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ABSTRACT: This study provides comprehensive elemental,
optical, and energy gap characteristics of the E478 single-
component epoxy resin. This type of epoxy resin has imperative
applications in medium voltage insulation and cold field emission
of electrons. X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and hydrogen nuclear magnetic resonance (1H-
NMR) were used to study the elemental and structural analyses,
ultraviolet photoelectron spectroscopy (UPS) was used to obtain
the local work function and the ionization potential energies, and
ultraviolet/visible light spectroscopy (UV/VIS) was used to report the optical and energy gap characteristics of the epoxy resin being
studied. Moreover, the UPS and UV/VIS analyses were merged to obtain the electron affinity of the E478 epoxy resin and to study
the epoxy’s energy band diagram and the tungsten-epoxy interface band structure. The results showed that the E478 epoxy resin is
considered an n-type semiconductor of energy gap ∼3.94 eV, local work function ∼3.42 eV, ionization potential ∼6.10 eV, electron
affinity ∼2.16 eV, and tungsten-epoxy Schottky contact barrier height ∼2.50 eV.

■ INTRODUCTION
Epoxy resins are widely used in various applications thanks to
their advantageous properties, such as their chemical resistance
and mechanical properties.1−3 Among these applications, epoxy
resins have been applied as coating materials in studying the
cold-field emission of electrons. The coating layer acts like a
tunneling layer that separates the metal-vacuum interface.
Moreover, it protects the cathode surface from unwanted
environmental factors affecting the emission process, such as ion
bombardments on its surface.4,5

In general, epoxide functional groups (oxiranes) are three-
membered rings of two carbon atoms and an oxygen atom (C−
O− C). The ring is synthesized by the oxidation process of
unsaturated functional groups such as alkenes (e.g., oxidation of
ethylene or propylene). The general form of an epoxide group
structure is presented in Figure 1.6

Epoxy resins are highly viscous substances containing low
molecular weight prepolymers. The included prepolymers
contain reactive groups with more than one oxirane group.
Epoxy monomers are functional groups containing one oxirane
group that is used to build epoxy resins. In the global epoxy resin
manufacturing market, the most used epoxy resin as the base
component is the bisphenol A diglycidyl ether (DGEBA), which
presents 50−60% the base of single-component epoxy resins and
90% of the two-components epoxy resins.7,8

In chemistry, the curing process converts a lower molar-mass
polymer to another polymer of higher molar-mass.9 The curing
process of epoxy resins describes the reaction between the resin
and its curing agent when it is induced by an equivalent
activation method, such as heat. During this process, the high-
viscosity liquid is converted to a thermoset of a highly cross-
linked network. Thus, the term ”epoxy resin” describes a class of
thermosetting polymers.10,11

Epoxy adhesives have two forms, regular two-component
epoxy adhesives that include separated epoxy resin and curing
agent (hardener) and one-component (or one-part, single-
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Figure 1. Oxirane chemical structure (R is an organic functional
group).
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component) epoxy resins that include mixed resin and latent
curing agent. Various activation methods can be used to cure
one-component epoxy resins. Therefore, choosing a curing
agent depends on the selected activation method, activation
phenomena, and state of the curing agent (whether it is latent or
not). Check Figure 2 for more information regarding the curing
methods.7,12,13

Thixotropy is an important property of one-component epoxy
resin since mechanical stirring reduces its viscosity. However,
after removal of the mechanical stress, the resin will return to its
initial state. Thixotropic epoxy resins are easier to apply on
surfaces because they spread easily, allowing higher coverage
and deeper impregnation of the resin inside the target
material.14,15

Cold field electron (CFE) emission is a quantum mechanical
tunneling phenomenon. In this phenomenon, an intense
electrostatic field is applied between two electrodes separated
by a vacuum gap. The cathode is prepared as a micro/nano
single tip field emitter (STFE) or an array of STFEs known as
large area field emitters (LAFE). The applied electrostatic field
reduces the potential energy barrier at the surface of the cathode
apex, which allows cold electrons (electrons with low energy at
the Fermi level) to quantum mechanically tunnel through to
form an electron beam.16,17

As one of the single-component epoxy resin applications,
Mousa et al. applied thin layers of different epoxy resins to
tungsten STFEs. The coating layer acted as an additional
quantum barrier through which the emitted electrons needed to
tunnel through. The results showed unique switch-on behavior
(sudden emission currents of intense current densities) of the
emission process that depends on the thickness of the applied
layer, and the resulting electron beam was more concentrated,
higher in brightness, operating at lower threshold voltages,
having different energy distributions and different current−
voltage characteristics. However, the mechanism behind the
changes in the typical characteristics of a CFE process is still not
fully understood.18−23

In this article, we study the optical and electrical structure
characteristics of the Elantas epoxylite E478 single-component
epoxy resin (E478 for simplicity). This is important to provide a
new possible theory for the emission process from composite
metal−polymer electron sources. X-ray photoelectron spectros-
copy (XPS) was used to study the elemental analysis of the E478

epoxy resin, and the chemical bonds were checked by Raman
spectroscopy and hydrogen nuclear magnetic resonance (1H-
NMR). However, the chemical formula of this epoxy resin is not
publicly available. Thus, the results focused on basic elemental
analysis. The ionization potential energy (ψ), the local work
function (ϕ), and the edge of the highest occupied energy level
of the valence band (EHOMO) were determined from the
ultraviolet photoelectron spectroscopy (UPS). The optical
analysis and energy gap measurements were obtained using
ultraviolet/visible light spectroscopy (UV/VIS).Moreover, high
purity (99.99%) tungsten sheets were coated with a thin film of
the E478 epoxy resin to study the tungsten-E478 interface.
Finally, a new model describing the CFE and switch-on
phenomena from tungsten-E478 composite cathodes is
introduced.

