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Abstract: In this paper, we demonstrate the feasibility of realizing the extraordinary optical
transmission (EOT) and the collimated beaming effect through InSb grating, which has a
subwavelength slit surrounded by a finite array of grooves at both sides of the surface.
Firstly, we investigate the transmission properties of the structure by changing the temper-
ature and doping concentration of InSb, and the optimized transmission can reach almost
95%. Besides, it is verified that the transmission is mainly controlled by the pattern on
the input corrugation with the variable dimension parameters. At last, the properties of the
beaming intensity and focal length are thoroughly analyzed with the variation of the number
and depth of the grooves on the output corrugation. These results provide a new plasmonic
solution for controlling light in a variety of integrated optical components in the terahertz
range.

Index Terms: Doped InSb, extraordinary optical transmission, beaming effect.

1. Introduction
With the in-depth study of the Surface Plasmon Polaritons (SPPs) theory, a lot of unsolved optical
problems have been explained and settled and the great potential of SPPs in the application
of various optical components was revealed. SPPs are electromagnetic waves bounded to the
interface between a conductor and a dielectric [1], which have opposite permittivities. Numerous
studies of the application of SPPs are focusing on the excitation and guiding along with a planar
interface. For example, the control over the propagation of the waves for waveguiding applications
was achieved by surface patterning [2], or the special phenomenon of rainbow trapping has paved
the way for the applications of SPPs in improving the performance of optical switching or optical
signal procession [3]. All of the above researches are focusing on the active control of the SPP
propagation along the surface grooves in the horizontal direction. In addition, it is also worth noting
that there are many applications of SPPs in the perpendicular direction, which focus on the trans-
mission of electromagnetic energy through the thin metallic film. Since Ebbesen first reported the
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extraordinary optical transmission (EOT) phenomena through a two-dimensional (2-D) hole array
perforated on a silver screen in 1998 [4], considerable researches on the optical properties of this
periodic subwavelength structure have been conducted [5]–[18]. The transmittance of light passing
through the periodic structure surrounded by surface corrugation has been studied extensively. If
the film is patterned with a regular array of holes, or surface corrugations surrounding a single
slit, the enhanced transmission phenomena and directional beaming effect will be observed. For
example, the study of the optical transmission properties of a single slit in a corrugated metal film
has been described. And the enhancements of light by up to 2 orders of magnitude was achieved
by modulating the groove parameters [19]. It is now a well-established agreement that the large
transmission enhancement is related to two types of transmission resonances: coupled surface
plasmon polariton (SPP) resonances and slit waveguide modes [11], [12], [19]–[21], which satisfy
the conservation of energy and momentum on the surface [22]. Similarly, Lezec first described the
highly directional emission with a narrow beaming angle on a regular grating structure in 2002 [6].
A bull’s eye structure surrounding a circular subwavelength aperture and a single slit surrounded
by parallel grooves were introduced to channel light in a well-defined direction as a collimate beam.
Since then, abundant researches have been done on the grating structure with periodic grooves
on the output surface to investigate the beaming effect [23]–[25]. This effect can be understood
as the formation of surface electromagnetic (EM) resonances on the output surface [26]. While
the properties of the transmission can be controlled basically by the phase-matching condition
imposed by the pattern on the input corrugation, the angular intensity distribution of the emitted
beam is governed by the pattern on the output corrugation. These two combined abilities make this
type of structure a good candidate to play a major role in many optoelectronic applications, such
as molecular sensing, spectroscopy and stand-alone photonic devices.

