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Abstract:  Solid metal films are well known to be opaque to electromag-
netic waves over a wide frequency range, from low frequency to optics. High
values of the conductivity at relatively low frequencies or negative values of
the permittivity at the optical regime provide the macroscopic explanation
for such opacity. In the microwave range, even extremely thin metal layers
(much smaller than the skin depth at the operation frequency) reflect
most of the impinging electromagnetic energy, thus precluding significant
transmission. However, a drastic resonant narrow-band enhancement of the
transparency has recently been reported. The quasi-transparent window is
opened by placing the metal film between two symmetrically arranged and
closely spaced copper strip gratings. This letter proposes an analytical cir-
cuit model that yields a simple explanation to this unexpected phenomenon.
The proposed approach avoids the use of lengthy numerical calculations and
suggests how the transmissivity can be controlled and enhanced by manipu-
lating the values of the electrical parameters of the associated circuit model.

© 2016 Optical Society of America
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1. Introduction

Triggered by the discovery of the extraordinary optical transmission (EOT) [1], a lot of research
has been conducted to elucidate the nature of the enhanced frequency-selective transmission
of electromagnetic waves through opaque (mostly metallic) screens periodically perforated
with arrays of sub-wavelength holes or slits. Nowadays this phenomenon is known to occur
at any frequency from microwaves to optics and it is well understood in terms of the excita-
tion of (spoof) surface plasmon-polaritons [2—4]. Alternative models [5,6] based on impedance
matching conditions are also available. Enhanced transmission is usually observed in a rather
narrow frequency band, although ultra-wideband transparency can be obtained for specific an-
gles of incidence through structured metal slabs involving sub-wavelength apertures [7]. How-
ever, the transmission of electromagnetic waves through solid metal films (i.e., continuous,
non-structured) is always very weak, even though thin metal screens are involved. At optical
frequencies, the reason for such high opacity is related to the high and negative real part of the
metal permittivity (lossy plasma behavior), which results in a purely imaginary refractive index.
In such circumstances the transverse electromagnetic waves inside metals become evanescent;
namely, exponentially decaying in amplitude. In [8] it has been reported that, to some extent,
a thin metal layer illuminated with an optical-frequency plane wave behaves as an analogous
to a tunnel barrier. Thus, several techniques have been proposed in the literature to achieve a
significant increase of the optical transmissivity in a given frequency band [8—11]. Although the
experimental results reported in [10, 11] were obtained at microwave frequencies, the opaque
layers employed in those works were actually “effective surfaces” that mimic the behavior of
solid metal films at the optical range (i.e., they were not true solid metal films but rather prop-
erly designed metasurfaces).

From THz down to microwaves or even DC, the electrical response of metals is well de-
scribed in terms of a large real conductivity. If the thickness of the metal layer is meaningfully
larger than the skin depth at the working frequency (at least two or three times larger), attenua-
tion is too strong as to allow for relevant transmissivity through the solid metal slab. Moreover,
even extremely thin metal films, having a thickness of a few tens of nanometers (i.e., well be-
low the typical skin depth for metals at microwave frequencies), are also very opaque. Since
absorption is marginal in this case, opacity here comes from the strong reflection caused by the
abrupt impedance mismatching associated with the presence of the thin metallic film. Never-
theless, the possibility of opening a narrow transmission window in the microwave region has
recently been reported in [12] by introducing an auxiliary periodically structured surface. More
specifically, the authors of [12] show the appearance of a strong narrow-band transmission
peak around 22.7 GHz using an electrically ultra-thin resonant structure attached to a 60 nm
thick solid aluminum film (the aluminum film alone, in spite of its small thickness, would not
allow for a significant transmission of microwave power through it). The thin aluminum film
was placed between a couple of identical copper strip gratings separated from the film by an
electrically thin dielectric layer of approximately 5x 10~#2 thickness, with A being the wave-
length in vacuum at 22.7 GHz. The basic operational structure is represented in Fig. 1. In the
experimental setup used in [12] a number of additional external dielectric layers were used, and
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Fig. 1. Sketch of a basic structure exhibiting enhanced frequency-selective transmission
through a thin solid metal (aluminum) film of extremely small thickness ( = 60nm). TM
incidence is assumed. A similar structure, including some additional external layers re-
quired by the experimental setup, was shown to exhibit enhanced transmission around a
certain frequency in the microwave range in [12].

a small air gap was supposed to exist within the sandwiched structure.

