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The simple quantum setup of a Fabry-Perot interferometer is found to exhibit very high directional pref-
erence to impinging particle beams, with use of realistic media. Numerous optimized designs, acting as
extremely sharp angular filters of matter waves, are determined by trying and testing every single combi-
nation of actual materials picked from a long list. Two types of resonances are identified whose different
mechanisms are demonstrated through the spatial distribution of wave-function magnitude and probabil-
ity current, while their robustness with respect to fabrication defects is also examined. Such findings offer
additional degrees of freedom when designing architectures for a broad range of quantum-engineering
applications that involve beam tunneling and provide a set of limits for the angular selectivity that can be
achieved with the considered geometry.
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I. INTRODUCTION

Quantum effects, occurring when charged particles
travel in the presence of inhomogeneous matter and
interactions of the developed electromagnetic fields with
inclusions of various sizes, shapes, and textures, are behind
multiple and diverse quantum applications. An indis-
pensable experimental tool of modern condensed-matter
physics to measure the density of electrons in a medium as
a function of their energy is the scanning tunneling spec-
troscopy [1], being vastly based on the coupling of particle
beams with metallic or superconducting samples resulting
in the desired tunneling currents. Furthermore, the suitable
pairing of matter waves with quantum materials consti-
tutes the backbone of quantum sensors [2], offering high
sensitivity and precision in many measuring processes of
applied physics, with use of platforms like trapped ions
or flux qubits. The interplay of particle dynamics with
external couplings in the framework of cavity electrody-
namics setups [3] or doped crystals [4], can also reveal
the basic principles governing phenomena as coherence,
entanglement, and nonlocality, paving the way to quantum
control and quantum memory. Such physical systems mak-
ing quantum interfaces between light and matter, may be
additionally exploited as components in quantum networks
[5], ensuring size-scaling connectivity and error-corrected
teleportation of states between the nodes.

All these disruptive techniques and technologies have
recently ignited enormous funding initiatives and legisla-
tive acts [6] that have followed major investments from
industry giants and are expected to boost research activities
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pertaining to the development of alternative quantum
devices over the next decade. Only during the last cou-
ple of years have the National Science Foundation (NSF),
Army Research Office (ARO) and the US Department of
Defense (DoD) released resources and approved several
large-scale research endeavors on quantum matter incor-
porated in configurations supporting unconventional quan-
tum interactions. Hybrid structures combining layers of
dissimilar material classes suitable for quantum superposi-
tion [7], setups excited by high-pulsed fields to realize and
manipulate new phases in strongly correlated substances
[8] and quantum layouts permitting ab initio character-
ization at the atomic scale [9], are just few indicative
examples.

One of the most popular geometries that quantum tex-
ture is distributed is in planar multilayers; they give uni-
form configurations, where quantum wells and barriers
are the same across all the normal directions. They have
been traditionally employed in certain experimental efforts
for a variety of objectives from enhancing the tunneling
current density through gallium arsenide slabs [10] and
tuning electronically the reflection [11] to increasing the
standing-wave contrast with low insertion loss [12] and
switching the response via reflector stacks [13]. However,
multilayers of quantum media possessing different poten-
tial energy levels are still used in light-emitting diodes
loaded by nitride layers for color conversion [14], coupling
of quantum dots with microcavities [15], and germanium-
based electroabsorption modulators [16]. The quantum
electrodynamic interactions have also been extensively
investigated in similar planar architectures like laser diodes
[17] acting as beam splitters [18] and microcavity mirrors
favoring spontaneous emission [19,20].
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Perhaps the simplest planar geometry is the so-called
Fabry-Perot interferometer that has been initially intro-
duced in photonic design [21]; however, it is very com-
monly utilized in quantum architectures where matter
waves are destructively or constructively interfering to
produce controllable output. One or more pairs of inter-
faces have been proposed since the mid-1980s for reso-
nant tunneling of the impinging quantum particles [22]
exploited in designing transistors, circuits, and logical
gates [23] or used as a tuning mechanism in quantum
cascade lasers [24]. The time that the particle needs
in order to tunnel through a potential inhomogeneity is
a critical quantity determining the performance of the
associated devices; thus, it has been the topic of sev-
eral studies where the role of the dwell and phase times
(in analogy to wave velocities) is identified [25], while
the corresponding explicit formulas are derived [26].
The concept of Fabry-Perot resonators is additionally
deployed in modeling quantum cavities as couples of
dissimilar mirrors useful in high-resolution length mea-
surements [27] and oscillations between photon emission
and reabsorption within the cavity [28]. Similarly, Fabry-
Perot cavities have been found to support the antibunch-
ing effect for beam-distributing operation [29], ballistic
electron transport in semiconductor-based configurations
[30], and nonlinear light rectification for quantum optical
communications [31].

In this work, we consider a planar slab of certain quan-
tum texture and size hosted in a background medium while
excited by an electron beam (e beam) impinging obliquely
on its surface. The formed boundary value problem is
rigorously solved like in the corresponding photonic con-
figuration [21,32] since the governing laws (Helmholtz,
Schrödinger equations) are completely analogous to each
other. Indeed, there is a great variety of quantum setups
that are treated in an identical way to the respective elec-
trodynamic structures from spherical inclusions scattering,
minimally [33] or maximally the matter waves [34,35], to
quantum wavefront engineering prisms [36] and periodic
arrays of potential barriers [37]. The basic aim of this study
is to propose material combinations that exhibit extreme
directional selectivity for the incident matter wave, namely
block all the incoming beams except for that traveling
along a specific angle. We derive the conditions under
which that effect occurs and identify two distinct types
of resonances leading to such a flawless outcome; to this
end, a metric indicating the angular preference of the
design is defined and optimized. The effective properties of
numerous quantum media are compiled formulating a long
directory including data from standard textbooks [38,39];
every single background and slab combination is tried and
families of optimal layouts are obtained. The effective-
ness of the reported structures is demonstrated by exciting
them via different beams, while the sensitivities of the
best-performing directional quantum filters are tested with

respect to fabrication defects, inaccurate potential levels,
and effective masses.

In this way, we exploit Fabry-Perot interferences of
quantum particles to find numerous configurations com-
prising realistic media, which give an exceptionally selec-
tive angular response with increased robustness to con-
struction imperfections. Such a library of highly perform-
ing designs gives extra degrees of freedom in the modeling
and fabrication process of quantum setups serving pur-
poses like matter-wave filtering, electron-beam steering,
and quantum sensing. Importantly, it reports the limits of a
simple planar configuration in terms of the directional tun-
neling and sets bars of selectivity performances that only
more complex structures or smarter textures may pass.

