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Extraordinary terahertz transmission through subwavelength
spindle-like apertures in NbN film*
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We studied numerically the temperature dependent extraordinary terahertz transmission through niobium nitride
(NbN) film perforated with subwavelength spindle-like apertures. Both the resonant frequency and intensity of extraor-
dinary terahertz transmission peaks can be greatly modified by the transition of NbN film from the normal state to the
superconducting state. An enhancement of the (+1,0) NbN/magnesium oxide (MgO) peak intensity as high as 200% is
demonstrated due to the combined contribution of both the superconducting transition and the excitation of localized surface
plasmons (LSPs) around the apertures. The extraordinary terahertz transmission through spindle-like hole arrays patterned
on the NbN film can pave the way for us to explore novel active tuning devices.
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1. Introduction

The discovery of extraordinary optical transmission
(EOT) has attracted enormous interest due to its underly-
ing physical mechanism as well as potential engineering
applications.!'=>! Surface plasmon polaritons (SPPs) are gen-
erally believed to assist the EOT.I%! The frequency and in-
tensity of the EOT peaks depend on how SPPs are excited
and propagate, which are determined by the geometry of the
structures, as well as the intrinsic properties of the metal and
surrounding dielectrics.!”l The dependence of EOT spectra
on the materials were studied extensively®-191; superconduct-
ing films show a greater enhancement and tuning ability on

HI-14] For low-

resonant behaviors compared to noble metals.
temperature superconducting film, such as Nb and NbN, have
lower real conductivities and thus lower absorptions, from
which the propagation of SPPs will benefit a great deal.*!!]
On the other hand, the localized surface plasmons (LSPs)
associated with the hole shape also play an important role in
the EOT.[!3] Optical properties of different types of apertures
have been studied from the visible to terahertz (THz) regime
during the last few years.[!6-21 A special type of aperture with
a bow-tie shape has been investigated to improve the transmis-
sion efficiency recently.[?!=2% The intense interaction between
two closely spaced triangular slots leads to a strong electric
field distribution and localization compared to those of square
and rectangular apertures with the same filling fraction. In
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this paper, extraordinary terahertz transmission of NbN film
perforated with spindle-like hole arrays has been studied nu-
merically. The effects of SPPs or LSPs on the transmittance
and shift of resonance frequency have been discussed. Our
results demonstrate that spindle-like hole arrays patterned on
superconducting film provide a more flexible way to actively
control the resonant frequency and amplitude of extraordinary
terahertz transmission.

2. Simulation setup

Our simulations were carried out using the finite-
difference time domain (FDTD) method. The 200-nm-thick
NbN films were designed on 500-pum-thick MgO substrates.
A set of spindle-like hole arrays were patterned on the NbN
film with different geometrical parameters, as shown in Fig. 1.
Each NbN sample is composed of periodic spindle-like aper-
tures with a fixed arm length, width and tip-to-tip gaps of
100 pm, 25 pm and 2 pum, respectively, with various tip
lengths ranging from 0 to 50 um. The spacing in the x and
y directions are 100 um and 102 pum, respectively. The polar-
ization of the incident light is along the x axis so that the os-
cillation of LSPs around the hole edge is the strongest among

[26] The transmission spectra of

all possible input orientations.
NbN samples were calculated in a temperature range of 8.2 K—
300 K. The temperature dependent complex permittivity of

NDN is calculated based on the framework of BCS theory.?’]

*Project supported by the National Basic Research Program of China (Grant Nos. 201 1CBA00110 and 2011CBA00107) and the National Natural Science

Foundation of China.
fCorresponding author. E-mail: zhengxiaorui1986@hotmail.com
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

014101-1


http://dx.doi.org/10.1088/1674-1056/23/1/014101
mailto:zhengxiaorui1986@hotmail.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol

23, No.1 (2014) 014101

LO L10 L20

+ 4

b=100

ko

L30 L40 L50
2 ‘
.t A?
>IL
>
X=100

Fig. 1. (color online) Schematic diagram of spindle-like unit cells. The tip lengths (L) of the six samples (LO, L10, L20, L30, L40
and L50) are 0, 10 pm, 20 um, 30 pm, 40 um and 50 pm, respectively. The polarization of the incident light is along the x axis. All

dimensions are in micrometres.

