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The graphene-insulator-semiconductor-structured electron source has garnered significant attention due to
its high electron emission efficiency and highly monochromatic electron emission. Graphene, with its c-axis
orientation and well-defined interlayer spacing, exhibits electron interference effects that can influence the
properties of emitted electrons. In this work, motion of an electron wave packet is numerically calculated to
discuss the energy spread of the zero-order and first-order diffracted electron waves by mono- and multilayer
graphene. It is found that the effects of multiple reflections of electron between the layers broaden the energy
spread especially for the incident energy of 13.4 eV, and that highly monochromatic electron emission can be
achieved by using diffracted electron wave with a small aperture.

keywords: Graphene, GIS electron source, Simulation

1 Introduction

A planer-type electron source offers several advan-
tages, such as low operating voltage, operation in
low vacuum [1, 2], and a small divergence an-
gle of emitted electrons [3]. A planer-type elec-
tron source typically consists of three stacked lay-
ers, i.e. metal/insulator/metal (MIM) [1, 2, 4] or
metal /insulator /semiconductor (MIS) [5, 6, 7, 8.
The thicknesses of the top and insulator layers are
typically 3 nm and 10 nm, respectively. When a neg-
ative bias voltage (~ —10 V) is applied to the top
layer relative to the substrate, the Fowler-Nordheim
(FN) tunneling [9, 10] occurs. The tunneling elec-
trons are then accelerated toward the top layer by
the high electric field in the insulator. Electrons with
an energy of ~ 10 eV, incident vertically on the top
layer, pass through it and are emitted into the vac-
uum if their energy exceeds the work function of the
top layer material.

A high emission efficiency of 48.5% [11, 12, 13,
14] has been achieved using a graphene-insulator-
semiconductor (GIS)-structured electron source,
which is more than four orders of magnitude greater
than that of conventional MIM and MIS devices.
Additionally, highly monochromatic electron emis-
sion has been reported by using hexagonal boron
nitride (A-BN) as the insulator layer in the GIS elec-
tron source [15]. The energy spread of the emitted
electron beam from the graphene/h-BN/n-Si elec-

tron source is 0.18 eV, which is smaller than that
from cold-field-emission cathodes [16]. The authors
attribute these excellent properties to the suppres-
sion of inelastic scattering in both the topmost and
insulator layers.

The graphene deposited on the insulator is ori-
ented along the c-axis [17], exhibiting a distinct in-
terlayer spacing. These characteristics may signifi-
cantly influence the properties of the emitted elec-
tron beams. The energy-filtering effect due to mul-
tiple reflections of graphene layers, along with the
diffraction characteristics of electron waves at the
graphene, could potentially enhance the monochro-
maticity of the emitted electrons. This discussion,
however, is absent from the current literature. The
aim of this work is to propose a novel method to
achieve highly monochromatic electron emission by
utilizing the effects of multiple reflections or diffrac-
tion at graphene. To investigate these effects, the
motion of an electron wave packet with an en-
ergy of several tens of eV, incident vertically on
the graphene, is simulated. In this work, the elec-
tron transmission properties of single and several-
layer graphene are calculated to discuss the prop-
erties of electron emitted from GIS-structured elec-
tron source. Such a simplification should be allowed
because the scattering and diffraction processes at
the topmost graphene layer contribute most signifi-
cantly to the property of electron emitted from GIS-
structured electron source. Since this work focuses



Figure 1: (a)Monolayer graphene structure. a; and ag are primitive lattice vectors. a = |a1| = |az| = 2.46
A is the lattice constant. The A- and B-layers in the conventional unit cell for multi-layer graphene that
is adopted in the present simulation are also shown. (b)The reciprocal lattice of monolayer graphene. by
and by are primitive reciprocal lattice vectors. (c)3D reciprocal structure of monolayer graphene with Bragg

scattering rods.

on highly monochromatic electron emission from
GIS-structured electron source, detailed aspects of
graphene-electron interactions, such as the incident
angle dependence, twisted structures, and scattering
intensity, are not discussed[18, 19, 20]. The results
show that the monochromaticity of the emitted elec-
trons improves by exploiting electron diffraction at
graphene.

