
Journal of Optics

PAPER

Concentric-ring-grating-induced strong terahertz near-field enhancement
on a micro-tip
To cite this article: Xinfeng Zhou et al 2019 J. Opt. 21 105005

 

View the article online for updates and enhancements.

This content was downloaded from IP address 202.120.209.4 on 23/09/2019 at 02:14

https://doi.org/10.1088/2040-8986/ab3d7e
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/207304763/Middle/IOPP/IOPs-Mid-JO-pdf/IOPs-Mid-JO-pdf.jpg/1?


Concentric-ring-grating-induced strong
terahertz near-field enhancement on a
micro-tip

Xinfeng Zhou1, Xuguang Guo1,4 , Alexander Shkurinov2,3 and
Yiming Zhu1

1 School of Optical-Electrical and Computer Engineering, Shanghai Cooperation Innovation Centre of
Terahertz Spectroscopy and Imaging Technology, Shanghai Key Lab of Modern Optical System and
Engineering Research Center of Optical Instrument and System, Ministry of Education, University of
Shanghai for Science and Technology, 516 Jungong Road, Shanghai 200093, People’s Republic of China
2Department of Physics and International Laser Center, M. V. Lomonosov Moscow State University, 1
Leninskie Gory, Moscow 119992, Russia
3 ILIT RAS – Branch of FSRC ‘Crystallography and Photonics’ RAS, Shatura 140700, Russia

E-mail: xgguo_sh@qq.com

Received 18 March 2019, revised 8 August 2019
Accepted for publication 21 August 2019
Published 20 September 2019

Abstract
A terahertz near-field source, composed of a subwavelength metallic concentric ring grating on a
dielectric slab with a micro-tip, is proposed. The field enhancement property and the field
distribution near the tip apex are studied theoretically. A volume-averaged energy density
enhancement factor of 550 around the tip apex region could be obtained for radial polarized field
illumination. Compared with conventional scanning near-field optical microscopies (SNOMs),
about 15-fold enhancement of near-field energy density is obtained by using the proposed near-field
source. We attribute such a strong enhancement to the guided resonant modes launched by the radial
grating, the axial symmetry of the device, and the radial polarization of incident beam. The
resonance frequencies of the device are controlled by varying the grating period and the thickness of
dielectric substrate. The proposed device is useful for improving the coupling efficiency of SNOMs.

Keywords: nano focusing, guided resonance mode, near-field enhancement, sub-wavelength
imaging

(Some figures may appear in colour only in the online journal)

Terahertz technology has been widely applied to noninvasive
imaging, spectroscopy, biomedical and semiconductor quality
control, and security technologies [1, 2] due to the low terahertz
photon energy (∼4meV at 1 THz). However, the Abbe dif-
fraction limit restricts the spatial resolution of far-field imaging
techniques. Scanning near-field optical microscopy (SNOM)
has drawn increased attention in past decades, since it offers the
possibility to realize deep subwavelength spatial resolution.
SNOMs usually go beyond the Abbe diffraction limit by using
a subwavelength aperture [3–6] based on the principle proposed
by Synge in 1928 [7] or using a micro tip probe (scattering
SNOMs, s-SNOMs) [8–10]. Furthermore, it was demonstrated

that s-SNOMs are capable of providing better spatial resolution
and coupling efficiency. Moreover, the s-SNOM technology is
much more flexible and compatible to integrate to conventional
optical systems and can also be applied to nanoscale manip-
ulating applications at infrared and visible frequencies [11–13].

While the development of s-SNOM technology at infrared
and visible frequencies has rapidly advanced in the last century,
terahertz s-SNOM technology is relatively new and has only
seen significant progress in the last three decades [14–16].
Nevertheless, the wide range of possible applications of today’s
terahertz near-field technology is stimulating enormous atten-
tion from various fields. Especially for semiconductor quality
control and basic property research, a lot of works on both
terahertz near-field technology and applications have been
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reported recent years [17–24]. Terahertz s-SNOM has been a
unique technology to determine the properties of semi-
conductors and biomedical materials [24]. The micro-tip of an
s-SNOM brings deep subwavelength spatial resolution, near-
field enhancement and more flexible applications with different
novel configurations. However, due to the mismatch between
the relative long wavelength of terahertz wave (∼100μm) and
the tiny tip apex size (∼20 nm), the light coupling efficiency at
terahertz range is ultralow, at a level of 10−4 [25]. Thus, it
restricts the imaging performance and demands high power
illumination sources. Since the terahertz near-field technology is
much younger than other ones, there are few works on coupling
efficiency and high efficient near-field sources [25–29]. The
ultralow coupling efficiency from far-field to near-field
obstructs industrial application progress in the terahertz range.