3. Effect of superconducting transition on EOT

The zero-order transmission spectra of LO from 8.2 K to
300 K are shown in Fig. 2. The transmission peaks can be in-
dexed according to momentum matching conditions of SPPs,

which can be expressed as follows: [/

kg = ko -sin @ £nG £ mG,. (1)

The n and m are integers, G and G, are the reciprocal lattice
vectors, ko is the wave vector of the incident light and 6 is the
incident angle. For normal incidence (6 = 0) and TM polar-
ization in our case, the resonance around 0.6 THz corresponds
to the (+1,0) modes excited on the interface between NbN
film and MgO substrate. The transmission spectrum experi-
ences remarkable changes as the temperature decreases from
300 K to 8.2 K. Specifically, the spectrum remains unchanged
when the temperature is above the typical critical temperature
of NbN film (7. = 15.8 K). With a further reduction of tem-
perature, the magnitude of (£1,0) NbN/MgO peak increases
dramatically from 0.33 at 18 K to 0.74 at 8.2 K, indicating a
124% enhancement with the transition of NbN film from the
normal state to the superconducting state. The resonant fre-
quency, on the other hand, decreases from 0.61 THz at 18 K
to 0.50 THz at 8.2 K.
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Fig. 2. (color online) Zero-order transmission spectra of L0 at various

temperatures.

To understand the dependence of the spectrum on the tem-
perature, we examined here the temperature dependent permit-

tivity of NbN film. Figure 3(a) shows the complex permittivity
of NbN film (g, = €, +1&) at 0.6 THz as a function of tem-
perature. The real part of permittivity € is negative, which
indicates a metallic response; its magnitude increases dramat-
ically once the NbN film goes into the superconducting state.
The imaginary part of permittivity & decreases obviously be-
low T, indicating a weaker internal damping of NbN film for
SPPs.31 To further evaluate the loss mechanism, in Fig. 3(b)
we calculated the propagation length s, of SPPs, which can

1 e g2 <81+8d>3/27 )

ZIm(kzsp) B 21e) E1&

where g4 is the permittivity of the substrate (&g = 9.4 for our
MgO substrate), ks, is the wave vector of SPPs and Ao is the
wavelength in free space, respectively. The theoretical Jq, cal-

be expressed as

Op =

culated from Eq. (2) is found to increase from 0.099 m at
300 K to 6.3 m at 8.2 K as NbN film transits from the normal
state to the supercuducting state. Therefore, the enhancement
of transmittance is attributed to the smaller amount of internal
damping of NbN film and hence the prolonged propagation
distance of SPPs in the superconducting state than that in the
normal state.!!!]
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Fig. 3. (color online) Temperature dependent permittivity of NbN film
(a) and propagation length of SPPs (b) at 0.6 THz.

On the other hand, the redshift of peak frequency is as-
cribed to the change of €. According to the dispersion rela-
tionship of SPPs, the peak position is determined by the real
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Re(ksp) = ko (

plotted as the dash lines in Fig. 4(b). As &; decreases, Re(ksp)
is found to decrease as the NbN film goes into the supercon-
ducting state, which results in a redshift of 0.1 THz of (£1,0)
NbN/MgO modes.

4. Transition from SPP to LSP mode by geomet-
rical modulation

To investigate the effect of geometric modulation on
the extraordinary terahertz transmission through spindle-like
hole arrays, we have examined the zero-order transmission
spectra of the L50 under different temperatures, as shown
in Fig. 4(a), where (£1,0) NbN/MgO modes are found
at around 0.7 THz.
shows a similar behaviour to that of LO as the transition

The temperature dependent spectrum

from the normal state to the superconducting state of NbN
film. The peak intensity increases dramatically from 0.24
at 18 K to 0.72 at 8.2 K, i.e., a 200% enhancement, which
is larger than the 124% enhancement of LO. The greater
enhancement results from both the smaller amount of in-
ternal damping of SPPs in the superconducting relative to
the normal state and the stronger electric field distributions
around the spindle-like apertures in L50. The peak frequency,
decreasing from 0.74 THz at 18 K to 0.72 THz at 8.2 K,
is insensitive to the permittivity change of NbN film and
has less redshift than LO. The dependence of resonant fre-
quency of L50 on the incident angle at 8.5 K is examined in
Fig. 4(b), accompanied by the theoretical dispersion relation
of (£1,0) NbN/MgO modes as a reference. The degenerate
(£1,0) NbN/MgO modes split into two new bands indicating
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Fig. 4. (color online) (a) Zero-order transmission spectra of L50 at vari-
ous temperatures under TM polarization. (b) The dispersion relations of
both LSPs and (£1,0) NbN/MgO modes. (c) The electric field distri-
butions (| E|) for L50 at 0.75 THz evaluated at 1 nm below the interface
in the MgO substrate.

the propagation nature of this mode. The LSP mode, however,
remains unchanged with the incident angle, which implies that
the LSP mode dominates the EOT of L50, shown as the black
curve in Fig. 4(b).