Metals, as a conventional plasmonic material, excite well-confined SPPs only at visible and
near-infrared frequencies for its large free electron density ne ≈ 1023 cm−3. At far-infrared fre-
quencies in the THz regime, the complex dielectric constant of metal is very large due to their
high carrier density, which causes a serious surface impedance imbalance, and makes the lower
field penetration in the metal, hence, resulting in the limitation on the optical field [27]. For the
coupling between THz radiation and metal’s free electrons is poor, it is difficult to observe significant
SPPs characteristics and transmission enhancement, which is believed to be a limitation for the
scalability of metal within THz spectra [22]. Therefore, researchers turned to other materials for
exploring SPPs phenomenon at THz range. Numerous researches show that the dielectric constant
of the doped semiconductor in the THz is about 102, and it is close to that of the metal in the
visible optical band, which is lower than 102. This feature resulting in similar optical properties
between them [28]. The metallic characteristic of doped semiconductors such as silicon and
InSb at low frequencies makes it possible to excite SPPs at mid-infrared, THz, and microwave
frequencies. The transmission through square gratings of apertures structured in doped silicon was
widely investigated [29]–[31]. Simultaneously, active control of SPPs excitation can be achieved by
adjusting carrier concentration and mobility of InSb. An additional advantage of InSb material is
that their dielectric constant can be also tuned by changing temperature or doping [32]. Compared
with metals, flexible tuning also provides processing convenience for the applications of InSb SPPs
excitation in the THz frequency.

In this paper, we demonstrate the feasibility of realizing the extraordinary optical transmission
and the collimated beaming effect through a subwavelength slit aperture surrounded by a finite
array of grooves at both sides of the surface using InSb instead of metal. Optical characteristics
of the grating structure are thoroughly analyzed by tuning the geometrical parameters of both
sides and displayed by the transmittance spectrums and the optical field intensity distribution. The
greatly enhanced transmission was achieved by changing the temperature, doping concentration
and the geometrical parameters of the input surface of the structure while the detail of the
beaming mechanism was also investigated by tuning the output surface. These features make
this structure an excellent candidate for plasmonic components in all-optical and optoelectronic
fields.
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Fig. 1. 3D schematic of the designed slit aperture surrounded by a finite array of grooves with InSb.

2. Device Structure
In order to investigate the SPPs properties of the EOT phenomenon and the beaming effect of the
InSb grating waveguide at the same time, the structure we used is shown in Fig. 1. The slit aperture
is surrounded by a finite array of grooves on both sides of the surface. The finite-difference-time-
domain (FDTD) simulation methods are carried out to obtain the transmittance of the structure by
tuning the input surface. In the simulation, the incident light is a TM polarized wave propagating
along with the y direction, and the direction of the electric field E and magnetic field H is y and z,
respectively. Therefore, the thickness of the InSb strip along the z-direction is negligible. The letter
d represents the period of the structure, h1 and h2 are marked as the depth of the input and output
grooves respectively, H represents the height of the grating and is set to be 400 μm. We set the
width of the grooves and the slit to be the same value, which is represented by w. The number of the
grooves to one side of the central slit at the input surface is represented by MI, and the number of
the grooves to one side of the central slit at the output surface is represented by MO. In our work, the
transmittance properties and the focusing effect of the grating are thoroughly explored by preparing
and analyzing a variety of combinations of parameters for this 3-dimensional array. Such a grating
structure could be fabricated using the electron beam lithography (EBL) and the inductively coupled
plasma (ICP) dry etching processes. First, the doped Insb material could be obtained through ion
implantation technology. Then the EBL process and poly(methyl methacrylate) (PMMA) were used
to prepare the mask of the device. And the grating could be patterned through ICP dry etching
process. Nowadays, the semiconductor manufacturing process has entered the nanometer scale,
therefore the influence of fabrication tolerance on the performance of such micrometer scale device
could be negligent.

3. Results and Discussion
The doped InSb not only has the metallic characteristics at low frequencies that can excite SPPs
at mid-infrared, THz, and microwave frequencies, but also has a great advantage over metals,
which is due to that its permittivity can be easily modified by the temperature and the doping
concentration, and then affects the SPPs characteristics and the subwavelength transmission.
Taking into account this property, we first investigate the effect of these two factors on transmission.
InSb is characterized by the complex permittivity (ε = ε’+ ε”) with a negative ε’. It has been verified
from the optical experiments that more pronounced enhancement of the transmission occurs when
ε’ is greater than ε” [33]. The permittivities we used in the calculation are obtained from Fig. 2(a),
which provides the main parameters for the Drude model of doped InSb. The Drude mode of doped
InSb is well described as follows [22], [34]:

ε (ω) = ε∞

(
1 − ω2

p

ω2 + τ−2
+ i

ω2
pτ

−1

ω
(
ω2 + τ−2

)
)

