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We analytically describe light transmission through a single
subwavelength slit in a thin perfect electric conductor
screen for the incident polarization being perpendicular to
the slit, and derive simple, yet accurate, expressions for the
average electric field in the slit and the transmission efficiency. The analytic results are consistent with full-wave
numerical calculations and demonstrate that slits of widths
∼100 nm in real metals may feature nonresonant (i.e.,
broadband) field enhancements of ∼100 and transmission
efficiency of ∼10 at infrared or terahertz frequencies, with
the associated metasurface-like array of slits becoming transparent to the incident light. © 2016 Optical Society of America
OCIS codes: (260.3910) Metal optics; (310.6628) Subwavelength
structures, nanostructures; (240.0310) Thin films.
http://dx.doi.org/10.1364/OL.41.000242

General perception of light transmission through deeply subwavelength apertures in opaque metal screens was first considerably changed back in 1998, when the phenomenon of
extraordinary optical transmission (EOT) was introduced [1].
Previously, it was generally accepted that subwavelength apertures, similar to small particles, only weakly interact with the
incident light, exhibiting progressively lower transmission for
the apertures becoming smaller than the light wavelength. In
the EOT case, which typically occurs at visible and near-infrared
wavelengths, periodic arrays of apertures (or isolated apertures
surrounded by periodic structures [2]) facilitate constructive excitation of surface plasmon polaritons that transpires to resonant
transmission of light, with apertures demonstrating a normalized-to-area transmission considerably larger than one.
We note that the work done in relation to EOT is vast, and
for a detailed overview of past achievements we refer to a selection of comprehensive review papers [3–6]. In this Letter, we
revisit the case of light transmission through an isolated 1D
subwavelength slit in an otherwise opaque metal screen that
can be treated as a perfect electric conductor (PEC). This kind
of configuration has been subject to analytical, numerical, and
experimental treatments in the past, but we emphasize that in
most of those studies extraordinary transmission occurs due to
0146-9592/16/020242-04$15/0$15.00 © 2016 Optical Society of America

either standing-wave resonances in thick metal screens [7–9] or
shape resonances in wide slits [10–12], with the former type
of resonance also being utilized in realizing perfect endoscopes
in arrayed counterparts [13]. Here, we focus on subwavelengththin metal screens for which no resonances exist, and we
present accurate, yet simple, analytical formulas for key parameters, like the average field enhancement in the slit and the
transmission efficiency. The analytical description is consistent
with numerical calculations and related theoretical [14] and
experimental work [15], hence establishing insight into the
process of passing light through slit apertures.
The considered configuration represents a one-dimensional
slit of subwavelength width d in a PEC film of thickness t
(Fig. 1). The incident field is chosen to be a transverse magnetic
(TM) polarized plane wave (i.e., H z ; E x ; E y ≠ 0) propagating
normal to the film surface, with electric and magnetic field
components defined by
iky
E in
x y  E 0 e ;

−1 iky
H in
z y  −E 0 Z e :

(1)

Here, we implicitly assume harmonic-time dependence
exp−iωt, k  2π∕λ is the wave number
pﬃﬃﬃﬃﬃ in the surrounding
medium of permittivity εd , λ  λ0 ∕ εd , λ0 is the free-space

Fig. 1. Sketch of slit in a PEC screen defined by the width d and
thickness t. The surrounding medium is characterized by the relative
permittivity εd , and the incident TM-polarized plane wave propagates
along the y-direction.
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wavelength, E 0 is the amplitude of the incident electric field,
and Z is the wave impedance. In order to proceed, we assume
the relation t ≪ d ≪ λ, meaning that in the analytical description of light transmission through the slit it is reasonable to
neglect
the filmﬃ thickness (i.e., t  0 nm) and for ρ > λ, where
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρ  x 2  y 2 , to treat the slit as a point scatterer. For a homogeneous, isotropic domain for which an arbitrary field solution
can be represented by a series of cylindrical wave functions [16],
the latter assumption implies the following functional form of
the scattered field components in each half-space:
1
E sc
φ ρ  BH 1 kρ;
−1 1
H sc
z ρ  −iBZ H 0 kρ

ρ ≫ d ;

(2)

H 1
n

is the Hankel function of first
where B is the amplitude,
kind and order n, and E ϕ  −E x sin φ  E y cos φ, where the
angle φ is measured in the counterclockwise direction from the x
axis (see Fig. 1). It is worth noting that the cylindrical symmetry
of the scattered light (i.e., independent of φ ) is a consequence of
the point scatterer assumption. Full-wave numerical simulations,
performed using the commercially available finite element software Comsol Multiphysics, however, verify the approximation,
as seen in Fig. 2(b) for the scattered magnetic field. Moreover, it
is evident that the only difference between the two half-space
solutions is a change of sign.
We would now like to relate the amplitude of the scattered
light B to the average electric field in the slit, denoted A. In
doing so, we approximate the scattered electromagnetic nearfield close to the slit with Eq. (2) for small arguments of the
Hankel functions, i.e.,