II. MATHEMATICAL FORMULATION

A. Configuration and transmissivity

The analyzed geometry is depicted in Fig. 1(a), where
the used Cartesian coordinate system (x, y, z) is also
shown. A quantum particle traveling along an axis z with
equal probability across each point of the formed nor-
mal x-y plane, meets a slab of thickness h under angle θ .
Electrons in the background medium behave like they
have mass m0 > 0, while the level of the local potential
energy is kept equal to V0; similarly, the corresponding
quantities in the material of the slab are denoted by 0 <

m �= m0 and V �= V0, respectively. We assume perfectly
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FIG. 1. (a) Configuration of the considered tilted quantum fil-
ter with an impinging matter wave traveling into a specific
background. (b) Existence map (green) of the trivial matching
resonance of Eq. (8) with respect to arbitrary squared wave num-
ber ratio (k/k0)

2 and effective masses ratio m/m0. (c) Existence
map (green) of the Fabry-Perot resonance of Eq. (9) with respect
to arbitrary squared wave number ratio (k/k0)

2 and slab thickness
h normalized by wavelength λ, for various orders n.
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homogeneous materials ignoring imperfections and inho-
mogeneities on the length scale of the De Broglie wave-
lengths. The wave function �(r) describing the probabilis-
tic motion of the quantum particle into an arbitrary medium
with effective mass m(r) and potential V(r), respects the
time-independent Schrödinger equation [40]:

∇
[

1
m(r)
∇

]
�(r)+ E − V(r)

�2/2
�(r) = 0, (1)

where r is the related position vector, � is the reduced
Planck constant, and E the energy of the impinging matter
wave. From the fundamentals of quantum mechanics [41],
we know that, with the suitable normalization, the posi-
tive quantity �(r)�∗(r) = |�(r)|2 is proportional to the
probability of finding the electron at a point with position
vector r. In addition, the real vector,

J(r) = i�
2m(r)

[
�(r)∇�∗(r)−�∗(r)∇�(r)

]
, (2)

is the so-called “probability current,” giving the stochastic
motion direction of the quantum particle [40]; apparently,
J is proportional to (−Im [�∇�∗]).

Accordingly, the matter wave defining the behavior
of the aforementioned particle in the absence of the
inhomogeneity of the slab takes the form: �inc(z, x) =
exp (ik0z cos θ − ik0x sin θ), where k0 = 2π/λ =√

2m0(E − V0)/� is the wave-vector norm into the back-
ground material. However, in the presence of that thin
cavity, which is supposed to work as a quantum filter, the
wave function for z < 0 changes by the reflecting-wave
term �ref(z, x) = R(θ) exp (−ik0z cos θ − ik0x sin θ). In a
similar manner, the entire matter wave behind the slab (for
z > h) is given by �tran(z, x) = T(θ) exp(ik0z cos θ − ik0x
sin θ), with the same wavelength λ. The functions
R(θ), T(θ) are the complex reflection and transmission
coefficients, respectively. The wave function in the pla-
nar slab is written as �(z, x) = e−ik0x sin θ

[
A(θ)eiκ(θ)z

+B(θ)e−iκ(θ)z
]
, where

κ = κ(θ) =
√

k2 − k2
0 sin2 θ , (3)

and A(θ), B(θ) are determinable complex functions of θ .
The notation k = √2m(E − V)/� is used for the wave-
vector norm in the material of the cavity.

The necessary conditions across the common bound-
ary of two regions with effective masses {m1, m2} and
wave functions {�1, �2} demand continuity of the prob-
ability amplitudes and the probability currents: �1 = �2
and ∇�1/m1 = ∇�2/m2. After imposing these require-
ments at z = 0, h, the reflection coefficient R = R(θ) is

rigorously determined as

R =
[
e2iκh − 1

]
(p−)2

(m0κ + k0m cos θ)2 − e2iκh (m0κ − k0m cos θ)2 ,

(4)

where the dependencies on θ are dropped for brevity and

p± = p±(θ) = (k2 − k2
0)m

2
0 + k2

0(m
2
0 ± m2) cos2 θ . (5)

The transmissivity τ(θ) = |T(θ)|2 of the device can be
computed as follows:

τ(θ) = 1

cos2 [κ(θ)h]+
[

p+(θ)/κ(θ)

2k0m0m cos θ

]2
sin2 [κ(θ)h]

. (6)

Note that Eq. (6) holds not only when κ is real but also
imaginary. Furthermore, for the special incidence angle
sin2 θ → (k/k0)

2 that κ vanishes once k < k0, the reflec-
tion and transmission coefficients tend to the following
limiting values:

R→ 1
1+ i(m0/m) 2

κ0h

, T→ e−iκ0h

1− i(m/m0)
κ0h
2

, (7)

where κ0 =
√

k2
0 − k2 > 0.

Our assumption for moving particles constituting a mat-
ter wave with infinite planar extent is not unconventional;
indeed, it is commonly used when modeling the excita-
tion of quantum setups for various purposes like inclusion
scattering [34] and electron manipulation [36] or even
measuring effects like quantum transport [22] and reso-
nant tunneling [23]. When it comes to how realistic is
the adopted source model, one can assume that the plane
wave is well mimicked by an electron beam of finite aper-
ture being simultaneously: (i) much larger than the squared
operational wavelength λ2 to impose the field variation
across many spatial periods on the front surface of the fil-
ter (z = 0) and (ii) much smaller than the transverse size
of the finite-extent slab. This condition is respected by
numerous experimental endeavors including estimation of
probability distributions unveiling the relaxation dynamics
by a fluctuating gas considered as a one-dimensional plane
wave [42] or implementation of optical lattices with a
time-reversal-symmetric Hamiltonian where pairs of laser
beams emulate plane waves of different frequencies [43].
Similarly, a micrometer-aperture beam is well regarded as
a plane wave since it illuminates the entire plasmonic cav-
ity to unveil the quantum regime of the tunneling occuring
in it [44]. It should also be stressed that the same hap-
pens to experimental layouts of pure quantum logic, where
sources of single electron guns are treated as matter plane
waves [45,46].
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B. Trivial and thickness resonances

We examine a particle that travels into the background
medium and, accordingly, its energy should be higher than
the local potential magnitude, namely E > V0 (and, thus,
always k0 > 0). Our aim is to investigate the conditions
under which a perfect matching for the incoming beam is
achieved, namely a vanishing reflection: R = 0.