The purpose of the present letter is to give a physically insightful explanation of the exper-
imental results reported in [12] at the light of the accurate equivalent circuit (EC) modeling
technique previously developed by the authors in [13]. In that work it was discussed the mod-
eling of the reflection and transmission properties of a variety of strip—like and slit-like metal
gratings embedded in (or printed on) layered dielectric media. The EC models in [13], sys-
tematically derived using an ab initio approach, give a convenient analytical solution to the
problem and, at the same time, yield a simple conceptual frame that make it easier the design of
devices based on those structures. In the present letter, the approach in [13] is supplemented in
order to include the presence of the solid metal film. Although the modifications introduced in
the model are relatively simple (but not trivial), they provide the fundamental physics that ex-
plains the existence of resonant transmission. Thus, the reported analytical methodology does
not only avoid the use of lengthy and demanding computational tools but, more importantly,
renders an insightful alternative point of view that reveals the relevant structural parameters to
be adjusted in order to control the transmissivity. The details of the derivation of the circuit
model and the involved approximations are given in Sec.2. In Sec. 3 the results obtained with
the proposed model are shown to explain the experimental observation in [12]. It is also shown
how the structure can be modified in order to enhance the transmissivity level and to tune the
resonance frequency.

2. Derivation of the analytical circuit model

In the structure shown in Fig. 1, an extremely thin metal film is sandwiched between two elec-
trically thin dielectric layers where two identical strip gratings of copper have been etched. The
structure is illuminated with a TM-polarized plane wave (magnetic field parallel to the slits
of the gratings). Due to the periodic nature of the problem, only the single unit cell shown in
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Fig. 2. Basic unit cell for the analysis of the structure in [12]. TM incidence is assumed.
PEC stands for perfect electric conductor and PBC for periodic boundary conditions.

Fig.2 has to be considered for analysis purposes. In that unit cell, some additional external
dielectric layers have been incorporated in order to account for the actual experimental setup
used in [12]. Note that the size of this unit cell along the x-axis can be arbitrarily chosen since
there is no variation of the electromagnetic quantities along the x direction. In our case, this
size has been taken equal to the period of the structure along the y-direction, p. For normal
incidence, the horizontal boundaries (perpendicular to the impinging electric field) of the unit
cell behave as virtual perfect electric conductors (PEC) whereas the vertical walls (perpendic-
ular to the impinging magnetic field) would behave as perfect magnetic conductors (PMC).
Oblique TM incidence can be incorporated in a trivial manner by substituting the PEC walls
by periodic boundary conditions (PBC). In the experiment carried out in [12], the structural
and electrical parameters were: p = 3.80mm, w = 0.120mm, dy = 7.44mm, d; = 0.80mm,
d="75um, t=60nm, £©) = g (2.6410.15), 1) = (4.1 +i0.082) (commercial FR4 PCB
substrate), £(2) = 2.6, 6o1 = 1.12 x 107 S/m. The value of the conductivity has been chosen
to be consistent with the equivalent permittivity used in the numerical simulations in [12] (it is
not the bulk conductivity of aluminum but some effective value accounting for surface effects
associated with the small value of the thickness #). The thickness of the aluminum film, despite
being so small, is enough to almost totally shield microwave radiation in the absence of the
copper grating.