(1)
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Fig. 2. (a) The real part and imaginary part of the permittivity of InSb at different carrier concentration.
(b) The real part and imaginary part of the permittivity of InSb at different temperature. (c) The
transmittance T(λ) as a function of doping density, which changes from 1016 cm−3(intrinsic InSb),
2 × 1016 cm−3, 1.43 × 1017 cm−3, 3.96 × 1017 cm−3 to 7 × 1018 cm−3. (d) The transmittance T(λ)
as a function of temperature, which changes from 225 k, 255 k, 295 k to 325 k. (e) The skin depth of
InSb material in different temperature and doping density. The red ellipse corresponds to the region
of intrinsic InSb with different temperature, the green ellipse corresponds to the region of InSb with
different doping density.

Where ε� = 15.7 is the high-frequency permittivity, τ = μm∗/e is the average collision time of the
charge carriers and ωp =

√
Ne2/ε∞ε0m∗ is the plasma frequency. N represents the semiconductor

charge carrier concentration and μ represents the carrier mobility, while e is the fundamental
charge, ε0 the vacuum permittivity, m∗ the charge carrier effective mass and m∗ = 0.014 m0,
where m0 is the electron mass. It is known that ωp and τ vary with temperature T and the doping
concentration N. For example, when T = 295 k, ωp = 5 × 1013 Hz and τ = 6.17 × 10−13 s, when
N = 7 × 1018 cm−3, ωp = 1.26 × 1015 Hz and τ = 1 × 10−13 s [35]–[41]. As illustrated in Fig. 2(a)
and 2(b), the real part and imaginary part of the permittivity of InSb at different carrier concentration
and different temperature are calculated respectively. It can be observed that the absolute value
of the permittivity of InSb with different temperature and different carrier concentration at THz
frequencies is much lower than that of metal like gold, which is more than 105. It is known that
holes do not contribute to the metallic character of InSb. Because their mobility is much lower
in comparison to the electron mobility, so the contribution of holes to the complex permittivity is
negligible.
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Fig. 2(c) and 2(d) illustrate the transmittance T(λ) as a function of wavelength with different
doping densities and different temperatures, respectively. From Fig. 2(c), it is clear that the trans-
mittance enhances as the doping density N increases, and the data also shows the extraordinary
transmittance effect that transmission of the order of 95% was found at λ = 750 μm when
N = 7 × 1018cm−3. We can conclude that the transmission of the doped InSb has increased by
about 1.3 times compared to the intrinsic InSb. In Fig. 2(d), it also shows the overall increase of the
transmittance T(λ) as the temperature rises from 225 k to 325 k. At 325 k, a pronounced peak at
a wavelength about 750 μm is obtained, and the maximum can reach about 0.8 which is 1.5 times
higher than that at lower temperature 225 k. These two results demonstrate that the transmission
properties of InSb grating structure can be easily tuned by changing the temperature or doping
density N. For further explanation, the skin depth of InSb material in different temperature and
doping density are compared in Fig. 2(e). The value of the skin depth of electromagnetic waves is
determined by the optical field penetration depth in InSb. As it can be concluded from the Drude
model, the temperature and carrier density also have effect on the scattering rate, which changes
the skin depth directly. The red and the green circles show the regions of photoexcited InSb with
various temperatures and doping densities, respectively. It is noticed that as the temperature
increases from 225 K to 325 K, the skin depth varies from 27.79 to 5.32 μm, and with the
increase of doping density from 1016 cm−3 to 7 × 1018 cm−3, the skin depth decreases from
7.43 to 0.48 μm. This is consistent with the transmission results at different temperatures and
different doping densities. With the increase of the temperature and the doping density, the depth
of light penetration into the grating structure reduces, causing the effective size of the groove
decreases and the coupling of the incident radiation decreases with smaller effective refractive
index. Therefore, the transmission through the grating structure has an obvious enhancement. In
summary, in order to obtain the optimized transmission result, the doping concentration is set to
N = 7 × 1018 cm−3 in the following simulations and the temperature is set to 295 k.