2 Simulation Method

Figure 1(a) shows the crystal structure of mono-
layer graphene. In the hexagonal lattice of mono-
layer graphene, the primitive lattice vectors a; and
as are given by

V3a a 3a a
= (— — = (—\ —— ]_
ai ( ) 7250)7 as ( 9 270)? ()
where a = |a1| = |as| = 2.46 A is the lattice con-

stant [17, 21, 22]. The primitive reciprocal lattice
vectors b; and by are

27 2w 27 27
by (\/ga’ ” ,0), by (\/ga’ . 0
The reciprocal lattice is also hexagonal [23, 24]. Fig-
ures 1(b) and (c) depict the reciprocal lattice. The
reciprocal lattice structure consists of infinite rods
extending along k., as the monolayer graphene lat-
tice is a two-dimensional plane perpendicular to 2
[25, 26, 27]. The Bragg scattering rods are spaced
by |b1| = |ba| = % =295 A1,

The first-order reciprocal lattice vectors are de-
fined as

4 4
= —_(%1,0,0) or
g1 \/ga( ) \/ga

The magnitude of g; is the same as the primitive
reciprocal lattice vectors by and ba, i.e. |g;| = |b1| =

(£1/2,4V3/2,0). (3)

|ba| = 2.95 A™'. The electron energy corresponding
to gy is
2
E. - h2|91’
g1 ™m

=33.14 eV, (4)

where / is the Dirac’s constant and m is the elec-
tron mass. First-order diffraction occurs when an
electron with energy greater than 33.14eV passes
through the graphene with momentum along the z
direction. The first-order diffracted electron has a
momentum component perpendicular to the z di-
rection, with a velocity of vy, = hg;/m.

In this work, the multilayer graphene is assumed
to be ABA stacked, as the ABA-stacked configura-
tion is generally more stable than other graphene
structures [28, 29]. The distance between the
graphene layers is 3.35 A. The A- and B-layers in the
conventional unit cell used in the numerical calcula-
tion in the following section are shown in Fig. 1(a)
in the same z-y plane. In ABA-stacked multilayer
graphene, the primitive lattice vector in the 2 direc-
tion is a3 = (0,0,¢), where ¢ = 6.7 A [30]. The
corresponding primitive reciprocal lattice vector is
by = 25(0,0,1), with [bs] = 2% = 0.938 A™".

Figure 2 shows an illustration of the three-
dimensional space used in the present simulation.
The boundary conditions of the unit cell, with
lengths L, and L,, are assumed to be periodic. The
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Figure 2: Illustration of three-dimensional space
used in the simulation. The unit cell in the z-y plane
is defined as L, x L,, and is assumed to be periodic.
The graphene is illustrated as ABA-stacked three-
layer one, although the simulation is performed not
only for three-layer one but also single or multi-layer
one other than three-layer.

length in the z direction is L,. Complex absorbing

potentials (CAPs) [31, 32, 33] are placed at both
boundaries in the z direction.

The initial Gaussian wave packet is assumed to be

1 2 \T ikoe— G

) G

o= LI, (mg

where «q is related to the wave-packet size, zg is
the center of the Gaussian function, kg = /2m#FEy/h
is the wavenumber of the incident electron, m is
the electron mass, and Ej is the electron energy of
the plane wave. The electron wave packet initially
propagates in the +z direction. The wave func-
tion is evolved from the initial one by solving the
Schrodinger equation. The graphene potential V()
is obtained using the Thomas-Fermi approximation
and the screened Coulomb potential, with the elec-
tron density in graphene calculated by density func-
tional theory [34]. In the numerical simulation, the
time evolution of the wave packet is calculated by

iH“)wnw (6)

Y(r,t+ At) = exp (—

The wave function ¢ (r,t) is transformed from the
time domain into energy space as