■ MATERIALS AND METHODOLOGY
Materials. Elantas PDG epoxylite E-478 single-component

thixotropic epoxy VPI resin (E478) (produced by Elantas
Europe) is an industrial one-component epoxy adhesive used for
electrical insulation applications in the medium voltage range
(<7 kV). Moreover, thanks to its high chemical resistance, it is
used in coating applications for protecting surfaces in corrosive
environments. The thixotropic property of the E478 epoxy is
essential for film building and resin retention on the substrate
surface. Furthermore, vacuum impregnation is an even more
important property because it helps deeper resin penetration
within the surface topography.
According to the safety data sheet (SDS), E478 has

Poly(Bisphenol A-co-epichlorohydrin) as the prepolymer,
Neopentyl glycol diglycidyl ether as the epoxy diluent and the
source of the oxirane functional group, Polyglycol as a
thermosetting enhancement factor, and Trichloro(N,N-
dimethyloctylamine)boron as a catalyst to enhance the curing
process. The E478 epoxy resin can be cured in different
temperature−time curing conditions, such as 149 °C for 6 h or
169 °C for 4 h. The dielectric strength of this type of epoxy is
0.15 V/nm as provided in the product datasheet, where this
value was measured following the international designation:
D149. The relative permittivity of this epoxy has a value of 3.5 at
1 kHz-100 °C.
The E478 films were prepared by setting the curing

temperature at 149 °C for 6 h. The films had average thicknesses

Figure 2. Diagram presenting the single-component epoxy activation methods, phenomena, and related curing agents.
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of ∼120, 180, 130, and 170 μm. The films were left inside the
furnace for 2 h to cool down and prevent surface hairline cracks.
Because of the thixotropic nature of the E478 epoxy resin, the
films were prepared in silicon molds that were tilted by 45°,
which is necessary to prevent shrinking the epoxy resin during
the curing process, as seen in Figure 3.

To study the tungsten-E478 interface, high-purity (99.99%)
tungsten foil (produced by Goodfellow, Hamburg, Germany)
with a thickness of 0.2 mm was used as the substrate for the
epoxy films. The coating process was the same as that for the film
preparation.
Methodology. Elemental Analysis. The AXIS Supra X-ray

photoelectron spectrometer was used to obtain the XPS spectra.
To ensure the electrical conductivity for the scanned area for
XPS and UPS, conductive copper bars were used to connect the
scanned surface to the stage as presented in Figure 4. Moreover,
the XPS spectra of the scanned region showed no contribution
from the copper bars in the photoemission process.

In this study, the monochromatic source is the Al anode Kα
with an energy of 1486.6 eV. The spectra were achieved using an
emission current of 20 mA and collimation of a 110 um aperture.
The resolution for the wide spectra was set to 80 eV, and five
sweeps were performed for the wide scan. The charge neutralizer
was enabled with 0.45 A of filament current, 1.05 V of filament
bias, and 4.6 V of charge balance. The high-resolution spectrum
of C1swas obtained by setting the resolution of the scan to 20 eV,
and 10 sweeps were performed to smooth the obtained
spectrum.

Moreover, a WITec confocal Raman imaging system
alpha300 R (Anton paar co., Bratislava, Slovakia) was used to
study the Raman spectra from the prepared films. A green laser
with 532 and 578 nm excitation and central wavelengths was
used. The scanning power was 20 W, and 5 s integration time
accumulations were accomplished. Furthermore, the Spinsolve
60 benchtop NMR spectrometer (Magritek, Aachen, Germany)
was used to study the 1H-NMR for the uncured epoxy resin.

UPS. The UPS results were obtained from the same
instrumentation as the XPS, where 3 sweeps were performed
at 100 ms dwell time for each scan. The UPS analysis was
performed with HeI UV source of photon energy hν = 21.22 ±
0.12 eV.
From the UPS spectra, the secondary electron cutoff energy

ESECO for the emitted electrons was measured along with the
EHOMO and the edge of the Fermi level EF. The film surface was
etched by a 10 keV Ar500+ beam to ensure a clean measuring
spot without contamination. Thus, an average value for ϕ and ψ
was obtained using the following equations:23

= E E21.22 SECO F (1)

= + EHOMO (2)

UV/VIS. The ultraviolet−visible spectroscopy is used to
obtain the transmission and reflection of electromagnetic
radiation passing through the films, which are obtained in the
form of transmittance percentage T(λ)% and reflectance
percentage R(λ)% functions.
These results are then used to obtain the absorption

coefficient function α(λ) . For a film of thickness d, α value is
related to the true transmittance T = T(λ)%/100 and true
reflectance R = R(λ)%/100 through the following equation:24
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Tauc equation is used to obtain allowed/forbidden direct and
indirect optical transitions of electrons when the film is
subjected to a specific radiation. Assigning A0 as the band
tailing parameter (which is an energy independent constant), Egn
as transition-related optical energy gap and n as the transition
type indicator, Tauc equation can then be expressed as

=h A h E( ) ( )n
n0 g (4)

In eq 4, the values of the exponent n are assigned as n = 2 for an
allowed direct transition, n = 1/2 for an allowed indirect
transition, n = 2/3 for a forbidden direct transition, and n = 1/3
for a forbidden indirect transition. The direct energy gap is
related to opposite band edges located at the samemomentum k
value in the k-space, where the creation of an exciton is related to
a transition without changing the momentum of the transmitted
electron. The indirect energy gap is related to two adjacent band
edges in the k-space, where the generation or recombination
process is related to an electron−phonon interaction that is
necessary to conserve momentum and energy during the
interaction. Forbidden transitions are related to transitions
from/to delocalized energy states inside the energy gap, which
are related to defects in the energy band structure of the
amorphous epoxy resin.
Moreover, eq 4 presents the theoretical form of the so-called

Tauc plot (α hν)n vs hν, to determine the direct and indirect
energy gaps. The related energy gap is then obtained from the X-
axis intercept of the linear part from the obtained Tauc plot.