To lay the foundations for the discussion of the enhanced transmission, we review the basic
physics of the transmission of light through a single hole in an aperture. Since the transmission
process is accompanied by diffraction, various approximations developed in classical diffraction
theory was used in the simulation [6]. Next, the influence of the position of patterning grooves
on transmission was investigated. The array of the aperture is considered infinite and periodic in
the simulation process to simplify the theoretical analysis of the optical response. Therefore, only
EM fields within one unit cell need to be computed with the help of Bloch’s theorem. A variety
of 3-dimensional arrays of different structure were set up to analyze the relationship between the
transmission T and the position of the grooves, and the results are shown in Fig 3(a). These four
structures have the same grating period d = 300 μm, the groove depth h1 = 100 μm and the width
w = 100 μm. Notation [MI, MO] means 2MI grooves in the input surface and 2MO grooves in the
output surface. In both surfaces, grooves are located symmetrically around the central slit. The
spectrum shows a number of distinct features. The curve for [0, 0] corresponds to the case with
a single slit, and its T(λ) only presents two maxima in this frequency range while the other three
cases all present three maxima. This phenomenon indicates that these two peaks around 500 μm
and 1150 μm are only associated to the excitation of slit waveguide resonances [19], [20], [42],
which is excited by the coupling of incident waves with waveguide resonances located in the slits.
An extra peak at λ ≈ 750 μm can be observed in the spectrum of another three cases: [0, 10],
[10, 0] and [10, 10]. The excitation of an EM resonance at the corrugated input grating surface,
originated by the interplay between the groove cavity mode and the in-phase groove reemission
mechanisms is responsible for the extra peak [19]. It can also be obtained from Fig. 3(a) that
the maximum transmission occurs at the curve for [10, 10] and the absolute transmission efficiency
almost reaches 80%. Therefore, in order to obtain the maximum transmission efficiency, a structure
with grooves on both surfaces should be adopted. For a further explanation on the impact of
different groove positions, the dependency of transmission and groove depth for the case of [10, 0]
and [0, 10] are shown in Fig. 3(b) and 3(c), respectively. As we can see from Fig. 3(b), the overall
transmission increases as the grating depth h1 varies from 20 μm to 100 μm, which indicates
that the depth of the upper groove has more significant influence on the transmission. In contrast,
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Fig. 3. (a) The transmittance T(λ) of four different InSb grating structure at THz frequency. Geometrical
parameters used in the figures are w = 100 μm, d = 300 μm, H = 400 μm, and the depth of the grooves
h1 = h2 = 100 μm. Notation [MI, MO] means 2MI grooves in the input surface and 2MO grooves in
the output surface. In both surfaces, grooves are located symmetrically around the central slit. (b) The
dispersion relations of SPPs in one unit of the designed InSb grating waveguides with different groove
position. The transmittance T(λ) as a function of the groove depth in (c) input surface and (d) output
surface.

Fig. 4. (a) The transmittance T(λ) as a function of the groove width on the input surface which changes
from 20 μm to 100 μm. (b) The transmittance T(λ) as a function of the groove depth on the input surface
which changes from 20 μm to 100 μm.

Fig. 3(c) shows a weaker variation of the THz transmission through InSb with the output surface
groove depth h2. Especially at the range 0–800 μm, the transmission remains basically the same
as the depth changes. It can be drawn that the transmission is mainly controlled by the pattern on
the input corrugation while the grooves on the output surface only have a weaker impact on the
transmission especially at larger wavelength. Therefore, in the subsequent simulation, we mainly
study the influence of the structural parameters of the input surface grooves on the transmission.