By inspection of Eq. (4), one directly observes that
a trivial resonance giving zero reflecting matter wave is
achieved for

p−(θ0) = 0⇒ cos2 θ0 = (k/k0)
2 − 1

(m/m0)2 − 1
, (8)

which is not dependent on the thickness h of our quantum
filter. An acceptable solution with 0 < cos2 θ0 < 1 cannot
be found for E < V since then k is imaginary; namely, a
k2 < 0 gives a fraction in Eq. (8) larger than unity. The
existence of the trivial resonance in Eq. (8) is shown on
the map of Fig. 1(b) by scanning the values of the squared
ratio of wave numbers (k/k0)

2 and effective-mass analogy
m/m0: green indicates that perfect matching may occur and
blue is used for infeasible matter and particle combina-
tions. Two parametric regions of existence are formulated
around the point (k, m) = (k0, m0) demanding proportional
increase or decrease of both the examined variables (k/k0)

2

and (m/m0)
2. Notice that the resonance cannot be present

for k2 < 0, as mentioned above.
The other factor of the numerator in Eq. (4) is related

to the longitudinal size h of the planar inhomogeneity and
vanishes for

κ(θn)h = nπ ⇒ sin2 θn =
(

k
k0

)2

−
(

nπ

k0h

)2

, (9)

with n ∈ N∗. These angles define the well-known Fabry-
Perot resonances [21] in photonic and electromagnetic
interactions, which are based on constructive and destruc-
tive interference of reflecting waves from the two inter-
faces of a lossless cavity. The case of n = 0 either cor-
responds to an absent slab (h = 0), where τ(θ) = 1 for
all angles θ or to the special incident direction, yielding
κ(θ) = 0 and nonzero reflections according to Eq. (7);
thus, it is not taken into account. A similar existence map
to Fig. 1(b) is sketched in Fig. 1(c) but for various orders n
of Eq. (9) by sweeping the ratio (k/k0)

2 and the thickness
h of the slab divided by the wavelength λ of the impinging
matter wave. Hyperbolic shaped zones are composed, one
for each order n, that overlap for thicker slabs. Further-
more, the range of h/λ leading to Fabry-Perot resonance
turns narrower for increasing (k/k0)

2; in contrast, when
wave vectors are kept fixed, the permissible intervals of
h/λ become wider for larger n. Obviously, by regulating
the size h/λ, one can select which order of thickness res-
onance can be activated, alone or together with others, at
the respective angles θn given by Eq. (9).

Evidently, when k is imaginary, Eq. (9) does not lead to
acceptable solutions due to the “plasmonic” nature [47–49]
of the slab; indeed, Fabry-Perot resonances are based on
the interference of propagating and not evanescent waves
[21]. Accordingly, both types of resonances allowing for
R = 0, require a particle energy E > max{V0, V}; it means
that unitary output τ = 1 may occur for either quantum-
well (V > V0) or quantum-barrier (V < V0) configuration.
It should also be stressed that the absolute values of the
energies {V0, V, E} do not play a role; only the relative
difference between them counts. Therefore, and with no
loss of generality [33–35], we can assume that the poten-
tial energy in the host medium is zero (“ground state,”
V0 ← 0), by adjusting properly the potentials inside the
material of the scatterer: V← (V− V0). In other words,
the energy of the electron E← (E − V0) expresses its
difference from the original background level V0.

It is important to note that when considering the inter-
face between the two media like at z = 0 or z = h, the
potential-energy difference is not in general given by
(V0 − V). In particular, a charge redistribution across the
boundaries leads to dipole development and consequently
an additional potential drop due to band offset occurs; such
an effect is neglected throughout the present approach.

III. NUMERICAL SIMULATIONS

A. Optimization scheme and results

The major objective of this study is to propose sim-
ple designs like the one depicted in Fig. 1(a), that
offer extremely high angular selectivity for matter waves,
namely making ultra-sharp directional quantum filters. To
put it alternatively, we seek thicknesses h and textures
(m, V) letting ideally to pass only quantum particles (of
determined energy E) that travel along an angle θ into a
specific background medium (m0, V0), while blocking all
the other directions. Given the fact that transmission of
Eq. (6) always vanishes at the grazing (θ = ±90◦) angle, a
good (inverse) metric for a slab acting as a filter is the aver-
age response over all possible excitation beams of quantum
particles (−90◦ < θ < 90◦) defined as follows:

τ̄ = 1
π

∫ π/2

−π/2
τ(θ)dθ . (10)

Indeed, in a flawless scenario, τ̄ → 0 since τ(θ) = 1
for the perfect filtering angle and τ(θ) = 0 for all the
other angles, giving a vanishing average transmissiv-
ity. Therefore, we aim at proposing combinations of
{E, m0, V0, m, V, h} that minimize the normalized (0 < τ̄ <

1) quantity of Eq. (10). Note that a unitary average trans-
mission τ̄ = 1 corresponds to an absent slab (h = 0),
namely the particle continues traveling uninterruptedly
into the host material, regardless of the tilt θ [τ(θ) = 1 for
−90◦ < θ < 90◦].
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We do not consider the values of effective masses
(m0, m) and potential energies (V0, V) as free parameters.
In contrast, we formulate a long directory of realistic quan-
tum media whose constituent characteristics are accurately
measured (data are compiled from standard references
[38] and recent studies [50,51]). As candidate media, we
mainly regard isolated elements (IV group) and com-
pounds (between elements of different groups III-V, II-VI);
needless to say that an identical strategy for minimizing τ̄

applies if more complicated media like alloys, mixtures,
and heterojunctions are taken into account. Our optimiza-
tion approach simply tries every single pair of available
materials and finds the thickness h of planar inhomogene-
ity maximizing the metric 1/τ̄ each time. It should be
remarked that we confine ourselves to designs that exhibit
a single resonance (trivial or Fabry-Perot); structures sup-
porting two or more angles θ of flawless transmission
τ(θ) = 1 are eliminated from our contest. Such a course
of action is compatible with our simple purpose: to give
designs that filter all directions except for one. Obviously,
if multiple fully transmissive angular zones are desirable,
one can certainly include the aforementioned structures
into the search scheme. In case the design supports the
trivial resonance in Eq. (8), namely lies across the green
regions of the map in Fig. 1(b), we deliberately choose h in
order to suppress the appearance of the Fabry-Perot inter-
ference in Eq. (9). In other words, we confine our quest to
the blue regions of the map in Fig. 1(b) and thus the angle
θ = θ0 at which perfect transmissivity τ = 1 is recorded,
is not dependent on h/λ, according to Eq. (8). Note that,
even when the trivial resonance emerges, the metric τ̄ from
Eq. (10) is a function of the thickness of the quantum filter
h/λ, unlike the angle θ0 at which τ(θ0) = 1 is achieved.

To execute systematically the described optimization
scheme, we assign to each of the considered quantum
material an integer serial number u = 1, . . . , U in ascend-
ing order of V. In this way, the list of U available media
gets sorted by increasing potential energy within their own
volume (either playing the role of host V0 or filter V). For
a particle of specific energy level E and by trying all pos-
sible combinations of media (from the total U× U = U2

ones), we search within a wide range of slab thicknesses
0 < h/λ < 5 to maximize the quantity 1/τ̄ , provided the
fact that τ(θ) takes unitary value at exactly one angle 0 <

θ < 90◦. In this way, we store for each pair of materials the
optimal thickness h/λ and the achieved maximal scores;
accordingly, a library of optimal configurations is formu-
lated, which can be useful when designing quantum filters
with extreme angular selectivity. Our work has a funda-
mentally different objective than other seemingly similar
studies elaborating analogous photonic systems [52] or
utilizing approximate solutions in rectangular potential
barriers [53].