Figure 3. Schematic diagram explaining the E478 film preparation
method.

Figure 4. Region of interest for XPS and UPS analyses. The scanned
areas were chosen to have the best surface electrical conductivity and no
copper contribution in the photoemission of electrons.
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However, when the Tauc plot curve does not start from the x-
axis, the offset correction is considered, and the energy gap value
was measured at the intercept between the new offset line and
the fitted line.
Epoxy resins have an amorphous structure. The disorder of

their crystalline structure is related to another important
parameter that measures the defects in the energy band
structure and the corresponding delocalized energy states. In
the ρ-space (ρ is the density of states), the delocalized energy
states are presented as energy states located inside the energy
gap above the valence band and below the conduction band.
When the epoxy is irradiated by electromagnetic radiation, these
delocalized states present defects in the energy band structure
and are responsible for trapping electrons at the band edges
inside the band gap.
Urbach band tail energy EU is a parameter to study the effects

of energy band defects, and it can be measured from the first
Urbach empirical rule:24

=
i
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Applying the natural logarithm to both sides of eq 5 and
arranging the terms yield to obtain the following linearized
form:24
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From eq 6, the slope SU = d(ln(α))/d(hν)of the linear part of
the ln(α)vs hν plot is used to measure the band tail energy,
where EU = 1/SU. Moreover, the strength of the electron−
phonon interaction Ee−p is an important parameter to describe
the scattering and mobility of charge carriers in semiconducting
materials, where higher values of Ee−p are related to a higher
number of scattering and energy transfer events affecting the
mobility of the electrons within the structure of the material.
The Ee−p is measured using the second Urbach equation that
connects α to the temperature T́ of the film and the incident
photons energy hν:25,26
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The measurements of this study were all performed at room
temperature where T́ = 298 K andKB T́ = 25.7meV. Substituting
these values and applying the natural logarithm to both sides
yield the form:
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From eq 8, the electron−phonon interaction is measured from
the slope ŚU = d(ln(α))/d(hν) of the linear part of ln(α) vs hν
plot.
Moreover, comparing eq 6 to eq 8 yields the relation Ee−p =

25.96EU at room temperature. The connection between Ee−p and
EU shows that the electron−phonon interaction is related to the
defects of the energy bands, which can be seen in the form of an
effective mass change of the electron (or the charge carrier).
Furthermore, the real part of the relative permittivity (ϵr = n2 +

K2; n is the refractive index and K is the extinction coefficient),
and its imaginary part (ϵi = 2nK) of the E478 epoxy resin are
obtained after measuring K and n from the equations:27

=K
4 (9)
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In this study, a JASCO V-770 double-beam UV/VIS/NIR
Spectrophotometer from JASCO Corporation (Tokyo, Japan)
was used to obtain the T(λ)% and R(λ)% values. The instrument
is supplied with a deuterium and wolfram-halogen lamp, and the
tested wavelength range was 200−800 nm.

■ RESULTS AND DISCUSSION
Elemental Analysis. The XPS wide spectrum is presented

in Figure 5a. The spectrum was calibrated to a carbon peak at a
binding energy of 285.0 eV, consistent with the literature about
epoxy resins.28−30 The results show the existence of oxygen
(20.02%) and carbon (78.33%) as the main components of the
epoxy resin structure. Moreover, the existence of chlorine
(0.76%) as the termination agent,31,32 and silicon (0.90%) as the
networking agent.33,34 It is important to mention the absence of
copper in the spectrum (Cu2p3 is located at a binding energy of
932.7 eV35), reporting pure photoemission of electrons from the
scanned regions of interest.

Figure 5. XPS (a) wide spectrum, and (b) C1s high-resolution spectrum for the E478 single-component epoxy resin.
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The C1s high-resolution spectrum is presented in Figure 5(b).
The fitted peaks show the existence of the aromatic C�C
bonds, which have delocalized electrons within the benzene ring
structure.36 The aromatic rings play a significant role in the field
emission of electrons from metallic-organic composite field
emitters. In principle, the coating layer acts as an additional
potential energy barrier at the emitter apex surface when its
thickness is in the range of a few nanometers, such as in the case
of metallic-oxide composite emitters.
Moreover, when the coating layer is composed of a polymer

material of a thickness of tens of nanometers, the electrons
classically tunnel through the polymer layer (epoxy resin in our
study). According to Knaṕek et al.,23 this is possible because of
the creation of an electron vent (conduction channel)
connecting the metallic surface to the vacuum. The intense
electrostatic field passes through the epoxy layer, reorients the
electric dipoles, merges the oriented electric dipoles, forms
nanocapacitors, and finally the nanocapacitors merge forming
the electron vent. However, the nature and formation of these
nanocapacitors was not discussed in Knaṕek’s work.
In our theory, the existence of the aromatic rings including the

delocalized electrons within the epoxy structure is the source of
these nanocapacitors. From this point, the nanocapacitors are
referred to as molecular capacitors. Each aromatic ring stores
three π-delocalized electrons alternating between the six carbon
atoms, forming a molecular capacitor. Under the influence of an
external electrostatic field, which has the highest magnitude at

the apex of the emitter, the chemical bonds within the cured
epoxy structure are stretched and have different lengths,
frequencies, and electronic features.37 This allows a possible
connection between the aromatic rings (or even possible
destruction of the ring bonds), forming larger molecular
capacitors, and a higher probability for the stored electrons to
alternate between the joint rings through a possible broken C−
H or C−O bond. This assumption explains the switch-on
phenomenon, thermionic energy distribution, and the focused
electron beam of CFE from metallic-epoxy composites.4,23