The analysis of structures with this geometry, excluding the thin metal film, was carried out
by the authors in [13] by means of an analytical formulation that led to an equivalent circuit
(EC). Following the guidelines in [13], it is clear that the unit cell in Fig.2 can be viewed as
a parallel-plate transmission line system whose boundaries are two parallel PEC walls (normal
incidence case) separated a distance equal to the period of the grating, p, and two arbitrarily
separated magnetic walls perpendicular to the PEC boundaries. As a separation of p is taken
here, the characteristic admittance of the parallel-plate waveguides in each of the dielectric
regions is simply given by YO(/) = \/8,(”\/80/;10 (j = 0,1,2). The resulting guiding system
in Fig. 2 presents a number of discontinuities along the z-direction. The dielectric-to-dielectric
interfaces do not generate new modes whereas an infinite number of high-order TM modes
are scattered by the metalized discontinuities (copper gratings). The propagating electromag-
netic waves in each of the regions can be represented by simple transmission line sections [14]
whereas the effect of the localized (evanescent) high-order TM modes scattered by the slits can
be accounted for by means of lumped capacitors. This modeling is possible provided the oper-
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Fig. 3. (a) EC for odd excitation of the unit cell in Fig. 2 (a virtual electric wall in the central
middle plane, AA’, is modeled through a short-circuit termination); (b) EC for even excita-
tion (a low resistance of value 2R substitutes the short-circuit used for the odd-excitation
case; (c) EC representing the unit cell in Fig. 2 when C; = C,.

ation frequency is low enough to preclude the excitation of propagating high-order TM modes
in the dielectric regions around the slits [13], as happens in the experiment carried out in [12].

The ECs shown in Figs.3(a) and 3(b) are suitable representations of the electromagnetic
problem sketched in Fig.2 assuming symmetrical (even) and anti-symmetrical (odd) excita-
tions. The reflection coefficients for the impinging voltage waves in these circuits will allow us
to compute the reflection (S11) and transmission (S»;) coefficients for the fundamental propagat-
ing mode that impinges on the periodic layered structure in Fig. 2. Note that the superposition
principle can be invoked [14] to express S;; in terms of the reflection coefficients, S7; and Sf,,
for the two circuits in Figs. 3(a) and 3(b); i.e., S11 = (87}, + S§;) /2 and 21 = (S§, —S7;) /2 (the
superscript “o” stands for odd excitation and “e” for even excitation). It should be taken into
account that for odd/even- excitation the vertical symmetry plane in Fig.2 (AA’) is a virtual
short/open circuit. Thus, the EC for odd-excitation operation is the one depicted in Fig. 3(a)
and the EC accounting for even-excitation operation is shown in Fig. 3(b). The aluminum film
is represented by means of a simple resistor, 2R = 2/(0oa1t) (R = 1.49Q if the value of the
effective o, in [12] is taken). The DC formula for the resistance can be used here because
t < 0 in the frequency range of interest (8 is the skin depth in the aluminum layer). Note that
the effect of the ultra-thin aluminum layer only appears in the EC for even-excitation operation
in Fig. 3(b) since the virtual short-circuit in Fig. 3(a) at the end of the transmission line section
accounting for the 75 um dielectric layer is connected in parallel with the resistor.