To realize both the high spatial resolution and high
scattering efficiency, we propose a device composed of a
concentric ring metallic grating on one side of a dielectric slab
and a micro-tip mounted on the other side of the slab
(figure 1). It can be used as the first stage in a cascade focus
scheme providing a novel illumination method for s-SNOMs
to improve the coupling efficiency and bring strong tip-
sample interaction. Theoretical calculations and numerical
simulations are performed to explore the local field
enhancement under illuminations with linear- and radial-
polarized light beams. The terahertz field with radial polar-
ization impinging on the device can be focused near the micro
tip in a deep subwavelength scale of several μm volume and
with a strong volume-averaged energy density enhancement
factor of 550 defined by the ratio of the energy around the tip
apex region with and without the grating coupler. The strong
local field enhancement is introduced by the guided resonant
modes [30] in the grating-dielectric-slab structure [31]. The
guided resonant frequencies are determined theoretically by
solving the eigenvalue equation of the planar dielectric (Si)
slab waveguide. Numerical simulations show the similar
guided resonance properties for the slab waveguides with
straight and concentric ring gratings, illuminated with TM and
radially-polarized beams, respectively. Because of the total
reflection for the guided resonant modes at the bottom surface
of the device, the radial polarization of incident beam
[32–35], and the axisymmetric geometry, the field confined at
the apex is totally longitudinally polarized under illumination
of radial-polarized light [36], which is useful for manipulating
the tunnel probability of carriers or accelerating particles. In

comparison with conventional s-SNOMs, the numerical
results show that about 15-fold enhancement of near-field
energy density can be obtained by using the proposed device.

The proposed device consists of a concentric ring silver
grating with period of 300 μm, duty cycle of 50%, and strip
height of 1 μm. The inner radius of the smallest ring is
300 μm. The high-resistivity silicon substrate is 200 μm thick.
In the center of the circular substrate, there is a 2 μm high
silicon micro-tip with a 1-μm apex radius on the other side of
the gratings. The commercial software, COMSOL (version
5.2a), is used to compute the reflectance and field distribution.
The relative dielectric constant of silver is described by the
Drude model,
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The parameters used in the Drude model for silver are
plasma frequency w = ´ -1.37 10 rad sp

16 1 and collision fre-
quency g = ´ -7.29 10 rad s13 1 [37]. When using the above
parameters, the imaginary part can be omitted, because silver
can be treated as PEC at the terahertz frequency domain. Then,
equation (1) can be written as e w w w= -1 .p
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refractive index of silicon is 3.5 given as a constant. Due to
rotational symmetry of both the illumination source and the
device structure, numerical simulations can be performed using
a 2D axisymmetric model template integrated in COMSOL.
Also, we use an interior port as the illumination source. The
formula of the radially-polarized source is defined as
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where r represents the distance to the symmetric axis, and the
value of w is 1.5 mm as the beam waist.

The field enhancement mechanism of the device can be
qualitatively described as follows. The concentric-ring grating
is a coupler, through which the guided modes supported by
the Si slab can be excited by a normal incident beam with
radial polarization at the resonant frequencies determined by
the dispersion relations of the guided modes and the peri-
odicity of the grating (figure 2(a)). At these resonant fre-
quencies, the field energy is effectively funneled into the slab
and the resonant waveguide modes with low group velocities
are launched, and due to the total reflection at the slab surface
opposite to the concentric ring grating, strong evanescent
fields bounded to the surface are excited. Because of the
circular symmetry of the device and the radial polarization of
the incident beam, large evanescent field enhancement near
the tip apex is expected.