B(r, E) = 217T/¢(r,t)ei?dt. (7)

Using the energy-space wave function, the trans-
mission coefficients is calculated as follows [35]. If
Eg, < E < Eg,, the transmitted plane wave can be
written as

d(r, E) = Tge™ + Z TEgleigl'peikglﬁ, (8)
g1

where Tg and Tgg, are the transmission coefficients
of the zero-order and first-order diffracted waves, re-
spectively. The calculation plane perpendicular to
the z axis is placed at a position posterior to the
graphene. The Fourier transform of ®(r, E), per-
formed over the calculation plane, yields Ty and
TEQ1 as

Ty = /@(T,E)e_ikzd:z:dy, (9)

TErg, :/<I>(T,E)eigl'peikgllzdxdy. (10)

3 Results and Discussion

3.1 Interlayer Interference Effect

The transmittance [Tg|? + g, ’TEQ1 ‘2 is calculated
at the calculation plane positioned posterior to the
graphene, as described in Ref. [35]. This plane is lo-
cated approximately 50 A away from the graphene.
Figure 3 presents the transmittance as functions of
electron energy for monolayer, bilayer, and trilayer
graphene. The calculations were performed within
an energy range of 5 — 75 eV. These simulations ne-
glect inelastic scattering[36, 37, 38|, leading to dis-
crepancies between the calculated transmittance and
experimental data [14, 39]. However, the calculated
results in the present work can be used for analyz-
ing how multiple reflections in graphene structures
affect electron monochromaticity. In the actual ex-
periments, the intensity of the effects should be re-
duced to some extent.

As shown in Fig. 3(a), the transmittance for
monolayer graphene remains nearly unity, except at
E ~ 33.14 V. This high transmittance is attributed
to the absence of inelastic scattering effects in the
present study. At E ~ 33.14 eV, the first-order
diffracted wave propagates predominantly in the x-y
plane. Consequently, this wave fails to reach the cal-
culation plane positioned away from the graphene,
resulting in a distinct reduction in transmittance at
this specific energy.

For multilayer graphene, the transmittance ex-
hibits several dips at specific electron energies, no-
tably at £ = 13.4 eV and 30 eV. At £ = 13.4 €V,
the electron wavelength X is 3.35 A, corresponding
to the interlayer distance in graphene. Similarly, at
FE =30 eV, \is 2.24 A, which is two-thirds of the
interlayer spacing. These wavelengths satisfy an in-
terference condition described by the equation:

A/2xn=335x(l—1), (11)
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Figure 3: Transmittance as a function of electron energy using monolayer to trilayer graphene. og = 10 A,
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where A\ = JomE 18 the electron wavelength, [ is the

number of graphene layers, and n is a positive inte-
ger. The dashed lines in Figs. 3(b) and (c) indicate
the electron energies satisfying Eq. (11). These find-
ings strongly suggest that the dips in transmittance
are attributed to the interlayer interference effect in
multilayer graphene structures.

The transmittance shows a significant reduction
at £ = 13.4 eV, as seen in Fig. 3, indicating that
electrons at this energy are substantially affected by
interlayer interference in graphene structures. Fig-
ure 4 illustrates the simulated full width at half
maximum (FWHM) of the electron energy distri-
butions (EEDs) transmitted through monolayer to
five-layer graphene for Ey = 13.4 eV and a = 10

A. The FWHM of the EED increases as the num-
ber of graphene layers increases. The calculated
energy spread suggests that the interlayer interfer-
ence effect, regardless of the number of graphene
layers, widens the energy distribution at 13.4 eV.
This implies that a gate voltage of 13.4 V should be
avoided when aiming to realize a highly monochro-
matic electron source. Moreover, there are no other
electron energies that can achieve highly monochro-
matic electron emission using multiple reflections in
graphene structures. This is due to the absence of
specific energies with significantly higher transmit-
tance compared to the surrounding energies.