As noted above, the quantum materials are characterized
by two effective quantities: the potential energy V defining

the work functions of the texture, namely, the minimal
energy needed to extract an electron from the medium
into vacuum and the effective mass m, which is related to
the slope of the bands for Floquet-Bloch [54] waves cre-
ated into periodic crystalline texture. In contrast, when one
regards the same effect in photonics, the interaction of mat-
ter with light is described in most cases through one only
parameter: permittivity; indeed it is rare to find available
media hosting magnetization, especially at the visible or
THz regimes. That makes a big difference since in quan-
tum setups of different effective masses (m1 �= m2, like in
our case), a discontinuity at the normal derivative of the
wave function across a boundary (∇�1/m1 = ∇�2/m2) is
imposed, which favors the abrupt change with respect to
incidence angle θ .

In Fig. 2, we illustrate the optimization results for vari-
ous energy levels E of the impinging particle. Each of the
presented panels possesses U2 = 322 = 1024 pixels cor-
responding to the background and filter combinations of
available quantum media, while the represented quantity
is our maximal (with respect to 0 < h/λ < 5) metric 1/τ̄

in dB. As shown in the labels of Fig. 2, the vertical axis
corresponds to the serial number u of the material used
as the background host, while the horizontal axis to the
medium of the filtering cavity. Only optimal designs with
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FIG. 2. Metric 1/τ̄ in dB maximized with respect to thickness
h/λ for each combination of the used quantum media. The hor-
izontal axis corresponds to the serial number of material filling
the slab and the vertical to the serial number of material used
for the background host. Only results for τ̄ < 0.1 (1/τ̄ > 10 dB)
are depicted and different quantum particle energies are consid-
ered: (a) E = 0.1 eV, (b) E = 0.5 eV, (c) E = 1 eV, (d) E = 5
eV. Red frames indicate optimization leading to trivial resonance
of Eq. (8) and blue frames correspond to optimal Fabry-Perot
resonance of Eq. (9).
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τ̄ < 0.1⇒ 1/τ̄ > 10 dB are depicted, while the nature of
resonance leading to the aforementioned optimized archi-
tectures is indicated by the color of each pixel frame: red
for trivial resonance of Eq. (8) and blue for Fabry-Perot
resonance of Eq. (9). Black pixels appear for one of the
following reasons: (i) the maximal performance 1/τ̄ of the
device is lower than the threshold of 10 dB, which is posed
to offer a clearer picture of the derived results by excluding
some of the most poorly performing designs. (ii) The mate-
rial of the slab is the same to the background host and thus
no transmission selectivity is achieved: τ(θ) = 1 ∀θ ∈
[−90◦,+90◦]⇒ τ̄ = 1⇒ 1/τ̄ = 0 dB (minor diagonals
of the panels in Fig. 2). (iii) The combination of quantum
media and energy of the incoming electrons E is infeasible,
namely our parametric point belongs at the blue regions
of the existence maps of both the investigated resonances
[Figs. 2(b) and 2(c)], for all the regarded h/λ ∈ [0, 5]. (iv)
The corresponding design supports both the trivial reso-
nance [at θ0 from Eq. (8)] and one or more (or just more
than two) of the thickness resonances [at θn from Eq. (9)]
for all the considered h/λ; indeed, one should not for-
get that we are seeking transmissivity τ(θ) profiles from
Eq. (6), with a single global maximum τ = 1 at a specific
angle θ .

As stated above, the serial number u assigned to each
quantum medium characterizes the relative position of its
own potential energy V in ascending order, amongst all the
U = 32 considered materials. Therefore, the lower right
part of each panel corresponds to quantum-barrier config-
urations (V > V0), while the upper left portion describes
quantum wells (V < V0). As far as the total number of
available media U is concerned, it can be apparently
increased in case additional textures are enlisted.

In Fig. 2(a), we consider a very low energy E = 0.1 eV
for the impinging particle giving very large wavelengths

λ for the formulated matter waves. First of all, huge
magnitudes of 1/τ̄ are recorded for a variety of material
combinations, showing extreme directional preference of
the tunneling through the slab. We also notice that such a
characteristic favors the emergence of Fabry-Perot inter-
ference since all the frames of the reported maxima are
blue. It should be mentioned that highly selective trans-
mission is not feasible for quantum-barrier setups but only
for quantum wells; indeed, as indicated above, k > 0 is a
necessary demand for the resonances Eqs. (8), (9), which is
not easily fulfilled for a tiny E when V > V0. Note that the
best performances are perceived for the maximal contrast
(V0 − V) at the upper left region of the regarded panel.

In Fig. 2(b), the energy of the incident electrons is five
times larger than that in Fig. 2(a), namely E = 0.5 eV.
Clearly fewer designs surpass the 10-dB score threshold
compared to Fig. 2(a) and, most importantly, several of
them are working via the trivial resonance mechanism (red
frames). It is also noteworthy that they appear in a coherent
way, across slab materials possessing particularly low V;
when it comes to the competing mechanism of thickness-
dependent matching, it appears mainly for backgrounds of
the most substantial V0. The highest scores (1/τ̄ > 150)
are achieved again with the Fabry-Perot resonance but,
surprisingly, for pairs of materials with similar poten-
tial (V ∼= V0), namely across the minor diagonal of the
panel.

In Fig. 2(c), the level of energy for the impinging
particle gets further increased (E = 1 eV) and the out-
come of the optimal layout quest is presented. We notice
that the “migration” of the designs due to thickness res-
onances from the upper left region of the map towards
the diagonal continues. Such a trend is also demon-
strated by Fig. 2(d), where the energy of the quantum
particle is very high E = 5 eV, yielding tiny operational

TABLE I. Minimal average transmissivity τ̄ supporting a single Fabry-Perot resonance at θ = θn according to Eq. (9), through a
planar slab (different columns) of thickness h into background hosts (different rows). The energy of the impinging particle is small:
E = 0.1 eV as in Fig. 2(a).