To elucidate the role of input groove geometrical parameters on the behavior of SPPs in the
grating structure, the effect of different groove widths and depths on transmission are considered in
Figure 4. As mentioned before, in order to obtain the optimized transmission result, grooves on the
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Fig. 5. (a) The light field profile of the structure with parameters N = 7 × 1018 cm−3, MI = MO = 10,
and w = h1 = 100 μm. (b) The light field profile of the structure with parameters N = 7 × 1018 cm−3,
MI = MO = 10, and w = h1 = 50 μm.

output surface were also kept, and its width w = 100 μm, depth h2 = 100 μm. The other geometric
parameters used in the simulation are d = 300 μm, H = 400 μm, and the number of the grooves
on both sides is MI = MO = 10. As illustrated in Fig. 4(a), the transmission T(λ) enhances with
the increase of the groove width which changes from 20 μm to 100 μm and when w > 40 μm,
the peak appears at a larger wavelength as the groove width increases. This phenomenon may
be attributed to two effects: The first one arises from the fact that the SPP dispersion relationship
is greatly depended on the surface groove structure. The second one is due to the coupling of
SPPs on the internal interfaces of the slit, which increase the effective index for the cavity mode
and then decrease the resonance frequency when the width increases [43]. When w = 20 μm,
the light field transmitted through the grating remains low as the wavelength changes. There are
only two visible peaks in the transmission curve when w = 20 and 40 μm and the peak around λ =
750 μm is disappeared. Based on what was demonstrated before, this missing peak is related to the
grating-coupling at the periodic aperture. It can be inferred that due to the extremely narrow width
of the groove, the excitation of a surface EM resonance originated from the interplay between the
groove cavity mode and the in-phase groove reemission mechanism is not conspicuous. Similarly
as Fig. 4(a), the peak around 750 μm become less noticeable when the groove depth h1 = 20 μm
in Fig. 4(b). In addition, there is a distinct tendency that the transmission T(λ) enhances with deeper
grooves. When h1 = 100 μm, the maximum can reach almost 0.8 near the wavelength λ = 750 μm,
which increases nearly 4 times compared to the case h1 = 20 μm. Also it can be seen from Fig. 4(b)
is the redshift of the peak position as the depth of grooves increases from the first peak. This
phenomenon implies that we can flexibly obtain the desired peak by adjusting the groove width
and depth [44], [45]. In general, in order to obtain the highest transmission efficiency, the grating
structure with a groove width and depth of 100 μm is the best choice.

Based on the above analysis of the transmission results for different grating structure, a set of
parameters of the highest transmission efficiency can be obtained. The known optimal combination
of parameters is the doping concentration of InSb N = 7 × 1018 cm−3, MI = MO = 10, w = h1 =
100 μm and the temperature is set to 325 k. To further elucidate the role of the set of parameters
on transmission enhancement effect, the light passing through the optimal parameter structure and
the common structure at the same wavelength λ = 750 μm was compared by the light field profile.
The comparison diagrams are shown in Fig. 5. Fig. 5(a) illustrates the light field distribution for
the structure with optimal parameters and Fig. 5(b) displays the light field for the structure with
N = 7 × 1018 cm−3, MI = MO = 10, w = h1 = 50 μm and the temperature is set to 295 k. The
spectrum results show a number of distinct features, and the most remarkable part is that the light
tunneling through the first structure far exceeds the light passing through the second structure.
In addition, Fig. 5(a) also indicates that the electric fields are most intense at the corner of the
ridges. For this reason one considers the first structure to give stronger coupling between the
incident light and the grooves, and therefore a more obvious SPPs effect. There are two kinds of
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SPP resonance modes for the grating surface of the rectangular unit. One is the horizontal surface
plasmon resonance (HSPR) existing on the upper and corner of the grooves like the concentration
of beams shown in Fig. 5(a), which is a resonance mode induced by a horizontal periodic structure;
the other is the vertical surface plasmon resonance (VSPR) existing on the left and right vertical
surfaces of the grooves and it is a kind of Fabry-Perot resonance mode [46]. It is generally admitted
that the presence of HSPR increases the stronger horizontal resonance between adjacent grooves
and VSPR allows the enhanced light field generated by the coupling to transfer farther in the
z direction. However, some researchers hold the idea that SPPs paly the negative role for the
extraordinary transmission, and Cao and Lalanne consider the high transmission is generated from
waveguide-mode resonance and diffraction [47]. They have shown that the transmission is nearly
zero at the SPP excitation wavelength, and the wavelength λSP is given by:

λSP = d
n

[
Re

{
[ε/ (1 + ε)]1/2

}
± sin (θ )

]
(2)

Where θ represents the angle of incidence, n is a nonzero relative integer. In our simulation, the
calculated λSP equals to 382.3 μm when θ = 0° and n = 1. It can be seen from Fig. 2(c) that the
transmission is extremely weak at λ = 382.3 μm, which is consistent with the view of Cao and
Lalanne. Therefore, the mechanism of the extraordinary transmission remains in dispute and still
requires further research.