3.2 Monolyer Graphene Diffraction

Figure 5 shows the time evolution of an electron
wave packet with Ey = 40 eV. The wave packet,
initially propagating in the z direction, is split into
four components by the monolayer graphene. First-
order diffraction by graphene occurs under the con-
dition Ey > FEgy . Six first-order diffracted waves
corresponding to the reciprocal lattice vectors g, =
%(il, 0,0) or %(il/l +4/3/2,0) are generated.
An interference pattern emerges due to the interac-
tion between these diffracted waves, resulting from
the periodic boundary conditions in the z and y di-
rections. For the transmitted wave packet, the zero-
order diffracted wave continues propagating in the z
direction, while the first-order diffracted waves prop-
agate at a diffraction angle 8. The interference wave
propagates more slowly in the z direction compared
to the zero-order diffracted wave. This reduction in
the z component of velocity is attributed to the first-
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Figure 6: EEDs of the zero-order and first-order
diffracted waves after transmission through mono-
layer graphene with Ey = 33 eV and ag = 40 A.
Black and red lines represent the zero-order and
first-order diffracted waves, respectively.

order diffracted waves possessing a velocity compo-
nent vy, in the z-y plane.

Figure 6 presents the EEDs of the zero-order
and first-order diffracted waves after transmission
through monolayer graphene with Fy = 33 eV and
ap = 40 A. The EED of the zero-order diffracted
wave remains unchanged from its initial state before
transmission. In contrast, the EED of the first-order
diffracted wave exhibits a distinct energy threshold
behavior; specifically, the first-order diffracted wave
intensity is zero for energies below 33.14 eV. This

occurs because first-order diffraction is only possi-
ble for electrons with energies £ > 33.14 eV. This
energy threshold leads to a narrower energy dis-
tribution for the first-order diffracted wave. The
FWHM of the EED for the first-order diffracted
wave, measured at 0.26 eV, is significantly smaller
than that of the zero-order diffracted wave, which
is 1.4 eV. These simulation results suggest that
highly monochromatic electrons can be obtained
from monolayer graphene by utilizing the first-order
diffracted wave at Ey = 33 eV. However, the first-
order diffracted wave propagates almost perpendic-
ularly to the z axis, traveling along the graphene
surface. This directional constraint makes it chal-
lenging to utilize the emitted electrons effectively.

The wavenumber vector of the first-order
diffracted wave, kg, can be expressed as
kgl = kglJ- +91, (12)

where kg | is the component along the z-direction.
The diffraction angle satisfies the following equation

91| vV Eqg (13)

sinf = =

|k91| \/E .

Note that diffraction angle § and E have a one-to-
one relationship. When the electron energy FE is
specified, the diffraction angle 6 of the first-order
diffracted wave can be fixed. On the contrary, the
energy E can be fixed from the diffraction angle 6.
This implies that electrons with different energies
propagate in different directions. As a result, re-
stricting the angular components of the first-order
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Figure 7: Schematic diagram of the method to realize highly monochromatic electron emission using a small
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Figure 8: EEDs of the first-order diffracted electron
wave passing through apertures of various diame-
ters. The normalized intensities are plotted with
vertically shift for easy recognition. D = 100 mm
and 8 = 73°. The FWHM of the EED before pass-
ing through is set to 1.53 eV. A narrow energy spread
of AE = 0.22eV is achieved by using the aperture
with diameter d =1 mm.

diffracted wave effectively limits the energy compo-
nents of the electron beam, which forms the basis for
an energy spectroscopy technique utilizing graphene.
Unlike electrons propagating in the direction per-
pendicular to the z axis, this technique is applicable
not only to electrons with £ ~33 eV but also to elec-
trons with energies greater than 33 eV. Thus, highly
monochromatic electron emission can be realized ex-
perimentally by using the first-order diffracted elec-

tron wave passing through a small aperture to limit
the angular components.