Supporting the XPS analysis, the normalized Raman spectrum
was measured and is presented in Figure 6(a). The results are
equivalent to previously reported spectra for DGEBA epoxy
resin precursor after curing.38,39 The most important peaks for
this study are the peaks related to the aromatic rings located at
638 and 670 cm−1 for the aromatic out-plane C−H bond, 824
cm−1 for the aromatic substitutions, 1113 cm−1 for an aromatic
in-plane C−H bond, and 1609 cm−1 for the aromatic strong
stretching of the C�C bond. The intensity and area of the
highlighted peaks show the major content of the aromatic rings
within the epoxy structure.
These results support the XPS analysis and the assumption

that these aromatic rings are the source of the generated
molecular capacitors and electrons vent. For more discussion
about the other peaks check.38 Moreover, the 1H-NMR
spectrum is presented in Figure 6(b). The aromatic rings are
found clearly at 7 ± 0.2 ppm, and according to the SDS, the

Figure 6. Structural analysis of the E478 single-component epoxy resin presented by (a) Raman spectroscopy and (b) 1H-NMR spectroscopy.

Figure 7. UPS analyses for the (a) E478 epoxy resin and (b) tungsten foil.
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source of the aromatic rings is bisphenol A. The peaks at 3.2−4.4
ppm are related to the CH2 bonds in the neopentyl glycol
diglycidyl ether, polyglycol, and epichlorohydrin. The peaks at
2.4−3.0 ppm are related to the oxirane groups in the neopentyl
glycol diglycidyl ether and the epichlorohydrin. Finally, the peak
at 1.6 ppm is related to the CH3 in the Bisphenol A. This shows
high consistency with the XPS and Raman results about the
existence and the source of the aromatic rings, which is mainly
from the cured epoxy resin structure.40−44

These results are important to understand the chemical
resistance of the E478 single-component epoxy resin for possible
future applications in electrochemical scanning tunneling
microscopy (EC-STM) to study the chemical reactions at the
metal-liquid interface. The planned EC-STM will be prepared
from tungsten-E478 composite nanotips with a controlled clean
apex size.

UPS Analysis. The obtained results from the UPS analysis
are important to understand the charge carrier impregnation
from themetallic surface to the resin coating layer of a composite
field emitter. Moreover, it is essential to obtain accurate CFE
analysis results.
According to the E478 epoxy resin UPS spectrum in Figure

7(a), ESECO = 17.25 eV, EF = 0.55 eV, and EHOMO = 2.68 eV.
Substituting these into eqs 1 and 2 provides ϕE478 = 3.42 eV and
ψE478 = 6.1 eV. Moreover, the tungsten (W) UPS spectrum is
presented in Figure 7(b), where ESECO = 16.56 eV and EF = 0 eV,
providing ϕW = 4.66 eV. Aligning the Fermi level of both
materials provides a difference in the vacuum level of 1.24 eV.
To complete the energy diagram for the E478 epoxy resin and
tungsten-E478 interface, UV/VIS spectroscopy was followed to
measure the energy gap and its characteristics, which was then
combined with the UPS analysis to study the possible excitation
energies.

Figure 8. UV/VIS analyses for the E478 epoxy resin. Presented results include (a) transmittance, (b) reflectance, (c) absorption coefficient, (d)
Urbach plot, (e) extinction coefficient, and (f) refractive index.
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UV/VIS Analysis. The optical characteristics of the E478
epoxy resin are presented in Figure 8. T and R (Figure 8(a and
b)) were substituted into eq 3 to obtain the function α(λ), which
is presented in Figure 8(c). Applying the natural logarithm to α,
the linear part of the ln(α) vs hν curve was detected at the near
UV region of photon energy 3.1−3.7 eV, as presented in Figure
8(d). Analyzing the linear parts for the four films provides
Urbach tailing energies of EU ≈ 0.44, 0.39, 0.41, and 0.40 eV,
with an average value of 0.42 eV. Moreover, the electron−
phonon interaction had the values of Ee−p ≈ 11.42, 10.12, 10.64,
and 10.38 eV, with an average value of 10.90 eV. The extinction
coefficient and the refractive index of the E478 epoxy resin were
then measured from α and R, and the results are presented in

Figure 8(e and f). K and n values were then used to obtain the
real and imaginary parts of the relative permittivity (Figure 9(a
and b)). Three peaks were detected at the following (hν, ϵr)
coordinate points: (4.34 eV, 3.1), (5.19 eV, 3.8), and (6.02 eV,
4.4).
Furthermore, the Tauc plots of the allowed/forbidden direct/

indirect transitions are presented in Figure 10. The allowed
direct energy gap values for the four films were measured from
the curves in Figure 10(a) and had values of AEgdir = 3.84, 4.06,
3.91, and 4.03 eV, with an average value of 3.94 eV. Moreover,
the allowed indirect energy gap values were measured from the
curves in Figure 10(b) and had values of AEgindir = 3.53, 3.58, 3.54,
and 3.59 eV, with an average value of 3.54 eV.

Figure 9. Relative permittivity of the E478 epoxy resin presented by its (a) real part and (b) imaginary part.