The resonant frequencies are theoretically evaluated with
three steps. First, we assume that the reflection spectra and the
resonant behaviors are similar for the two configurations of
straight grating under illumination of TM waves (electric field
across the grating strips) and the concentric ring grating under
illumination of radially polarized waves. Such an assumption is
verified by numerical simulations (figure 2(b)). Second, the
guided mode dispersion relations of the planar slab w b( ) are
determined by solving the transcendental equation (equation (3))

Figure 1. (a) The device with 1 μm thick silver radial grating on
the 200 μm thick silicon substrate with a tip on the other side and
(b) proposed setup in an s-SNOM with a cascade focus scheme.
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with the given slab thickness d and refractive index n.
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where k, b, n1, n2 and n3 represent wave vector, propagation
constant, and refractive indexes of the Si slab, the upper and
lower regions of the Si slab waveguide, respectively. Third, the
guided mode resonance frequencies are obtained at the wave
vector values of β=2πm/p with m and p being an integer and
the periodicity of the grating, respectively. Since the metallic
grating will introduce an additional phase shifting at the reflec-
tion interface, we chose a low grating duty cycle to diminish the
additional phase. Here, a low grating duty cycle of 10% is given
to perform the numerical simulation for both the straight and the
concentric ring gratings. We find that both of their resonant
frequencies match well with the theory. Both the Fano line type

signatures in figure 2(b) and the electric field distributions in
figure 2(d) confirm that the strong field enhancement originates
from the guided resonances and the resonant frequencies are
tunable by varying the thickness of the slab waveguide and the
periodicity of the grating [30, 38].

The hybrid grating-dielectric-waveguide structure can
support the guided resonant modes, which can be used to
squeeze electromagnetic wave from free space into the wave-
guide [39]. The reflectance coefficients and field distributions
for the structures with and without gratings are simulated. The
results (figure 3(a)) indicate that the gratings play an important
role in the reflection spectra and the near-field enhancement
near the micro-tip. The dashed line in figure 3 demonstrates the
reflection spectrum of Fabry–Pérot (FP) resonance of the pla-
nar silicon dielectric slab without grating. The dashed-dotted
line shows the situation with the grating. There are many
grating-introduced new features in the reflection spectrum, and
these new features are due to the excitation of guided resonant
modes in the silicon slab, which results in the field enhance-
ment in the dielectric slab. The guided resonant modes satisfy

Figure 2. (a) Dispersion relations of the slab waveguide modes. The black lines represent dispersion relations of the silicon slab waveguide
modes; the purple line and blue line represent the dispersion relations in the silicon and vacuum, respectively; the orange dashed lines
represent the matched wave vector given by the metallic grating for resonance frequencies. Points A and B show the guided mode resonances
(1,2) and (2,1) at ∼0.5 THz and ∼0.6 THz, respectively. (b) A comparison of the numerical reflection spectra of the straight grating
illuminated by a TM beam and the concentric ring grating illuminated by a radial-polarized beam. (c) The computational configuration
schemes for radial gratings and straight gratings are shown in (c-1) and (c-2), respectively. (d) Er components of electric field at guided mode
resonance frequencies marked by A (d-1) and B (d-2).
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the total reflectance condition on the other surface of the di-
electric slab. Hence, it is expected that there are enhanced
evanescent fields near the surface and the micro-tip at the
resonant frequencies. The enhancement factor is defined as the
ratio of the volume-averaged field intensity E 2∣ ∣ near the micro-
tip apex with and without grating. As depicted in figure 3(a), a
very strong near-field enhancement can be achieved at
0.46 THz and 0.61 THz. The corresponding energy density
enhancement factors of 550 and 200 can be achieved. To
confirm the contributions of axisymmetric geometry and the
radially polarized source, we compare the results for straight
and concentric ring gratings with the same parameters stimu-
lated by linearly and radially polarized beams, respectively. In
order to match the setup of concentric ring grating, there is a
strip absent at the center of the device with the straight grating.
For a linearly polarized input field, guided resonances and field
enhancement can be achieved at 0.48 THz and 0.63 THz as
well, and the corresponding energy density enhancement factor
of 40 and 14 can be achieved with linear polarization source. It
is obvious that the symmetric property of radially polarized
beam and the concentric ring grating contribute remarkably to
strong near-field enhancement near the micro tip. At the
resonant frequencies, the local field enhancement factors reach
their maximum values, and Fano line shape signatures exist in
the reflectance spectra, which identifies that the near-field
enhancement originates from the guided resonant modes and
the spatial constructive interference of fields from the 2π
angular space.