Indium Indium Gallium Indium Gallium Cadmium Cadmium
E = 0.1 eV Antimonide Arsenide Antimonide Phosphide Arsenide Telluride Selenide

(InSb) (InAs) (GaSb) (InP) (GaAs) (CdTe) (CdSe)

Diamond 1/τ̄ ∼= 174 1/τ̄ ∼= 134 1/τ̄ ∼= 105 1/τ̄ ∼= 65 1/τ̄ ∼= 74 1/τ̄ ∼= 59 1/τ̄ ∼= 50
h ∼= 8.10 nm h ∼= 12.1 nm h ∼= 16.1 nm h ∼= 19.1 nm h ∼= 18.9 nm h ∼= 19.1 nm h ∼= 19.2 nm
θ ∼= 47.8◦ θ ∼= 45.1◦ θ ∼= 44.1◦ θ ∼= 48.5◦ θ ∼= 44.7◦ θ ∼= 48.6◦ θ ∼= 53.1◦

Boron Nitride 1/τ̄ ∼= 90 1/τ̄ ∼= 77 1/τ̄ ∼= 59 1/τ̄ ∼= 39 1/τ̄ ∼= 42 1/τ̄ ∼= 36 1/τ̄ ∼= 31
(BN) h ∼= 7.60 nm h ∼= 11.2 nm h ∼= 14.8 nm h ∼= 20.1 nm h ∼= 18.3 nm h ∼= 20.7 nm h ∼= 21.7 nm

θ ∼= 48.8◦ θ ∼= 44.7◦ θ ∼= 44.4◦ θ ∼= 43.8◦ θ ∼= 42.6◦ θ ∼= 43.8◦ θ ∼= 44.0◦
Magnesium Oxide 1/τ̄ ∼= 71 1/τ̄ ∼= 52 1/τ̄ ∼= 39 1/τ̄ ∼= 23 1/τ̄ ∼= 26 1/τ̄ ∼= 20 1/τ̄ ∼= 17
(MgO) h ∼= 17.0 nm h ∼= 24.2 nm h ∼= 31.1 nm h ∼= 32.1 nm h ∼= 32.4 nm h ∼= 32.1 nm h ∼= 32.1 nm

θ ∼= 45.2◦ θ ∼= 43.3◦ θ ∼= 43.8◦ θ ∼= 49.6◦ θ ∼= 47.5◦ θ ∼= 50.4◦ θ ∼= 54.8◦
Beryllium Selenide 1/τ̄ ∼= 52 1/τ̄ ∼= 38 1/τ̄ ∼= 28 1/τ̄ ∼= 16 1/τ̄ ∼= 19 1/τ̄ ∼= 15 1/τ̄ ∼= 12
(BeSe) h ∼= 17.9 nm h ∼= 25.4 nm h ∼= 31.7 nm h ∼= 36.3 nm h ∼= 36.4 nm h ∼= 36.6 nm h ∼= 36.3 nm

θ ∼= 45.8◦ θ ∼= 44.1◦ θ ∼= 42.3◦ θ ∼= 46.2◦ θ ∼= 42.2◦ θ ∼= 45.5◦ θ ∼= 49.7◦
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wavelengths λ. It is noticeable that all the configura-
tions with large differences (V0 − V) support trivial reso-
nances, while the most successful regimes are sustained
for quantum-barrier configurations.

Selected Fabry-Perot optimal setups from Fig. 2(a) (E =
0.1 eV) are presented in Table I, where each row cor-
responds to the same background medium (m0, V0) and
each column to the same slab filling substance (m, V);
in each box, we include the performance 1/τ̄ , the opti-
mal thickness h of the quantum filter, and the angle θ at
which τ(θ) = 1 occurs. Again, we notice that high scores
(1/τ̄ > 50) are reported for a variety of different material
pairs and thus additional degrees of freedom are offered
in engineering the analyzed ultra-selective quantum filter.
The best results are noted when diamond hosts the slabs
due to its giant potential energy V0; for similar reasons,
diamond-based devices are designed for several quantum
applications [55,56]. It is also noteworthy that the large
difference between the potentials (V0 − V) makes a prereq-
uisite for obtaining ultra-efficient Fabry-Perot interference,
while the angles at which perfect transmission is achieved
are found close to θ ∼= 45◦. As far as the thickness h of the
slab is concerned, it is of nanometer size and thus feasible
for fabrication [16,19].

In Table II, we show some representative designs,
which are based on the trivial resonance mechanism of
Eq. (8) at energy particle E = 1 eV, namely a certain part
of Fig. 2(c). As indicated by the red-framed pixels of
Fig. 2(c), the scores 1/τ̄ are not very high and such a fact is
reflected in Table II; nonetheless, several filters like indium
antimonide into diamond perform very well. Importantly,
the optimal angles exhibit a large variation across the
investigated designs unlike the Fabry-Perot resonant struc-
tures of Table I. Furthermore, due to the increased energy,
which makes wavelength λ smaller compared to Table I,
the thicknesses get shrunk to the level of 1 nm; however,
even these sizes are also realistic in manufacturing the
related quantum configurations [22,23].

B. Angular and energy selectivity

In Sec. III A, we show the results of the optimization
process when detecting ultra-selective tunneling designs
with respect to the incidence angle of matter waves. In this
subsection, we demonstrate the selectivity for some of the
most highly performing configurations by observing how
narrow the peaks of the output are.

In Fig. 3(a) we depict the variation of τ(θ) with respect
to the direction θ of the impinging particle for certain opti-
mal designs of the first row of Table I; therefore, the host
medium is diamond and the energy of the matter wave
low (E = 0.1 eV). We notice that apart from the very
abrupt primary peak at angles 40◦ < θ < 50◦, a secondary
local maximum appears at the normal incidence (θ = 0);
however, it is very small: τ(0) < 0.01. One also clearly
observes that the sharper resonances lead to higher per-
formances 1/τ̄ as indicated by Table I. In Fig. 3(b), we
represent the transmission responses again for the Fabry-
Perot resonant systems of Table I but regarding the designs
of its second row (boron nitride host). Similar graph shapes
like in Fig. 3(a) are formed but the peaks are less abrupt, a
feature reflecting the lower scores 1/τ̄ of the correspond-
ing setups. As imposed by Eq. (6) and also shown in
Fig. 3(a), the transmissivities vanish at the grazing angle
(θ = 90◦), while this time the best-performing structure
in terms of 1/τ̄ (InSb in diamond), exhibits the worst
behavior for normally incident waves [highest τ(0)].

In Fig. 4, we regard designs with increased particle
energy E = 1 eV. In particular, in Fig. 4(a) we depict
the variation of τ = τ(θ) for the best three filters from
Fig. 2(c) working with the trivial resonance of Eq. (8)
based on the very large host and slab difference in potential
energies (V0 − V). Once again, we notice the huge selectiv-
ity of the reported layouts (with performances 1/τ̄ > 40);
in particular, the InSb filter into diamond lets less than
1% of the energy pass when excited at directions differ-
ent than tunneling angle θ0 ∼= 27.2◦ at which τ(θ0) ∼= 1.
In Fig. 4(b), we pick the three leading setups operating

TABLE II. Minimal average transmissivity τ̄ supporting exclusively a trivial resonance at θ = θ0 according to Eq. (8), through a
planar slab (different columns) of thickness h into background hosts (different rows). The energy of the impinging particle is high
E = 1 eV as in Fig. 2(c).