Figure 10. Allowed direct and indirect electron transition in the E478 epoxy resin presented by the (a) allowed direct Tauc plot, (b) allowed indirect
Tauc plot, (c) allowed direct and indirect transitions in the momentum-space energy diagram, and (d) Urbach tailing in the density of states-energy
diagram.
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Besides, the forbidden direct energy gap values were reported
from the curves in Figure 10(c) and had the values of FEgdir =
3.61, 3.62, 3.60, and 3.62 eV, with an average value of 3.61 eV.
Furthermore, the forbidden indirect energy gap values (Figure
10(d)) reported the values of FEgindir = 3.47, 3.51, 3.48, and 3.50
eV, with an average value of 3.49 eV.
Combining the results obtained from UPS and UV/VIS

analyses, the lowest unoccupied molecular orbital ELUMO (or the
bottom of the conduction band) was measured 1.26 eV above
the Fermi level of the E478 epoxy resin. Thus, the electron
affinity χwas reported to be 2.16 eV. A summary of the obtained
excitation energies from UPS and UV/VIS is presented in Table
1.
On top of that, combining the data presented in Table 1 and

the UPS results of the tungsten provides the energy band
diagram for the tungsten-E478 epoxy resin composite electron
source. The epoxy resin was considered an n-type semi-
conductor because its Fermi level is closer to that of the
LUMO. Before the tungsten and the epoxy were in contact, the
energies were aligned to the UPS spectrometer Fermi level, and
the energy band diagram of this case is presented in Figure

11(a). In this case, the Fermi level difference between tungsten
and the epoxy resin was 0.55 eV.
After the sample was in thermal nonequilibrium contact, the

energies were aligned to the tungsten vacuum level. The results
are presented in Figure 11(b), and the difference in Fermi levels
was increased to 1.44 eV. Moreover, after being in thermal
equilibrium contact (Figure 11(c)), the Fermi levels were
aligned to the tungsten Fermi level, reporting a Schottky barrier
of height ϕB = 2.50 eV, and a difference in vacuum levels of 1.24
eV. Moreover, the Urbach tailing energy at a very low density of
states indicates a large reduction in the energy gap value (3.94−
0.42 eV) because of the defects and delocalized energy levels of
the LUMO and HOMO (check Figure 11(d)). This is an
important point because during the emission process electrons
are impregnated inside the epoxy structure from tungsten. The
impregnated electrons are then stored inside the formed
molecular capacitors (as discussed in the XPS results).
The results were approved by coating a tungsten foil with an

epoxy resin. The layer thickness was 0.095 mm, and the
Kubelka−Munk function F = (1 − R)2/2R was used to obtain
the related UV/VIS Tauc plot ((Fhν)2 vs hν in this case). The

Table 1. Summary of the Excitation Energies As Obtained from the UPS (Figure7) and UV/VIS (Figure 10) Analyses of the E478
Epoxy Resina

ϕ ψ AEgdir AEgindir FEgdir FEgindir EHOMO ELUMO χ
3.42 6.10 3.94 3.61 3.54 3.49 −2.68 +1.26 2.16

aAll energies are measured in eV.

Figure 11. Energy diagram for a tungsten-E478 epoxy resin composite electron source shows the energy band alignment when the tungsten and the
epoxy resin are (a) not in contact, (b) at thermal nonequilibrium contact, and (c) at thermal equilibrium contact. Moreover, (d) the Urbach tailing for
the epoxy resin shows defects in the energy bands due to the amorphous structure and the impurities in the epoxy resin.
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obtained Tauc plot is presented in Figure 12(a), showing three
edges corresponding to energies of 2.32, 3.26, and 4.04 eV.
Comparing the obtained edges with the energy diagram in
Figure 11(c) shows that the edge of: 2.32 eV is related to an
excited electron from the tungsten Fermi level to the epoxy
LUMO, and 4.02 eV is for an electron excited from the epoxy
HOMO to its LUMO. However, the 3.26 eV photon energy was
for a photon emitted from an electron that occupied the free
hole in the epoxy HOMO from the tungsten Fermi level,
trapping electrons in the epoxy conduction band. The three
possible electron transitions are listed in Figure 12(b).
This helps to increase the electron’s occupation within the

epoxy structure, reducing the density of unoccupied energy
states and the energy gap. When the density of states is low
enough, the switch-on phenomenon occurs, causing a sudden
high emitted electrical current density. Furthermore, The
enhancement in the external electrostatic field has its maximum
at the apex of the emitter. Thus, the generated electron vent
forms a conductive microchannel that allows the electrons to
“classically/thermally” tunnel through the insulating layer to the
vacuum. Besides, the electron vent is conductive, which caused
the loss of the insulating characteristics of this part of epoxy resin
gaining conductive characteristics that form an additional
potential energy barrier at the vent crater, which works as an
induced convergence electrical lens. This forms a triple regime
field emission process that includes cold field emission at the
tungsten-epoxy interface (impregnation of electrons from
tungsten to epoxy), thermal transport of the electrons through
the epoxy layer, and thermally assisted field emission of a
condensed electron beam at the crater-vacuum interface.