The field at the tip apex is shown in figure 4. The field is
tightly confined to the tip apex. In comparison with the
background field, it can be concluded that the field confined
to the apex is an evanescent field and it cannot propagate in
the free space. As shown in figure 4(a), most field energy is
confined to the apex, and decreases sharply along the z axis at
a length of 1.0 μm, which confirms that the field is an eva-
nescent one. The field intensity at the cutline of z=2.1 μm
shows the full width at half maximum (FWHM) of field
intensity is about 2.0 μm. The largest enhancement factor of
550 near the micro-tip apex is reached at 0.46 THz for the
proposed device illuminated by a radial polarized light beam.
The polarization properties for the two cases are shown in
figures 4(b) and (c), which indicates that the near-field
polarization is related to the polarization of the incident wave.
This near-field at the tip region can be measured experi-
mentally through the full vectorial terahertz near-field map-
ping technology [40]. As shown in figure 4(c), the field near
the apex only has a z component under radial-polarized light
for the symmetric properties of both the incident wave and the
proposed device. It can help the electron to overcome the
barrier and reach the STM tip. As a result, the longitudinal
field will improve the sensitivity of photon-assisted tunneling
detection in s-SNOMs based on scanning tunneling micro-
scopy. It also can lower the bias voltage to manipulate par-
ticles with the STM tip [41, 42].

From the numerical results, we can conclude that the
guided resonant modes, total reflection, and evanescent wave
interference at the tip apex are responsible for the strong local
field enhancement. First, the frequency of incident light
should fulfill the excitation condition of guided resonant
modes, which is determined by the parameters of grating and
the substrate slab. Then the field energy can be effectively
funneled into the slab with a minimal reflectance coefficient.
The total reflection condition is satisfied at the interface of the
proposed device, and consequently, bounded evanescent
waves exist near the surface. Finally, these evanescent waves
must have a constructive interference at the tip apex in the
device center. Then we can get a significant energy
enhancement factor. From figures 2(a) and 3, we can find the
field enhancement factors vary from the order of the guided
modes in the dielectric slab. The main enhancement peak and
the lower one respectively originate from the first and the
second diffraction orders at the resonance frequencies marked
by A and B in figures 2(a) and (b).

To compare with conventional s-SNOMs, both the near-
field enhancements of proposed device and conventional
s-SNOMs are evaluated (figure 5). The near-field enhance-
ment for the proposed device is defined as the ratio of
E E ,tip inc/ where Etip is the volume-averaged field in a
cylindrical region with diameter of 2 μm and height of 1 μm
above the tip apex, and Einc is the area-averaged incident
field. It is so difficult to solve the Maxwell’s equation after
introducing metallic grating and radial polarized light into our
model both Etip and Einc are given by the numerical result set.
The near-field enhancement reaches 65.67 for the device at
0.46 THz. The near-field enhancement of conventional
s-SNOMs is evaluated by considering the gain of the focus

Figure 3. The reflection spectra and field enhancement factors of
device with radial grating illuminated by a radial-polarized beam (a)
and the device with straight grating under illumination of linear
polarization source (b).
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Figure 4. (a) Normalized electric field intensity and energy density distribution around the micro-tip apex for a radially polarized input field,
(b) z component of electric field distribution at the tip apex of straight grating for linearly polarized input field, and (c) the case of concentric
ring gratings for radially polarized input field.

Figure 5. (a) The direct cascade focusing scheme for the proposed device and (b) conventional focus scheme for s-SNOMs. Both the incident
field with a diameter of D=3.3 mm, share the width with the proposed device.
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lens theoretically (an off-axis parabolic mirror with the NA of
0.4) and the dipolar resonant effect (figure 5(b)). We assume
the THz beam (beam diameter of 3.3 mm, the diameter of the
proposed device) can be focused to a spot with the diameter
limited by diffraction. For an AFM tip, the dipolar near-field
enhancement factor is about 10 [43]. Then, the near-field
enhancement for a s-SNOM is 16.59 at 0.46 THz. Therefore,
the proposed device provides a 15.6-fold enhancement of
near-field energy density than the s-SNOMs.

In conclusion, we proposed a tip enhanced structure using
guided resonances constructive interference as the first stage of
the cascade focus scheme for s-SNOMs. The radial grating
introduces spectral features by exciting guided resonant modes
[31]. The tip enhancement effect surpasses the diffraction
limitation to a spatial resolution approximating λ/300 in the
terahertz regime, provides a point-like near-field source illumi-
nating the samples. The evanescent field constructive inter-
ference at the tip apex gives a significant energy density
enhancement factor of 550 and provides 15.6 times enhance-
ment of near-field energy density than conventional s-SNOMs.
In addition, the device will not introduce any background scat-
tering or reflection. Thus, it eliminates the background field
noise and improves the imaging contrast. The totally long-
itudinal field at tip apex under illumination with radial polarized
beam is useful for light-assisted tunneling current amplification.
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