−2iB
−iB
2i
sc
sc
E φ ρ ≃
;
H z ρ ≃
1  lnkρ
πkρ
Z
π
(3)
λ ≫ ρ ≫ d :

It should be noted that the expansion of H 1
0 for kρ → 0
typically only contains the dominant imaginary logarithm term.
However, we would like to point out that the inclusion of a
constant real part in H 1
0 (1-term in square brackets) is helpful
for an accurate description of the phase of the scattered nearfield. For a series expansion up to first order in kρ, the imaginary
part of H 1
0 kρ → 0 actually also features a constant of
≃ − 0.074, which we have neglected due to its small value.
In the next step of the analytical treatment, we consider the
electric near-field in the electrostatic limit. Since this limit implies
∇ × Esc  0, it directly follows from the Stokes theorem that:
I
Esc · d l  0;
C

where the path C corresponds to a semicircle in the upper halfspace for which λ ≫ ρ ≫ d (see Fig. 1). The line integral can be
evaluated, yielding:
dA
E scφ  −
ρ ≪ λ;
(4)
πρ
where
Z
1 d ∕2 sc
A
E x; y  0dx:
(5)
d −d ∕2 x
We note that Eqs. (3) and (4) allow us to relate the amplitude of the scattered field to the average electric field in the slit,
−iπd
A:
(6)
λ
With the above equation, the last task is concerned with relating the amplitude of the incident field E 0 to the average field in
the slit A. We note that the condition d ≪ λ entails a scattered
electromagnetic field away from the slit that is weak compared
to the incident field. This fact is illustrated in Fig 2(a), thus
verifying that the dominant field in the lower half-space is the
standing wave pattern arising from the interference of incident
and specular reflected waves, i.e.,
B

E −
x y  2iE 0 sinky;

Fig. 2. Color maps of the (a) total and (b) scattered magnetic field
in the vicinity of the slit for the parameters t  10 nm, d  100 nm,
and λ  100 μm. (c) Color map of the total electric field near the slit,
together with arrow plot showing the direction of the field. Note that
all plots are normalized to the value of the incident wave, while in (b),
(c) the scale bars are chosen to emphasize the distribution of the fields.
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−1
H −
cosky: (7)
z  −2E 0 Z

It is evident that the electric field is zero at the material interface
(y  0), hereby implying that continuity of E x through the slit
transpires to continuity in E sc
x . This has the consequence that
sc
E sc
x x; y  E x x; −y, as seen in the arrow plot of Fig. 2(c).
Moreover, as E sc
x is the all-dominant electric field component
in the slit and decays along the y axis away from the slit, the
sc
scattered magnetic field H sc
z , which is proportional to ∂E x ∕∂y,
sc
sc
must satisfy the equality H z x; y  −H z x; −y [see Fig. 2(b)].
The continuity of the total magnetic field at the slit is represented
−
sc
by the equation H sc
z  H z − H z , which under the assumption
that the magnetic field is constant in the slit [Fig. 2(b)] entails
H sc
z  −E 0 ∕Z in the slit.
In the final step of relating E 0 to A, we invoke the field
equivalence principle for apertures in PEC screens. Here, it is
known that scattering from the aperture is equivalent to radiation from a magnetic current Jm  −2n̂ × Ea , where n̂ if the
surface normal and Ea is the electric aperture field [17]. For the
subwavelength slit considered in this Letter, the magnetic current can be approximated by a point source with Jm  2Ad ẑ.
Concerning the electromagnetic fields in Eqs. (2) and (3),
we emphasize that the equivalence is only valid for ρ ≫ d.
Nevertheless, in order for the fields to have the same amplitude
and phase in the valid regime, the following equality must hold:
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2
d

Z
0

d ∕2

H sc
z dρ  −
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E0
;
Z

which relates the average magnetic field of the point source
within ρ ≤ d ∕2 to the same quantity in the slit. By utilizing
the near-field expression of H sc
z in Eq. (3), performing the integration, and using the relation in Eq. (6), we arrive at the result:
A

λ
i
h  
iE :
d iπ  2 ln λ  1 0

(8)

πd

As expected, the utilization of dispersion-free materials and a
negligible film thickness implies an average field enhancement
in the slit (A∕E 0 ) that only depends on the ratio λ∕d .
Having derived relations between the different amplitude
coefficients, we can calculate the power transmitted through
the subwavelength slit and into the far-field (ρ ≫ λ). In this
limit, we may use the asymptotic formulas for Hankel functions
of large arguments, which leads to the scattered magnetic field:
rﬃﬃﬃﬃﬃﬃﬃﬃ
−iB
2 ikρ−π∕4
sc
H z ρ ≃
e
ρ ≫ λ;
(9)
Z
πkρ
−π∕2. As
with the associated electric field given by E φ  iZ H sc
ze
such, the Poynting vector of the scattered field only features a
2
non-zero ρ-component that can be written as S ρ  12 Z jH sc
zj ,
thus resulting in total transmitted power of:
Z π
λ
1
h  
i E 2:
S ρ ρdφ 
(10)
P tr 
2Z π  4 ln λ  1 2 0
0
π
πd