Indium Indium Indium Gallium Boron
E = 1 eV Antimonide Arsenide Nitride Antimonide Germanium Arsenide

(InSb) (InAs) (InN) (GaSb) (BAs)

Diamond 1/τ̄ ∼= 84 1/τ̄ ∼= 43 1/τ̄ ∼= 34 1/τ̄ ∼= 26 1/τ̄ ∼= 26 1/τ̄ ∼= 19
h ∼= 1.09 nm h ∼= 0.80 nm h ∼= 0.71 nm h ∼= 0.61 nm h ∼= 0.63 nm h ∼= 0.55 nm
θ ∼= 27.2◦ θ ∼= 38.2◦ θ ∼= 43.4◦ θ ∼= 51.2◦ θ ∼= 50.1◦ θ ∼= 59.4◦

Boron Nitride 1/τ̄ ∼= 59 1/τ̄ ∼= 30 1/τ̄ ∼= 24 1/τ̄ ∼= 18 1/τ̄ ∼= 18 1/τ̄ ∼= 13
(BN) h ∼= 1.43 nm h ∼= 1.03 nm h ∼= 0.93 nm h ∼= 0.81 nm h ∼= 0.82 nm h ∼= 0.74 nm

θ ∼= 22.8◦ θ ∼= 31.4◦ θ ∼= 35.2◦ θ ∼= 40.6◦ θ ∼= 39.7◦ θ ∼= 44.5◦
Silicon Carbide 1/τ̄ ∼= 33 1/τ̄ ∼= 17 1/τ̄ ∼= 13 1/τ̄ ∼= 10 1/τ̄ ∼= 10 1/τ̄ ∼= 7
(SiC) h ∼= 1.45 nm h ∼= 1.04 nm h ∼= 0.93 nm h ∼= 0.81 nm h ∼= 0.82 nm h ∼= 0.75 nm

θ ∼= 29.2◦ θ ∼= 40.9◦ θ ∼= 46.2◦ θ ∼= 54.6◦ θ ∼= 53.2◦ θ ∼= 61.3◦
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FIG. 3. The transmissivity τ(θ) as function of the incidence
angle θ for slabs of various textures from Table I (E = 0.1
eV) with: (a) diamond host, (b) boron nitride host. Fabry-Perot
resonances occur.

via thickness resonances; they happen at mild quantum-
barrier configurations with moderate difference (V− V0).
One clearly remarks that the optimal directions θn are
close to the normal one; most importantly, the investi-
gated designs practically block every e beam with θ > 20◦.
In particular, the InP chunk hosted in InAs makes an
ultra-efficient angular filter despite its relatively increased
transmissivity at normal incidence [τ(0) > 0.01].

In Fig. 5, we consider four structures supporting
extremely sharp resonances with respect to incidence
direction of the quantum particle and represent the trans-
missivity τ in contour plot as a function of the angle θ and
across a range of 1 eV for the energy particle E around
its optimal level. In Fig. 5(a), we consider a scenario of
a low-energy particle (E = 0.1 eV) interacting with a slab
supporting Fabry-Perot tunneling [picked from the panel
of Fig. 2(a)]. One directly notes the multiple branches
of unitary response formulated in a similar pattern like
the existence domains of Fig. 1(c). Once the energy E of
the incident electron gets increased, additional resonances
emerge and τ(θ) = 1 condition is fulfilled for more than
one angle θ . As indicated by the white dashed line, the
minimal τ̄ , and accordingly the narrower single peak, is
achieved at an energy slightly lower than that permitting a
second Fabry-Perot resonance to appear.
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FIG. 4. Transmissivity τ(θ) as a function of the incidence angle
θ for the most successful designs of Fig. 2(c) (E = 1 eV) based
on (a) trivial resonances (also shown in Table II) and (b) Fabry-
Perot resonances.
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FIG. 5. Transmissivity τ with respect to matter-wave direction
θ and particle energy E for (a) InAs in diamond with E = 0.1 eV
(Fabry-Perot resonance, Table I), (b) InSb in diamond with E =
0.5 eV (trivial resonance), (c) InSb in BN with E = 1 eV (trivial
resonance, Table II), (d) CdO in InSb with E = 2 eV (Fabry-
Perot resonance). White dashed lines denote the optimal level of
operational energy E.

In Fig. 5(b), a particle of E = 0.5 eV is examined when
impinged on an optimal slab working at the trivial reso-
nance regime [as reported by Fig. 2(b)] in a quantum-well
configuration. It is natural that only one perfect trans-
mission locus, with hyperbolic shape resembling the ones
of Fig. 5(a) is created. We also remark that θ0 becomes
smaller (closer to the normal direction) as E grows, since
(k/k0)

2 is a decreasing function of E tending to m/m0
for E→+∞; thus, |θ0| shrinks, according to Eq. (8),
since m0 > m and V0 > V. In Fig. 5(c), we again regard
a setup based on thickness-independent matching for a
matter wave with E = 1 eV [selected from Fig. 2(c)]. It
is remarkable that the flawless transmission occurs practi-
cally for the same ray θ0 regardless of the incident particle
energy; in this way, wide-band-filtering operation is sus-
tained. In Fig. 5(d), we investigate a particle of E = 2 eV
dealing with a Fabry-Perot resonant filter making a poten-
tial barrier. Multiple zones of resonances are created but
have parabolic shape, unlike those in Fig. 2(a); however,
the larger performance 1/τ̄ is again attained at the maxi-
mum E leading to a single peak. It is finally noticeable that
when E enlarges, certain islets of significant wide-angle
transmission emerge, close to grazing angle θ →±90◦.

C. Probability amplitude and current

Apart from the transmission variation with respect to the
incidence direction, it would be meaningful to represent
the solution on the spatial plane (z, x) in order to under-
stand the influence of the quantum tunneling filter on the
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FIG. 6. Spatial distribution of the probability |�(z, x)|2 in dB
and probability current arrows J(z, x) for different incidence
angles: (a) θ = 0, (b) θ = θn − 2◦, (c) θ = θn, (d) θ = θn + 2◦.
Fabry-Perot resonance of an InSb slab in diamond illuminated
by particle of E = 0.1 eV (Table I). Vertical white lines denote
the boundaries of the planar filter. Plot parameters, θn ∼= 47.8◦,
1/τ̄ ∼= 174.

impinging e beams. In Fig. 6, we choose a specific optimal
design from Table I (InSb slab in diamond) and show the
spatial distribution of the probability |�(z, x)|2 in dB; on
top of it, a vector field indicates the associated probability
current J(z, x). In Fig. 6(a), the normal incidence scenario
is regarded and we can clearly notice that the magnitude of
the transmissive probability is negligible for z > h, while
the direction is always towards the (+z) axis. We also
examine the cases [Figs. 6(b) and 6(d)] of illuminating the
quantum filters at angles slightly (±2◦) different than the
resonant one θn, as dictated by Eq. (9). Again, the response
is particularly low, while the direction of the particle into
the slab is parallel to the (−x) axis and standing-matter
waves are formed for z < 0. In Fig. 6(c), we consider the
optimal excitation case (θ = θn) and a flawless transmis-
sion is recorded; note that no reflections occur for z < 0
since the current J(z, x) fully retains its incidence ray θn.