The capacitances C,(®) and C¢(®) in Figs.3(a) and 3(b) account for the presence of the
copper grating. The dependence on frequency comes from the contribution of the first excited
high-order TM mode, whose cutoff frequency is not high enough as to make this contribution
frequency-independent [13]. In principle, C,(®) and C(®) are expected to be different due to
the strong coupling between the closely spaced gratings through high-order modes generated
at the slit discontinuity [13]. Indeed, the difference between those capacitances would be very
important if the aluminum film was not present. Fortunately, the low resistivity of the metal film
drastically simplifies the situation. For odd-excitation, as mentioned above, the equivalent re-
sistor is virtually short-circuited and the value of C,(®) would be the one obtained for a single
grating backed by a PEC ground plane placed at a distance d from the grating. This value can
easily be computed using the analytical expressions provided in [13] for such geometry. For
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even-excitation it is key to note that the resistor loading the even excitation equivalent circuit
(2R) has a very low value in comparison with the characteristic impedances of the transmission
lines involved in the circuit model. It makes the even-excitation physical situation be almost
indistinguishable from the odd-excitation one, and hence C. will be approximately equal to C,.
The presence of the lossy aluminum film would also make C. be complex; i.e., it would in-
corporate a frequency-dependent conductance. However, the imaginary part of C. coming from
the presence of the aluminum film would also be negligible and, therefore, we can consider
C. = C, = C(w) and real (a minimal error below 0.3% is estimated). This is an interesting re-
sult since, under this approximation, the equivalent circuit in Fig. 3(c) can be used to model the
whole structure, thus avoiding the necessity of considering separated even- and odd-excitation
circuits. Note that the resistor R, which only affects the fundamental mode [the effect of all
high-order modes is embedded in C(w)] will account for the absorption in the metal film and
the mismatching return losses. The small real part of the admittance associated with high-order
modes embedded in C, can be completely neglected.

In order to understand the appearance of the strong transmission peak reported in [12], first
it should be considered that, in the absence of the thin metal film as well as dielectric losses,
perfect transmission would be allowed at those frequencies for which S, =—Sp, [13]. Using
the equivalent circuits in Figs. 3(a) and 3(b), it is straightforward to understand that the phase
difference between ST, and S}, can reach a value of 7 radians at some frequency point very
close to the resonance of the resonator formed by C,(®) and the short-circuited transmission
line section appearing in Fig.3(a), since the even-excitation equivalent circuit does not res-
onate in this range of frequencies. As that transmission line section is electrically short and
loaded with a short-circuit, it could be substituted by a series frequency-independent inductor,
L = pod, if desired. Now, if we consider again that the aluminum film is present, it is found that
the situation for even excitation is quite similar to the previous one, except for the existence of
a low resistance load (2R) instead of a short circuit. This makes that S{, and S7, have almost
the same amplitude and phase (thus yielding a very low value of S>;) except around the reso-
nance frequency s = 1/ V/LC. Thus, within a narrow frequency band around this resonance
frequency, S»; can reach relatively high values (much higher than in the absence of the copper
gratings). This circumstance easily explains the existence of the strong transmissivity in [12]
despite the presence of the, otherwise almost totally opaque, solid aluminum film. Examples of
this phenomenon are reported in the following section.

3. Comparison with experimental results and discussion

A simple computer code has been implemented to calculate the values of the capacitances in
the circuit shown in Fig. 3(c) from the dimensional and electrical parameters of the structure.
More specifically, the capacitance used in our simulations has been obtained using the formulas
given in [13] for the case of a metal grating printed on a stratified substrate with a PEC ground
plane located at the position of the symmetry plane AA’ (see Fig. 2). It is worth mentioning that
this capacitance includes a frequency-dependent contribution associated with the first scattered
TM mode since its variation with frequency is found of practical relevance. The values of the
characteristic admittances of all the transmission line sections are known in closed form, as
well as the propagation constants of the supported TEM waves. With these data, the calculation
of §§; and ST, (and S11 and Sy for the circuit in Fig. 3(c)), is a trivial exercise [14]. The results
obtained with this code have been validated by comparison with the data reported in [12], as
plotted in Fig. 4. The blue solid line corresponds to our analytical EC results for the transmissiv-
ity (|S12|?) considering the structure shown in Fig. 2. If the air gaps empirically proposed in [12]
are included in the model (it simply requires the addition of a short air-filled transmission line
section to the model), the red line is obtained, which shows a better matching with the exper-
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Fig. 4. Transmissivity of the structure experimentally studied in [12]. Squares are experi-
mental data in that paper. The solid lines have been obtained with our circuit model (the
red one includes the effect of a 10 um air gap considered in [12]). Circles have been com-
puted using CST Microwave Studio for the structure with the air gap. The electrical and
dimensional parameters are given in the main text.