To further understand the effect of the localized surface
plasmon mode around spindle-like apertures on the peak in-
tensity and resonant frequency, the normalized transmission
spectra of a set of spindle-like patterns at 8.2 K are shown in
Fig. 5(a). The transmission intensity was normalized to the
area occupied by the hole arrays. The dependence of both
peak intensity and frequency on L are plotted in Fig. 5(b).
The (£1,0) NbN/MgO modes are found to blueshift as the
tip length is lengthened, which increase from 0.51 THz for
L =0t00.72 THz for L = 30 wm. With a further increase of
L from 30 pm to 50 pm, however, the peak frequency remains
almost the same. The blueshift results from LSPs of different
spindle-like apertures, which behaves as an individual rectan-
gular waveguide with the cutoff wavelength A. = 2b, where
b is the longer edge of the rectangle. As L increases from
0 to 30 um, the effective length of the rectangular aperture
decreases and the cutoff wavelength is reduced accordingly,
which causes the blueshift of the transmission peaks. As L
further increases from 30 um to 50 pum, a negligible shift of
the peak frequency was observed, due to the smaller variation
of the effective length of the spindle-like apertures. Mean-
while, the normalized transmission increases with L and can
reach as large as 5.75 for the case of L = 50 pm. With the
periodicity and temperature unchanged, hence the same prop-
agation length of SPPs, an additional enhancement of inten-
sity comes from the stronger electric field enhancement dis-
tributed at the hole edge of spindle-like apertures, as shown in
Fig. 4(c). To further evaluate the enhancement effect induced
by the LSP mode around the spindle-like structures, the depen-
dence of peak intensity enhancement of the superconducting
state (8.2 K) relative to the normal state (300 K) on L is shown
in Fig. 5(c). We note that the enhancement factor is boosted as
L increases from 0 to 50 pm, following approximately a linear
relationship. In this way, the proposed spindle-like hole arrays
are shown to benefit a great deal the extraordinary terahertz
transmission through the superconducting film.

The resonance frequency (f;) of subwavelength struc-
tures made on superconducting films is, on one hand, deter-
mined by their estimated or effective geometrical parameters,
demonstrated in Fig. 5; on the other hand, the low Ohmic
loss resonances at the superconducting state rely on the su-
perconductor itself. For example, due to the limitation of gap
frequency (fy = 24¢/h, where Ay is the energy gap at 0 K
and /% is the Planck constant), the THz metamaterials (MMs)
made from Nb films can only obtain low loss resonances be-
low 0.7 THz.?®) For NbN films with a higher gap frequency
(fg = 1.18 THz), a relatively wide (30%) tuning range of
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MMs with f; approaching f, was observed due to a signifi-
cant change of the kinetic inductance of the superconducting
film, which can be further increased by decreasing the film
thickness.!?®! However, as the frequency of incident photons
is larger than f,, almost all paired electrons at a superconduct-
ing state are broken into quasi-particles, leading to the abrupt
increase of surface resistance and thus a degenerate resonant
performance of superconducting structures. In this way, a res-
onance frequency slightly less than f; is preferable when we
utilize superconducting materials, such as NbN films, to ac-
quire a low Ohmic loss and large tuning range.
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Fig. 5. (color online) (a) Normalized transmission spectrum of a set of
spindle-like patterns at 8.2 K. (b) The dependence of peak frequency and
normalized transmission on L. (c) The dependence of peak intensity en-
hancement of the superconducting state relative to the normal state on L.

5. Conclusions

In conclusion, the extraordinary terahertz transmission of
NbN film perforated with spindle-like hole arrays has been
studied numerically. Both the peak intensity and resonant fre-
quency of (+1,0) NbN/MgO modes experience a dramatic
change with the transition of NbN film from the normal
state to the superconducting state, which is attributed to the
temperature-dependent permittivity of NbN film. Moreover,
the spindle-like apertures boost an enhancement of (£1,0)
NbN/MgO peak intensity as high as 200% due to the combined
contribution of both the superconducting transition and the ex-
citation of LSPs around the apertures. We propose that the

spindle-like structures patterned on the NbN film may serve as
a promising platform of novel active tuning devices, such as
modulators, filters, sensors and so on.
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