The high angular preference of the proposed designs is
also demonstrated by Fig. 7, where another optimal struc-
ture with the same materials but based on trivial resonance
is considered (E = 1 eV from Table I). Obviously, the
operational wavelength λ is smaller compared to Fig. 6
and, accordingly, the whole design shrinks. For this rea-
son, the slab is thinner and the probability |�(z, x)|2 is
homogeneous into it; furthermore, the probability current
J(z, x) for z < 0 is not always vertical along the (−x)
axis, unlike Figs. 6(a), 6(b), and 6(d). The transmission
is again negligible both for the normal incidence [θ = 0,
Fig. 7(a)] and for directions close to the ideal angle [θ =
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FIG. 7. Spatial distribution of the probability |�(z, x)|2 and
probability current direction J(z, x) for different incidence
angles: (a) θ = 0, (b) θ = θ0 − 2◦, (c) θ = θ0, (d) θ = θ0 + 2◦.
Trivial resonance of an InSb slab in diamond illuminated by
particle of E = 1 eV (Table II). Plot parameters, θ0 ∼= 27.2◦,
1/τ̄ ∼= 84.

θ0 ± 2◦, Figs. 7(b) and 7(d)]. In contrast, when θ = θ0
[Fig. 7(c)], the result is almost flawless and identical to that
of Fig. 6(c), a feature indicating once again the extreme
directional preference of the investigated geometry regard-
less of the type of resonance it supports.

It must be noted that not only the squared magnitude
of the wave function �(z, x) has a physical meaning but
also its real and imaginary parts are functions employed
in quantum signal processing [57,58] and computing [59].
Therefore, in Fig. 8, we depict the signal Re[�(z, x)] for
two characteristic optimal designs as a function of posi-
tion z (along a fixed line x = 0). In Fig. 8(a), we consider
an InP inclusion hosted by InAs, optimized for particles
of E = 1 eV and excited by e beams of various orienta-
tions θ . The design supports Fabry-Perot resonance and,
as expected, is transparent to the impinging matter wave
when θ = θn, while practically impenetrable for all the
other angles, even those very close (±3◦) to θn. Impor-
tantly, the matching is achieved via half oscillation of
Re[�] into the slab; its variation is more rapid for smaller
θ and much milder, resembling an evanescent instead of
propagating wave, once θ > θn. Note also that the Re[�]
can take large amplitudes into the filter when the e beam
is blocked but is bounded by unity for the passing θ . In
addition, the wave for z < 0 always respects the inequal-
ity |Re[�]| < 2 since reflection coefficient cannot surpass
unity in passive configurations. In Fig. 8(b), we regard a
design (InSb slab hosted by diamond) optimized for energy
level E = 0.5 eV that maintains a trivial resonance. The
wave function Re[�] is kept constant and the tunneling for
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FIG. 8. Spatial distribution of the quantum signal Re[�(z, x)]
as a function of the position z (at fixed x = 0) for the (a) InP slab
hosted by InAs (Fabry-Perot resonance, θn ∼= 8.1◦, 1/τ̄ ∼= 270,
E = 1 eV) and (b) InSb slab hosted by diamond (trivial reso-
nance, θ0 ∼= 39.6◦, 1/τ̄ ∼= 88, E = 0.5 eV) for various angles of
incidence θ . Dashed lines denote the boundaries of the quantum
filter.

θ = θ0 is performed by bridging the two unitary-oscillating
waves; importantly, when θ �= θ0, Re[�] possesses very
low values revealing an almost total and opposite-phase
reflection for z < 0.

In Fig. 9, we consider the same designs as in Fig. 8 but
we represent |�(z, x)|2 in dB for a continuous range of
directions θ around the optimal ones. In Fig. 9(a), where
Fabry-Perot resonance is hosted by a quantum-barrier con-
figuration, we notice the absence of reflections when θ =
θn and the huge magnitudes of wave function into the
slab in the vicinity of the optimal angle. The shift of
the single minimum of |�|2 within the planar inclusion
towards smaller 0 < z < h (once θ increases) should also
be noted. In Fig. 9(b), where trivial resonance occurs at
a deep quantum-well setup, one directly observes that the
represented quantity is bounded by unity, as happens in
Fig. 8(b). Finally, the spatial oscillations for increasing θ

are slower because the slab “feels” a periodic excitation of
larger period along the tangential direction; in contrast, the
variation of |�(z, x)|2 is negligible when θ ∼= θ0.

To manifest further the efficiency of our designs, we
pick one (investigated in Fig. 7, namely the InSb cavity
in diamond with E = 1 eV) in order to examine it in the
presence of all possible rays instead of a specific matter

(a) (b)

FIG. 9. Spatial distribution of |�(z, x)|2 in dB as a function
of the position z (for fixed x) across a continuous spectrum of
incidence angle θ for the same designs of Fig. 8.

omnidirectional 
particle source

10 nm

min

max

z
x

|Ψ(z,x)|2

FIG. 10. Spatial distribution of the probability |�(z, x)|2 across
the optimal InSb configuration in diamond under the excitation of
cylindrical source of particles with E = 1 eV (trivial resonance
reported at Table II and considered by Fig. 7).

plane wave. Therefore, in Fig. 10 we assume a cylindri-
cal beam of particles (omnidirectional source), emitting
electrons along all directions with equal probability, in
the vicinity of the optimal slab with θ0 ∼= 27.2◦. A quan-
tity proportional to |�(z, x)|2 is computed and represented
with help from commercial software COMSOL Multiphysics
[60]. We record huge reflections from the slab as the vast
majority of the incident rays are almost 100% reflected;
however, a normally incident wave manages to partially
penetrate through the filter since always τ(0) �= 0 and
additionally because it has the shortest path to cover. Most
importantly, the beams with θ = ±θ0 almost entirely pass
to the other side with magnitudes of �(z, x) much larger
than the corresponding one of θ = 0, as z increases. In
this way, the extreme directional selectivity of the reported
configurations in e-beam tunneling is fully demonstrated,
while the ability of the corresponding designs to abruptly
switch their response if a specific angle is excited, is
shown.