■ CONCLUSION
This study provides a comprehensive analysis of the E478 single-
component epoxy resin. The XPS provided a brief elemental
analysis for the studied epoxy, showing that it is mainly
composed of carbon, oxygen, chlorine, and silicon. The carbon
high-resolution peak showed a high contribution of the organic
aromatic rings in the epoxy structure, which was connected to
the creation of the molecular capacitors when the epoxy is
subjected to an intense external electrostatic field. Moreover, the
XPS results were supported by Raman and hydrogen nuclear
magnetic resonance spectroscopy, showing the major contribu-
tion of the aromatic rings in the cured epoxy structure.
The UV/VIS analysis provided optical and energy gap

characteristics. The results showed that the E478 epoxy resin

is considered a high-order semiconductor with an average
energy gap of 3.95 eV, Urbach tailing of 0.42 eV, and electron−
phonon interaction of 10.9 eV. TheUPS analysis reported a local
work function of 3.42 eV and an ionization potential of 6.1 eV.
Moreover, UV/VIS analysis was combined with the UPS
analysis to report the electron affinity of the E478 epoxy resin, to
study its energy band diagram, and the energy band diagram of
the tungsten-epoxy interface.
The results of this study are important to understand the cold

field emission regime of composite metallic-(organic insulator)
electron sources (tungsten-epoxy in this study). Moreover, the
elemental and structural analyses are important to understand
the high chemical resistance of the E478 single-component
epoxy resin, which is important in several applications. The
results will be used for future studies to study the cold field
emission characteristics from tungsten-E478 electron sources,
with possible applications in X-ray generation from liquid metals
for computed tomography, electrochemical scanning tunneling
microscopy, biosensing applications, and the generation of
focused and stable electron beams for linear accelerators and
electron beam therapy.

■ AUTHOR INFORMATION
Corresponding Author

Mohammad M. Allaham − Central European Institute of
Technology, Brno University of Technology, Brno 612 00, the
Czech Republic; Institute of Scientific Instruments of Czech
Academy of Sciences, Brno 612 64, the Czech Republic;
Department of Physics, Faculty of Electrical Engineering and
Communication, Brno University of Technology, Brno 61600,
the Czech Republic; orcid.org/0000-0002-4931-0419;
Email: allaham@vutbr.cz

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c04052

Notes
The author declares no competing financial interest.

■ ACKNOWLEDGMENTS
The research described in the paper was financially supported by
the Internal Grant Agency of the Brno University of
Technology, grant number CEITEC VUT/FEKT-J-24-8567.
The described research was supported by the Czech Technology
Agency (FW03010504). I also acknowledge the Czech

Figure 12. UV/VIS analysis for a tungsten foil coated with E478 epoxy resin.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04052
ACS Omega 2024, 9, 30975−30985

30983

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+M.+Allaham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4931-0419
mailto:allaham@vutbr.cz
https://pubs.acs.org/doi/10.1021/acsomega.4c04052?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04052?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04052?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04052?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04052?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Academy of Sciences (RVO:68081731). CzechNanoLab
project LM2018110 funded by MEYS CR is gratefully
acknowledged for the financial support of the measurements/
sample fabrication at CEITEC Nano Research Infrastructure.
The author acknowledges Dinara Sobola (Brno University of
Technology, Brno, the Czech Republic) for discussing the
elemental and structural analysis, Alexandr Knápek for providing
the E478 epoxy resin (Institute of Scientific Instruments of the
Czech Academy of Sciences), and Marwan S. Mousa (Jadara
University, Irbid, Jordan) for discussing the cold field emission
characteristics of tungsten-epoxy composite electron sources.

■ REFERENCES
(1) Mohan, P. A Critical Review: The Modification, Properties, and
Applications of Epoxy Resins. Polym.-Plast. Technol. Eng. 2013, 52,
107−125.
(2) Dallaev, R.; Pisarenko, T.; Papez,̌ N.; Sadovsky,́ P.; Holcman, V. A
Brief Overview on Epoxies in Electronics: Properties, Applications, and
Modifications. Polymers 2023, 15, 3964.
(3) Alsoud, A.; Daradkeh, S. I.; Al-Bashaish, S. R.; Shaheen, A. A.;
Jaber, A. M. D. A.; Abuamr, A.M.; Mousa, M. S.; Holcman, V. Electrical
Characterization of Epoxy Nanocomposite under High DC Voltage.
Polymers 2024, 16, 963.
(4) Latham, R. V.; Mousa, M. S. Hot electron emission from
composite metal-insulator micropoint cathodes. J. Phys. D: Appl. Phys.
1986, 19, 699.
(5) Knápek, A.; Allaham, M. M.; Burda, D.; Sobola, D.; Drozd, M.;
Horác ̌ek, M. Explanation of the quasi-harmonic field emission
behaviour observed on epoxy-coated polymer graphite cathodes.
Materials Today Communications 2023, 34, 105270.
(6)Meng, Y.; Taddeo, F.; Aguilera, A. F.; Cai, X.; Russo, V.; Tolvanen,
P.; Leveneur, S. The Lord of the Chemical Rings: Catalytic Synthesis of
Important Industrial Epoxide Compounds. Catalysts 2021, 11, 765.
(7) One-part epoxy resin. Three Bond Technical News; Three Bond
Co.: Tokyo, 1987.
(8) Shundo, A.; Yamamoto, S.; Tanaka, K. Network Formation and
Physical Properties of Epoxy Resins for Future Practical Applications.
JACS Au 2022, 2, 1522−1542.
(9) Horie, K.; Barón, M.; Fox, R. B.; He, J.; Hess, M.; Kahovec, J.;
Kitayama, T.; Kubisa, P.; Maréchal, E.; Mormann, W.; Stepto, R. F. T.;
Tabak, D.; Vohlídal, J.; Wilks, E. S.; Work, W. J. Definitions of terms
relating to reactions of polymers and to functional polymeric materials
(IUPAC Recommendations 2003). Pure Appl. Chem. 2004, 76, 889−
906.
(10) Sastri, V. R. In Plastics in Medical Devices, third ed.; Sastri, V. R.,
Ed.; Plastics Design Library; William Andrew Publishing, 2022; pp 41−
64.
(11) Jin, F.-L.; Li, X.; Park, S.-J. Synthesis and application of epoxy
resins: A review. Journal of Industrial and Engineering Chemistry 2015,
29, 1−11.
(12) Unruh, D. A.; Pastine, S. J.; Moreton, J. C.; Fréchet, J. M. J.
Thermally Activated, Single Component Epoxy Systems. Macro-
molecules 2011, 44, 6318−6325.
(13) George, N.; Bindu Sharmila, T.; Kurian, T. Preparation of a one-
component epoxy adhesive using PET bottle waste derived terephthalic
dihydrazide as latent curing agent. Int. J. Adhes. Adhes. 2020, 98,
102524.
(14) Liu, F.; Yu, W.; Wang, Y.; Shang, R.; Zheng, Q. Curing kinetics
and thixotropic properties of epoxy resin composites with different
kinds of fillers. Journal of Materials Research and Technology 2022, 18,
2125−2139.
(15) Conroy, J. J.; Goodrich, D. W. Single-component thixotropic
epoxy resin system for wet winding applications. In 1983 EIC 6th
Electrical/Electronical Insulation Conference; IEEE, 1983; pp 119−121.
(16) Allaham,M.M.; Forbes, R. G.; Knápek, A.; Sobola, D.; Burda, D.;
Sedlák, P.; Mousa, M. S. Interpretation of field emission current-voltage
data: Background theory and detailed simulation testing of a user-
friendly webtool. Materials Today Communications 2022, 31, 103654.