imental data. It can also be observed that the resonance frequency and the transmission level
are very accurately reproduced by the proposed simple analytical model. Nevertheless, the pre-
dicted quality factor is slightly lower, although the authors have obtained a similar discrepancy
in the quality factor when using the commercial electromagnetic simulator CST Microwave
Studio [15], as it can be seen in Fig. 4. (It must be taken into account that the thickness of the
air gap was empirically adjusted to accurately match the experimental resonance frequencys; i.e.
it was not actually measured). It is worth mentioning that, if the aluminum film is removed, the
structure becomes almost totally transparent at the same resonance frequency. This fact is also
well accounted for by our circuit model after using the appropriate values of C, and Ce in the
ECs in Figs. 3(a) and 3(b) (these values are different if the metal film is not present) and R = oo.

In Fig. 5 we have plotted the magnitude and phase difference of the even- and odd- reflec-
tion coefficients. Dielectric losses have been neglected, in such a way that |S7,| = 1. It can be
clearly observed that the maximum transmission frequency point corresponds to a phase dif-
ference of 180° between the even and odd reflection coefficients. Most of the dependence with
the frequency of the phase difference comes from the resonant behavior of the odd-excitation
equivalent circuit, since the phase of Sf, varies smoothly in this frequency range. At the res-
onance point, the magnitude of S, is close to a minimum. It clearly suggests that this mini-
mum should be as low as possible in order to increase the transmissivity. In any case, provided
a phase difference of 180° can be achieved, the minimum possible magnitude of the trans-
mission coefficient is |S2;| = 0.5. When this phase condition is satisfied, it is readily found
that |S>1| = (ST, +[S7;1)/2. As |SP;| = 1 when dielectric losses are neglected, it is clear that
|S21] > 0.5. However, it should be mentioned that a 180° phase difference between S§, and S¢,
cannot be achieved if the metal film resistance is too low, which happens below a threshold
value of R = 0.57Q for the specific geometry under study. In such case, the transmissivity can
actually be less than 0.5.
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Fig. 5. Magnitude of S, (solid red) and S7, (solid blue) and phase difference (dot-dashed
line) between these two reflection coefficients as a function of frequency for the structure
studied in [12]. The transmission coefficient |Sj»| has been also included (solid black).
Dielectric losses have been ignored.

As already mentioned, the electrically short transmission line sections corresponding to the
thin dielectric layers in contact with the aluminum film can be substituted by a simple inductor
of value L = popd. The resonance angular frequency for the odd-excitation circuit model is
w0l =1/ VLC. At that frequency the impedance loading the odd-excitation circuit model would
be an open circuit. The resonance angular frequency for the even-excitation circuit is slightly
lower than @2 due to the presence of the resistance 2R. This resonance angular frequency is

res
given by

2
2R

where it has been taken into account that R < +/L/C for typical values of the involved elec-
trical parameters. At the resonance frequency wg, the even-excitation circuit model is found
to be loaded with a real impedance given by RS, = L/(2RC). In order to enhance transmissiv-
ity at resonance, this loading impedance should be made much smaller than the characteristic
impedances of the involved transmission line sections. Now, to keep the discussion as simple as
possible, let us consider the simplified version of the problem in Fig. 1, where a single dielectric
medium exists at both sides of the sandwiched structure. According to the above discussions,
the transmissivity at resonance can be increased by making ST, as close to -1 as possible, since