(or larger wavelength) regime, the fact that field in a slit (which
can be produced with standard nanofabrication techniques) can
significantly be enhanced with a proper choice of λ∕d by making use of Eq. (8) is also rather encouraging. The associated
transmission efficiencies are found [Fig. 3(b)], in agreement
with numerical calculations for λ∕d > 10, to exhibit the remarkable phenomenon of significantly enhanced transmission
(ηtr ≫ 1) exhibiting a counterintuitive trend of the efficiency
becoming larger when increasing the ratio λ∕d . As a way of
benchmarking the equivalence between scattering from the
slit and a point source, the dashed lines in Fig. 3(b) show the
transmission efficiency for d  100 nm and d  800 nm, calculated using the average field in the slit from numerical calculations. As expected, the point scatterer assumption breaks
down for λ∕d ≤ 5, as particularly evident for d  800 nm.
In the above analytical derivation, it was assumed that the
screen thickness was much smaller than the slit width (i.e.,
t ≪ d ). In order to gauge the sensitivity of the transmission
on t, Fig. 4 displays the numerically obtained transmission
efficiency when d ∕t  10 and 2.5 and compared with the
(thickness-independent) analytical result. It is evident that
when the condition t ≪ d is not strictly satisfied, the analytical
result slightly overestimates the transmission efficiency, though
the wavelength-dependence is still well-captured for λ ≫ d.
Moreover, Fig. 4 demonstrates that the transmission efficiency

As an interesting figure of merit, it is instructive to normalize
the transmitted power to the power incident on the slit, which
corresponds to evaluating the efficiency of which the slit transmits light compared to the geometrical size. The quantity is
given by:
ηtr 

λ
1
h  
i :
d π  4 ln λ  1 2
π

(11)

πd

It is worth noting that since λ∕d is a faster increasing function
than lnλ∕πd  for λ > d, it follows that the efficiency of
transmitting light and the average field enhancement (for a
fixed slit width) monotonically increases with increasing wavelength. The close-to-linear dependence of the field enhancement on the wavelength for λ ≫ d is in accordance with
experimental results conducted in the terahertz regime [15].
In the remaining part of this Letter, we assess the applicability of the above analytical treatment of light transmission
through subwavelength slits in thin metal screens by comparing
Eqs. (8) and (11) with full-wave numerical simulations. As an
illustrative example, we consider the amplitude and phase of
the average electric field at the center line of the slit for the
slit widths d  100, 400, and 800 nm in the wavelength range
0.5–1000 μm, keeping the screen thickness fixed at t 
10 nm [Fig. 3(a)]. Taking into account the approximations involved in the derivation of Eq. (8), it is remarkable how it
almost perfectly describes both the amplitude and phase of the
average electric field for λ∕d > 10 and with only little discrepancy down to λ∕d ∼ 5. It should be noted that the wavelengthdependent phase response owes to the inclusion of the constant
real part of the series expansion of H 1
0 for small arguments [see
Eq. (3)]. From the point of view of applications in the infrared

Fig. 3. Analytical (lines) and numerical (circles) calculations of the
(a) average electric field in the slit and (b) transmission efficiency as a
function of wavelength for three values of d, keeping t  10 nm in all
cases. The dashed lines in (b) correspond to evaluation of ηtr for d 
100 nm and d  800 nm, using the average electric field from the
numerical calculations.
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ηtr d ≥ Λ:

Fig. 4. Analytical (line) and numerical (circles) calculations of the
transmission efficiency as a function of wavelength for t  40 nm and
160 nm, keeping d  400 nm in both cases. The + markers correspond to the slit transmission efficiency in an aluminum screen.
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(12)

Our full-wave numerical simulations of the radiation transmission through an array of slits in PEC and aluminum screens
demonstrate that the array transmission rapidly increases as
a function of wavelength (Fig. 5). Interestingly, these metasurface-like configurations do reach nonresonant perfect transmission at the wavelengths that are very close to the values
predicted by ηtr d  Λ.
In conclusion, we have derived simple, yet accurate, formulas for the average electric field and transmission efficiency
of light passing through a subwavelength slit in a thin PEC
screen. The formulas obtained are applicable for practically
all metals from the mid-infrared regime and at lower frequencies. For example, slits that can be fabricated using standard
nanofabrication techniques may feature field enhancement of
∼102 and transmission efficiency of ∼10 in the infrared or terahertz regime, while the associated array of slits would display
nonresonant perfect transmission. We believe that our findings
have important implications for various fundamental and
technological applications ranging from near-field THz microscopy with subwavelengths slits to surface-enhanced linear and
nonlinear spectroscopy and sensing [19].
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Fig. 5. Numerical calculation of transmission through slit array as a
function of wavelength when t  d ∕10, d  100–800 nm, and
Λ  4 μm. The + markers correspond to the transmission in an aluminum screen for d  400 nm. Vertical dashed lines indicate the
theoretically predicted onset of perfect transmission.
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