(17) Madanat, M.; Al Share, M.; Allaham, M. M.; Mousa, M. S.
Information extraction from Murphy-Good plots of tungsten field
electron emitters. J. Vac. Sci. Technol. B 2021, 39, 024001.
(18) Fawaeer, S. H.; Shatnawi, M. T. M.; Allaham, M. M.; Mousa, M.
S. Influence of Polystyrene Layer on the Field Electron Emission
Performance of Nano-Apex Carbon Fibre Emitters. Advances in
Materials and Processing Technologies 2022, 8, 2652−2671.
(19) Almarsi, A. M.; Hagmann, M. J.; Mousa, M. S. Enhanced Field
Electron Emission from Dielectric Coated Highly Emissive Carbon
Fibers. Applied Microscopy 2017, 47, 55−62.
(20) AL-Qudah, A. A.; Mousa, M. S.; Fischer, A. Effect of insulating
layer on the Field Electron Emission Performance of Nano-Apex
Metallic Emitters. IOP Conference Series: Materials Science and
Engineering 2015, 92, 012021.
(21) Mousa, M.; Kelly, T. Stabilization of carbon-fiber cold field-
emission cathodes with a dielectric coating. Ultramicroscopy 2003, 95,
125−130.
(22) Latham, R. V.; Mousa, M. S. Hot electron emission from
composite metal-insulator micropoint cathodes. J. Phys. D: Appl. Phys.
1986, 19, 699.
(23) Knápek, A.; Allaham, M. M.; Burda, D.; Sobola, D.; Drozd, M.;
Horác ̌ek, M. Explanation of the quasi-harmonic field emission
behaviour observed on epoxy-coated polymer graphite cathodes.
Materials Today Communications 2023, 34, 105270.
(24) Allaham, M.; Dallaev, R.; Burda, D.; Sobola, D.; Nebojsa, A.;
Knápek, A.; Mousa, M. S.; Kolarí̌k, V. Energy gap measurements based
on enhanced absorption coefficient calculation from transmittance and
reflectance raw data. Phys. Scr. 2024, 99, 025952.
(25) Hassanien, A.; Akl, A. A. Effect of Se addition on optical and
electrical properties of chalcogenide CdSSe thin films. Superlattices
Microstruct. 2016, 89, 153−169.
(26) Zhu, J.; Xia, Y.; Li, G.; Zhou, S.; Wimmer, S.; Springholz, G.;
Pashkin, A.; Helm, M.; Schneider, H. Absorption edge, urbach tail, and
electron-phonon interactions in topological insulator Bi2Se3 and band
insulator (Bi0.89In0.11)2Se3. Appl. Phys. Lett. 2019, 114, 162105.
(27) Khamis, F.; Degig, N. M.; Allaham, M. M.; Mousa, M. S. Effect of
doping with cobalt on the structure and optical properties of zinc oxide
thin films prepared by sol-gel method. Phys. Scr. 2024, 99, 035008.
(28) Greczynski, G.; Hultman, L. Compromising Science by Ignorant
Instrument CalibrationNeed to Revisit Half a Century of Published
XPS Data. Angew. Chem., Int. Ed. 2020, 59, 5002−5006.
(29) An Introduction to Surface Analysis by XPS and AES; JohnWiley &
Sons, Ltd., 2003; Chapter 3, pp 59−77.
(30) Afzal, A.; Siddiqi, H. M.; Saeed, S.; Ahmad, Z. Exploring resin
viscosity effects in solventless processing of nano-SiO2/epoxy polymer
hybrids. RSC Adv. 2013, 3, 3885−3892.
(31) Yuan, S.; Gu, J.; Zheng, Y.; Jiang, W.; Liang, B.; Pehkonen, S. O.
Purification of phenol-contaminated water by adsorption with
quaternized poly(dimethylaminopropyl methacrylamide)-grafted
PVBC microspheres. J. Mater. Chem. A 2015, 3, 4620−4636.
(32) Lannon, J. M.; Meng, Q. Analysis of a Filled Poly(vinyl chloride)
Polymer by XPS. Surface Science Spectra 1999, 6, 131−136.
(33) Shundo, A.; Yamamoto, S.; Tanaka, K. Network Formation and
Physical Properties of Epoxy Resins for Future Practical Applications.
JACS Au 2022, 2, 1522−1542.
(34) Park, S.-J.; Jin, F.-L.; Lee, J.-R. Synthesis and characterization of a
novel silicon-containing epoxy resin. Macromol. Res. 2005, 13, 8−13.
(35) Biesinger, M. C. Advanced analysis of copper X-ray photo-
electron spectra. Surf. Interface Anal. 2017, 49, 1325−1334.
(36) Ahrens, A.; Bonde, A.; Sun, H.;Wittig, N. K.; Hammershøj, H. C.
D.; Batista, G. M. F.; Sommerfeldt, A.; Frølich, S.; Birkedal, H.;
Skrydstrup, T. Catalytic disconnection of C-O bonds in epoxy resins
and composites. Nature 2023, 617, 730−737.
(37) Stuyver, T.; Danovich, D.; Joy, J.; Shaik, S. External electric field
effects on chemical structure and reactivity. WIREs Computational
Molecular Science 2020, 10, e1438.
(38) Andrade, J. E. d.; Machado, R.; Macedo, M. A.; Cunha, F. G. C.
AFM and XRD characterization of silver nanoparticles films deposited