In addition to the EOT phenomenon, the focusing effect also appears in the grating structure
we designed, and it only occurs within a very narrow range of wavelengths around the resonant
condition. This phenomenon can be understood by assuming a SPP spreading along the grating
from the exit side of the aperture towards both sides and then undergoing the directional emission
at specific phase and amplitude [26]. The interference of the light emerging from the aperture will
focusing at the point where the phase difference �ϕ = 2mπ (m = 1, 2, 3 …), which is defined by
the groove geometric parameters. The tuning of light through a subwavelength aperture can be
significantly enhanced by patterning the input surface of the slit grating, which has been illustrated
in detail. In a similar way, the emission on the output surface of the slit grating can be controlled via
output surface patterning as well. We have learned that there are two conditions leading to large
E-field intensity along the x-direction near the output surface [23]. One is the excitation of single
groove cavity modes which is controlled by the groove width and depth, the other is the excitation
of in-phase coupling between indentations which is stronger at λ ≈ d. The lensing ability has been
discussed by controlling the width of the slit, the depth of the grooves, and the period of the array at
the output corrugation in previous studies [21]. In this letter, we set a model to investigate how the
number and the depth of the groove influence the E-field intensity and focal length (distance from
the output surface to the surface of a maximum E-field intensity). For the beaming properties only
depend on the geometrical parameters defining the output surface, we remain other parameters
H = 400 μm, MI = 10, w = h1 = 100 μm, and d = 300 μm as before in our simulation. Fig. 6(a)
displays the corresponding electric field intensity profile for the case h2 = 100 μm and MO = 10 at
the resonant wavelength λ = 520 μm. At the far-field region, a highly collimated beam with a very
low divergence is observed. It can be seen clearly that there is a focusing effect associated with
the beaming phenomenon. The localized SPPs focus the electromagnetic field at sub-wavelength
scales leading to local field intensity enhancements of several orders of magnitude [21]. By cutting
along the line of maximum E-field intensity (z = 300 μm) in panel Fig. 6(a), the E-field intensity at
different wavelength λ along the x-direction is shown in Fig. 6(b). Consistent with Fig. 6(a), there
are abrupt increases of the electric field in the middle of the grating at all the wavelength we set.
In addition, the electric field intensity diffracted by the SPP wave at different wavelength varies
greatly, and the light coupled into the SPP wave most efficiently only at one optimal wavelength.
In our simulation, the optimal wavelength λ equals to 520 μm and its beaming intensity almost
reaches 0.85 v/m, which is twice of that of λ = 400 μm. Therefore, the most intense focusing result
can be achieved by changing the wavelength of the incident light.
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Fig. 6. (a) E-field intensity profile as a function of x and z for the case NO = 10, d = 300 μm, w =
100 μm and h2 = 100 μm for the resonant λR = 520 μm. (b) The E-field intensity along the x-direction
cutting by the line of maximum E-field intensity (z = 300 μm) at different wavelength λ.

The process of light passing through the grating and focusing at a distance can be explained
as follows: the primary beam is diffracted from the output corrugation through evanescent modes
and the grooves diffract radiation either to outside or into other indentations immediately. Finally, a
consistent EM field is built up at the output surface while the light reemitted into the vacuum [23].
As illustrated before, one of the conditions leading to large E-field intensity is the excitation of single
groove cavity modes which is controlled by the output groove depth h2. Therefore, for the fixed d, w,
and Mo, there is an optimal h2 to maximize E-field intensity, and an apparent focusing effect could
be observed at a resonant wavelength λR. The dependence of E-field intensity on groove depth h2