D. Sensitivity to fabrication and engineering defects

Recent advances in the thin-film industry and tech-
nology [61] have allowed the construction of layers of
semiconductors in the range of a few nanometers [12,15],
thus rendering realizable all these extremely small slabs
presented in our study (like those in Tables I and II). In
particular, chemical deposition methods use a fluid precur-
sor that goes through a chemical change across a surface,
resulting in a solid slab. These layers tend to be conformal
films, meaning that the thickness of the layer is ideally the
same everywhere along the interface, or that the thickness
deviations are minimal. Indeed, chemical vapor depo-
sition is a well-established chemical process employed
to produce high-quality solid thin-film coatings [19] on
substrates [22]. In addition, there are available various
physical deposition methods like lithographic etching [30]
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FIG. 11. Variation of (inverse) average transmissivity 1/τ̄ as a
function of miscalculated slab thickness h′/h and (a) inaccurate
effective mass m′/m in the slab, (b) inaccurate potential energy
V′/V in the slab. CdO filter in AlSb environment for E = 0.5 eV
[Fabry-Perot resonance included in Fig. 2(b)]. Black×marks the
proposed operation point (1/τ̄ ∼= 62, θn ∼= 11.1◦). Blank regions
correspond to parametric combinations not leading to exactly one
direction of 100% transmission. Plot parameters, V0 ∼= 2.27 eV,
V ∼= 2.16 eV, h ∼= 18.7 nm.

and molecular beam epitaxy that is a renowned, notably
precise but rather costly fabrication technique [10]. It takes
place in high vacuum and involves directed neutral ther-
mal atomic and molecular beams that impinge on a heated
substrate [16,23].

However, finesse in design should not be taken for
granted especially since the slightest imperfection can
harm the particularly fragile quantum effects and their reli-
able recording [62] by creating decoherence or effective
noise. Therefore, it is useful to examine the behavior of
the suggested filters when their size h is not perfectly
fabricated or their texture (m, V) becomes inaccurately
engineered due to unwanted inclusions. Accordingly, we
assume in this subsection that the particles of specific
energy E travel as matter plane waves into the background
host with exactly determined effective quantities (m0, V0)

and investigate the effect of misselecting the rest of the
setup parameters, namely film thickness h′ �= h, effective
mass m′ �= m, and potential level V′ �= V in the slab.

In Fig. 11, we consider a layout sustaining Fabry-Perot
interference at E = 0.5 eV [from Fig. 2(b)] and repre-
sent the metric 1/τ̄ as a function of h′/h; in particular, in
Fig. 11(a), we examine its variation on the (h′/h, m′/m)

map. The blank regions indicate parametric combinations
not permitting exactly one resonance for 0 < θ < 90◦,
similar to those of blue regions in the existence map of
Fig. 1(c). It is clear that the robustness of the performance
is higher with respect to inaccurate effective mass estima-
tion than in the case of imperfect forming of the cavity.
However, the score is kept quite high for 0.9 < h′/h < 1.1
even though it drops more rapidly for larger than the opti-
mal thicknesses. Note also that if both effective mass and
size take higher values, the structure does not serve its pur-
pose anymore as a filter of a single direction. In Fig. 11(b)
we investigate the variation of 1/τ̄ on the (h′/h, V′/V)

plane, while keeping m′ = m. Since the design constitutes
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FIG. 12. The same as in Fig. 11 for the InAs filter in BN and
E = 1 eV [trivial resonance shown in Fig. 2(c), included in Table
II]. White×marks the proposed operation point (1/τ̄ ∼= 30, θ0 ∼=
31.4◦). Plot parameters, V0 ∼= 7.90 eV, V ∼= 0.36 eV, h ∼= 1.03
nm.

a very shallow potential well (V ∼= V0), the response is
very sensitive to changes of the potential; as a result, even
the slightest change can send us to an infeasible setup;
however, the device exhibits substantial endurance with
respect to the width of the slab and, most importantly, may
increase its performance for thicker structures. These bet-
ter designs for the same V are not detected by the adopted
optimization scheme since we search the maximum of 1/τ̄

within the interval 0 < h/λ < 5; thus, the reported scores
can be enhanced further if larger h/λ ranges are considered
and nonboundary extrema constraints [63,64] are imposed
(the filter of Fig. 11 has thickness h/λ = 5).

In Fig. 12, we consider a totally different design based on
the trivial resonance that employs a huge contrast between
potential energy in slab V and background V0. In Fig. 12(a),
one observes that the level of 1/τ̄ is retained despite the
significant deviations from the proposed values; further-
more, the highest scores are attainable for smaller effective
masses; unlike in Fig. 11(b), such maxima are not accessi-
ble through the followed maximization process since m is
not a free parameter but takes only distinct values accord-
ing to the list of available media. In Fig. 12(b) we regard
again the (h′/h, V′/V) map and realize that, despite the con-
siderable variation of potential (by 2 orders of magnitude),
the performance of the device is not affected much since
V0 � V meaning that the value of V plays little role; for
the same reason, we do not see blank areas in both pan-
els of Fig. 12. Therefore, one can clearly understand that
the designs employing very deep quantum wells (upper left
portion of panels in Fig. 2) are much less vulnerable to fab-
rication and engineering defects than the ones working for
V ∼= V0 (diagonal of panels in Fig. 2), regardless of the type
of resonance.

IV. CONLUSIONS

Classical electromagnetics and quantum mechanics deal
mostly with waves that obey similar dynamic laws;
therefore, they mutually share several concepts and tech-
niques. Given the huge recent upsurge of funding and
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industrial interest for quantum engineering combined with
the fact that electrodynamics is the older of the two sci-
entific branches, it is quite common to see photonic ideas
translated into the quantum arena. The well-known Fabry-
Perot resonator providing transmissivity control based
on the interference of reflections makes an example of
an architecture, initially introduced for electromagnetic
waves, that describe well the matter-wave interactions in
quantum-well and barrier configurations. In this study, we
excite obliquely such a planar slab with an impinging elec-
tron beam traveling into a specific background and search
for optimal combinations of sizes and materials giving
directionally selective tunneling. After an exhaustive, trial-
and-error search through an arbitrarily long list of available
quantum media, sets of filter designs are found to per-
mit transmission only of those particles incoming at a
particular angle. Such an extreme directional preference
is demonstrated for several levels of energies, while the
robustness of the performance in the presence of various
construction defects is also examined.

In this regard, a database of ultra-selective directional
quantum filters is populated offering extra degrees of free-
dom in modeling and fabrication. At the same time, such
a library contains the highest selectivity scores that can
be hit by our simple layout when employing the consid-
ered set of materials; more substantial performances may
be accomplished only with the use of more complicated
multilayered structure or more sophisticated anisotropic
texture. The same process can be expanded to setups of
increased complexity, where the heavier optimizations will
be executed via state-of-the-art inverse design algorithms
[65–67], to provide ultra-performing configurations for a
much broader range of quantum-engineering applications.
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