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04052
ACS Omega 2024, 9, 30975−30985

30984

https://doi.org/10.1080/03602559.2012.727057
https://doi.org/10.1080/03602559.2012.727057
https://doi.org/10.3390/polym15193964
https://doi.org/10.3390/polym15193964
https://doi.org/10.3390/polym15193964
https://doi.org/10.3390/polym16070963
https://doi.org/10.3390/polym16070963
https://doi.org/10.1088/0022-3727/19/4/021
https://doi.org/10.1088/0022-3727/19/4/021
https://doi.org/10.1016/j.mtcomm.2022.105270
https://doi.org/10.1016/j.mtcomm.2022.105270
https://doi.org/10.3390/catal11070765
https://doi.org/10.3390/catal11070765
https://doi.org/10.1021/jacsau.2c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.2c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1351/pac200476040889
https://doi.org/10.1351/pac200476040889
https://doi.org/10.1351/pac200476040889
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1021/ma200673v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijadhadh.2019.102524
https://doi.org/10.1016/j.ijadhadh.2019.102524
https://doi.org/10.1016/j.ijadhadh.2019.102524
https://doi.org/10.1016/j.jmrt.2022.03.102
https://doi.org/10.1016/j.jmrt.2022.03.102
https://doi.org/10.1016/j.jmrt.2022.03.102
https://doi.org/10.1109/EEIC.1983.7465047
https://doi.org/10.1109/EEIC.1983.7465047
https://doi.org/10.1016/j.mtcomm.2022.103654
https://doi.org/10.1016/j.mtcomm.2022.103654
https://doi.org/10.1016/j.mtcomm.2022.103654
https://doi.org/10.1116/6.0000803
https://doi.org/10.1116/6.0000803
https://doi.org/10.1080/2374068X.2021.1938886
https://doi.org/10.1080/2374068X.2021.1938886
https://doi.org/10.9729/AM.2017.47.1.55
https://doi.org/10.9729/AM.2017.47.1.55
https://doi.org/10.9729/AM.2017.47.1.55
https://doi.org/10.1088/1757-899X/92/1/012021
https://doi.org/10.1088/1757-899X/92/1/012021
https://doi.org/10.1088/1757-899X/92/1/012021
https://doi.org/10.1016/S0304-3991(02)00307-8
https://doi.org/10.1016/S0304-3991(02)00307-8
https://doi.org/10.1088/0022-3727/19/4/021
https://doi.org/10.1088/0022-3727/19/4/021
https://doi.org/10.1016/j.mtcomm.2022.105270
https://doi.org/10.1016/j.mtcomm.2022.105270
https://doi.org/10.1088/1402-4896/ad1cb8
https://doi.org/10.1088/1402-4896/ad1cb8
https://doi.org/10.1088/1402-4896/ad1cb8
https://doi.org/10.1016/j.spmi.2015.10.044
https://doi.org/10.1016/j.spmi.2015.10.044
https://doi.org/10.1063/1.5080790
https://doi.org/10.1063/1.5080790
https://doi.org/10.1063/1.5080790
https://doi.org/10.1088/1402-4896/ad22c0
https://doi.org/10.1088/1402-4896/ad22c0
https://doi.org/10.1088/1402-4896/ad22c0
https://doi.org/10.1002/anie.201916000
https://doi.org/10.1002/anie.201916000
https://doi.org/10.1002/anie.201916000
https://doi.org/10.1039/c3ra21150a
https://doi.org/10.1039/c3ra21150a
https://doi.org/10.1039/c3ra21150a
https://doi.org/10.1039/C4TA06363E
https://doi.org/10.1039/C4TA06363E
https://doi.org/10.1039/C4TA06363E
https://doi.org/10.1116/1.1247915
https://doi.org/10.1116/1.1247915
https://doi.org/10.1021/jacsau.2c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.2c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF03219009
https://doi.org/10.1007/BF03219009
https://doi.org/10.1002/sia.6239
https://doi.org/10.1002/sia.6239
https://doi.org/10.1038/s41586-023-05944-6
https://doi.org/10.1038/s41586-023-05944-6
https://doi.org/10.1002/wcms.1438
https://doi.org/10.1002/wcms.1438
https://doi.org/10.1590/S0104-14282013005000009
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


on the surface of DGEBA epoxy resin by ion sputtering. Poliḿeros 2013,
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