is summarized in Fig. 7. Figure 7(a) illustrates the calculated electric field intensity distribution of
different groove depth along the x axis at the output surface. Note that the beam intensity at the
middle of the grating has a strong correlation with h2 and the maximum intensity almost reaches
0.8 v/m when h2 = 80 μm. Figures 7(b)–(d) illustrate the corresponding |Hy|2 intensity distributions
for h2 = 50 μm, 80 μm and 150 μm at λ = 510 μm. It can be easily deduced from the comparison
that the energy emerging from the slit and concentrating most of the energy in an extremely small
region. An extrapolation of the figures is that the focal length also experiences variation with deeper
groove depth. For example, the groove depth h2 = 50 μm case shown in Fig. 7(b) reveals the focal
length of 174 μm. When the depth increases to 80 μm, the focal length will lengthen to 610 μm.
To summarize, the beaming intensity reaches the maximum 0.85 v/m when the wavelength λ =
520 μm, and the focal length up to 610 μm when h2 = 80 μm in our simulation. From the results,
conclusions can be made that we have revealed the beaming effect in the output region, and we
have proposed a focal length modulation method of simply tuning the groove depth or wavelength.
These investigations of the property of the beam provide new theoretical approaches to controlling
light in special nano optical applications, such as optical microprobes and coupler.

In order to investigate the influence of the output surface groove number on focal length, we
simulate the |Hy|2 intensity distribution profile of different Mo with the wavelength changes from 460
to 660 μm to obtain the corresponding focal lengths, and the result is shown in Fig. 8. The other
parameters are set as d = 300 μm, w = h2 = 100 μm, and λ = 510 μm. As it can be seen from the
figure, the focal length does not necessarily increase when increasing Mo. When λ = 560 μm, the
calculation gives that the maximum variation of the focal length by adding grooves to the grating
is about 5%. This invariance is due to the mechanism of the focusing effect: excitation of single
groove cavity modes and in-phase coupling between indentations, which has little connection with
the output groove number Mo. Furthermore, the effective tuning of the focal length is accomplished
through modulating the exit relative phase distribution, and the phase distribution of the transmitted
beam is only related to the depth of the groove, regardless of the number of output grooves. In
summary, the position and length of the focus are independent of the number of the output groove,

Vol. 12, No. 1, February 2020 4800112



IEEE Photonics Journal Investigation of Enhanced Transmission and Beaming Effect

Fig. 7. (a) The E-field intensity along the x-direction by the line of z is 300 μm away the output surface
at different groove depth h2 for the case NO = 10, d = 300 μm and w = 100 μm for the resonant λR =
510 μm. The E-field intensity profile as a function of x and z at a groov e depth of (b) h2 = 50 μm, (c)
h2 = 80 μm and (d) h2 = 150 μm.

Fig. 8. The focal length as a function of wavelength at different output groove number. Mo changes from
5, 10, 15 to 20 and the other parameters are fixed: d = 300 μm, w = h2 = 100 μm, and λ = 510 μm.

and the light passing through the structure with different Mo could be focused at the same spot in
the output region.

4. Conclusions
In this work, the properties of the extraordinary optical transmission (EOT) phenomenon and
the beaming effect have been analyzed successfully by tuning the pattern on the input and
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output corrugation of the InSb slit waveguide, respectively. By means of altering the temperature,
doping concentration of InSb and the geometrical parameters of the input corrugation, the greatly
enhanced transmission are obtained and the maximum transmission efficiency reaches 95%. The
properties of the beaming intensity and focal length are thoroughly analyzed by changing the
number and depth of the output groove at a fixed wavelength. And the results show that the
maximum of the beaming intensity reaches 0.85 v/m, which is twice the minimum value. The
investigations of the unique SPPs properties of the InSb slit grating structure we designed pave
the way towards a wide range of novel applications in future plasmonic devices at THz range.
For example, the high transmission efficiency property inspire designs for enhanced devices such
as near-field scanning optical microscopes and ultra-high density optical data storage devices. In
addition, in practical applications, the tunability of the resonant wavelength improves the flexibility of
these devices. At the same time, the beaming effect can be applied to the devices that can transmit
or receive light along a specific direction for a given wavelength, such as the spectral multiplexing
and the fiber coupling. In summary, our findings demonstrates a way to break through traditional
optical diffraction limitations and these theoretical analysis lay the foundation for further application
of optical devices.
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