and dull spots are related to tungsten surface atoms. In addition to what mentioned before,
Figure 6(d-f) show blurred large bright spots, which are believed to be obtained for inner resin
surface molecules that were imaged by tunneling ionization process, where the Ne* were ionized
by losing their electrons when being tunneled to inner sur- face molecule, where the gradient in
brightness is related to the intensity of ionization of Ne gas.
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Figure 6. The surface molecular and atomic distributions of coated polycrystalline
tungsten nano tip as obtained from field ion emission microscopy at (a) 10.0 kV, (B) 11.6
kV, (C) 12.8 kV, (D) 14.0 kV, (E) 14.6 kV, (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* are created through tunneling currents. Ne electrons were charging
the resin molecules which in turn are 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 6(d-f).

Achieving more bright and concentrated emission spots in the case of imaging the resin
surface is related to the high concentration of the Ne gas ions in small areas within the resin surface
molecules, allowing to create large density of Ne* at these spots due 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 the vacuum level. The second is when applying an
external electrostatic field in the space between the two electrodes, the PEB shape will change
to be 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 thermal transfer from above of the
reduced SN-PEB [4]. This can help for higher density of Ne+ to be created at small spots,
and then being emitted at higher densities providing brighter spots on the imaging screen.

This theory is valid to explain the reason why the field ion emission process started at lower
voltages for the case of coated samples (at 5.0 kV) in comparison with case of uncoated
samples (at 7.2 kV). In addition to this, the coated regions of the coated samples were able
to operate at higher voltages (15.0 kV) when compared to the un- coated samples (12.0 kV).
This provides more evidence of the higher life time and durability of the coated samples. To
prove this result, atom probe tomography analysis was carried out at 15.0 kV for the coated
samples, and the results are discussed next in subsection.

Another possible explanation can be discussed within this context, since 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 so, the
impacted ions to the imaging screen.

3.2. Atom Probe Tomography Analysis
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The distribution and composition of the E-478 epoxy resin have been investigated using the
atom probe tomography (APT) technique (Figure7). APT can provide quantitative
information and exact positions of the resin molecules at grain boundaries; the results can
be obtained with the highest available spatial resolution. The APT measurements were
performed on the same instrument as the FIM measurements. The measurements were
carried out in voltage mode at a temperature of 75 K and pulse fractions of 5-15 kV with
evaporation rates 1-3%. Data evaluation was performed with Cameca’s TAP3D software.

+ a4
< : £ +4 4 7
i e Ty Y s +
- + " $
a gty o R Elenent
4 ‘. o y it
i o $ " " + & 4
O Y ) 1 AN A
2 . M, ",.-.:g-_‘ % £, i';_,_‘i\
s 3 e o PN © 2t . Mg
T Tt e R " T W 2l P *
oy N + ‘ ok Sl 4 + Si
&3 $ + - o +
i dy. e e AR T SR R YT
" + + + UL 4 + EY A
o AW ‘_- o W : + Al
FEadind J & P o
+ . 4 S T ¥ 3 4
s Yge” Sy 0L e Tt uan By tas AIH2
i + - . . -4
A F v Y - e + :
Le’ 3 s 3 Eay Pu Pt & o aAds :
PR Y Vet £V "o %4 b o O »
+ * - A " - & gy
. - Ty ¥ ] #3"_' 7 (1:‘ ')
4 a4 + Yy iy Y o e A
%t - NI Y 14, -
4y : : - + Jt 3.0 a1 Ll
s # R ¢4 % ERPIE IgRE 20 TN e
b T P Th A T i 4L NoS
+4 TRE e - + TRl P A 1
5 34 4 370 ; Sl 4 DA ?';:-‘-:,“,'q
" B by 4
i 2 ; £, e .l‘._‘ + T 3"' 4
& w43, 3 L i i3 J4da
- - 3.4 + % ol i+
‘d\ M ‘-u + 4 - A $ M +,
k. Yt 4 444 A , + 'y
s kT e z 44 4 2t 3 i
it ™ . 3 + "
: 'd y. 4 T + ¥
s 4t 4 ‘“ch + +5 ¥
b i:\ +4 e - ‘2
s Mg, - g+ 2
v - " ' ;.

Figure 7. Atom probe tomography analysis of tungsten-epoxy(E- 478) composite emitter.

The APT result shows that resin layer was not evaporated since none of the organic
compounds were detected as presented in Figure 7. However, the coated region was
detected by either the white regions (nothing was detected) or by evaporating the silicon
atoms from resin layer. This is evidence of the long-life time and durability of the metal-
insulator composite field emitters.

5. Conclusions

Within the context of this research, it has been proven that the composite sources
produces bright and concentrated emission spots. In both emission techniques (FEM and
FIM), these spots are characterized by higher emission densities than what can be achieved
from the emission process from a regular tungsten tips.

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

Moreover, the APT analysis provided strong evidence of the durability of the coated
samples, since the resin layer was not evaporated even at high voltages.
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