{1 = +1 at that resonance frequency and Sj» = (S§; —S7,)/2. It means that Ry, has to be
adjusted to be small in comparison with the transmission line characteristic impedance. For a
given value of R (imposed by the metal film conductivity and thickness), this can be done by
decreasing the value of L (i.e., reducing the thickness d of the internal dielectric layer) and/or
by increasing the value of C. The capacitance C can be increased by reducing the value of w, but
this might lead to fabrication problems. An alternative path to increase C is to use a meandered
slit. Fig. 6 shows the consequences of introducing a meandered slit in a simple structure with
all the dielectric materials assumed to be lossless and considering a single external dielectric
medium (only a lossless medium with permittivity e(1) =4.1g) is assumed in the external region
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Fig. 6. Magnitude of the transmission coefficient through the structure in Fig. 2 (dielectric
and copper losses are neglected) without the layer characterized by €©). The solid blue
curve corresponds to a uniform straight slit. Green (analytical) and red (numerical, CST)
curves correspond to the same structure with a meandered slit (total length = 2.76 p). The
unit cell of the simulated meandered structure is depicted in the left panel (only the front
view is shown since the dielectric configuration is the same used for the uniform slit). The
top and bottom walls are periodic boundary conditions (PBC) whereas the left and right
boundaries of the unit cell are magnetic walls. Dimensions: p, = 1.0mm, p, = 3.8 mm,
w=0.12mm, /; = 0.34mm, /, = 0.56mm, /3 = 1.0mm.

in Fig. 2). In this way, the only source of losses is the thin aluminum film. No air gap is consid-
ered in this case. The resonance of the structure with the straight slit is slightly below 22 GHz
and the amplitude of the transmission coefficient at resonance is about 0.79. Meandering the
slit in such a way that its length per unit cell (p.u.c.) is 2.76 times the width of the unit cell (p)
gives a significantly higher p.u.c. capacitance. Simulations carried out with CST Microwave
Studio [15] and with our circuit model using a rough estimated value of the meandered slit
capacitance show that the resonance frequency is clearly reduced as well as the transmissivity
is meaningfully increased (see Fig. 6). Our rough estimation of the meandered slit capacitance
has been obtained by analytically solving for a straight slit and determining its per unit length
(p-u.l.) capacitance; the total capacitance of the meandered slit is then considered to be approx-
imately given by such p.u.l. capacitance times the total length of the slit. The accuracy of our
results for the meandered slit could be improved using a better estimation of the capacitance
of the meandered capacitor. Nevertheless, the chosen example suffices to point out the good
physical insight provided by the proposed circuit model and the consequent accurate prediction
of the behavior of the structure.

Finally it will be explored how to modify the circuit model in order to predict the behavior of
the structure under study when the metal film thickness is not negligible in comparison with the
skin depth. Now the distributed effects of the fields inside the metal film should not be ignored.
The aluminum film should be modeled as a highly lossy transmission line section. In such case,
the EC for odd excitation is not terminated with a short-circuit but with the input impedance
of a t/2 section of such lossy line terminated with a short circuit. The resistor, 2R, loading the
EC for the even excitation should be replaced by the input impedance of the same lossy line
section terminated with an open circuit. These input impedances are analytically known using
standard transmission line theory [14] with the appropriate complex values of the characteristic
admittance and propagation constant, which are related to the skin depth in the aluminum at the
working frequency. Note that those two complex loads for odd and even excitations collapse
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Fig. 7. Transmissivity as a function of the aluminum film thickness (analytical data versus
numerical results in [12, Fig. 4].

into the same value for thick enough metal films (3 to 4 times the skin depth), in such a way
that no transmission would be predicted by our model, as physically expected. For intermediate
values of the film thickness, an exponential decay of the transmissivity is predicted by this
analytical model. In Fig. 7 our analytical results are compared with the full-wave data provided
in [12]. As a final comment, it is worth to say that, if the angle of incidence is different from
zero (oblique incidence), the model is still valid using the angle dependence of the characteristic
admittances of the transmission line sections, as explained in [13]. Our model is then able of
reproducing the experimental angle dependence of the transmissivity reported in [12, Fig. 5].

4. Conclusion

A simple analytical circuit model has been developed to explain the observed enhanced
frequency-selective transmission of electromagnetic waves through thin solid metal films at
microwave frequencies when the film is sandwiched between two copper strip gratings. The
model correctly predicts the experimentally observed and numerically computed transmission
peak and suggests the way of controlling the resonance frequency and the transmissivity.
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