Figure 7 shows a schematic diagram of the method
to achieve highly monochromatic electron emission
using a small aperture. The monochromaticity of
the electron beam improves with a smaller aper-
ture diameter or an increased distance between the
graphene and the aperture. Additionally, lower
electron energies lead to more monochromatic elec-
trons, as, at lower energies, corresponding to larger
diffraction angles, |dF /df| decreases, as derived from
Eq. (13). The viewing angle Af# of an aperture
with diameter d, placed at distance D, is given by
A = 2atan(d/2D). Figure 8 shows the EEDs of the
first-order diffracted electron waves passing through
apertures of various diameters, with D = 100 mm,
0 = 73°. For example, if the parameters are § = 73°,
D = 100 mm, d = 1 mm, the electron energy is re-
stricted to the range 36.13-36.35¢eV, which results
in a highly monochromatic electron emission with a
narrow energy spread of AE = 0.22¢eV.

3.3 Multilayer Graphene Diffraction

The scattered intensity is proportional to

2 2

S e Tl (14)

J

N

Z e*iK'Ri

i

|fcr|2 =

where R; moves on all the primitive lattice points,
N = L1 x Ly x L, and Ly, Lo, L3 are the numbers
of primitive unit cells in the ai,ao,as directions,
respectively. r; represents the displacement vector
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Figure 9: Reciprocal lattice points of ABA-stacked
graphene. The spacing between the lattice points in
the k, direction is |bs|. The spread of the points is
|bs|/Ls. kp = (kz, ky).

in the unit cell (with j labeling the atoms), and
K=k, -k (15)

is the scattering vector[40, 41], where kg and k are
the wavenumbers of the diffracted and incident elec-
tron waves, respectively. Since periodic boundary
conditions are assumed for the unit cell, i.e. L1 and
Lo are infinite, the reciprocal lattice points do not
broaden in the k,-k, plane. The L3 dimension is
finite and determined by the number of graphene
layers. The Bragg scattering rod is periodically seg-
mented and converges to points as the number of
graphene layers increases. The spread of the recipro-
cal lattice points is about |bs|/Ls. This phenomenon
arises due to the crystal structure perpendicular to
the graphene layer.

Figure 9 shows a schematic of the reciprocal lat-
tice points of multilayer graphene. When discussing
the transmitted electron wave, the positive integer
n in Fig. 9 defined by K - a3 = 27n, is restricted to
n =0,1,2,3, because of the condition |g;| > K -3

las|”
Figure 10 shows the energy FWHM of | fc70|2 as a
function of the number of graphene layers. The
FWHM of | f.|* decreases as the number of graphene
layers increases or as n increases, as shown in Fig. 10.
A reduction in the FWHM of |f..|* implies a lim-
itation in the propagation angle of the diffracted
electron waves. Thus, multilayer graphene works as
a small aperture to limit angular components, as
shown in Fig. 7. The monochromaticity of the first-
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Figure 10: Energy FWHM of | f.|? as a function of
the number of graphene layers. n means the position
of reciprocal lattice point shown in Fig. 9.

order diffracted wave improves without the need for
an aperture if the appropriate incident electron en-
ergy and number of graphene layers are used.

4 Conclusion

We have calculated the effects of multiple reflec-
tions and diffraction of electrons by graphene. Inter-
layer interference in graphene broadens the energy
spread of the electron beam for Fy = 13.4eV. It is
shown that highly monochromatic electron emission
can be achieved by limiting the propagation angle
of the diffracted electron waves using a small aper-
ture. When the diffraction angle 6 and the viewing
angle of a small aperture Af are assumed to be 73°
and ~ 0.6°, respectively, the energy spread AFE is
~ 0.22 eV. The Bragg scattering rod is segmented
and converges to points as the number of graphene
layers increases. This suggests that the monochro-
maticity of the first-order diffracted wave improves
as the number of graphene layers increases. Since the
parameters used to estimate monochromaticity are
realistic for actual experiments, experimental verifi-
cation and the realization of highly monochromatic
electron emission are expected.
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