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SPECIAL TOPIC — Terahertz physics

Symmetry-broken silicon disk array as an efficient terahertz switch
working with ultra-low optical pump power∗
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The advancement of terahertz technology in recent years and its applications in various fields lead to an urgent need
for functional terahertz components, among which a terahertz switch is one example of the most importance because
it provides an effective interface between terahertz signals and information in another physical quantity. To date many
types of terahertz switches have been investigated mainly in the form of metamaterials made from metallic structures and
optically-active medium. However, these reported terahertz switches usually suffer from an inferior performance, e.g.,
requiring a high pump laser power density due to a low quality factor of the metallic metamaterial resonances. In this paper,
we report and numerically investigate a symmetry-broken silicon disk based terahertz resonator array which exhibits one
resonance with ultrahigh quality factor for normal incidence of the terahertz radiations. This resonance, which can never
be excited for regular circular Si disks, can help to realize a superior terahertz switch with which only an ultra-low optical
pump power density is required to modify the free carrier concentration in Si and its refractive index in the terahertz band.
Our findings demonstrate that to realize a high terahertz transmittance change from 0 to above 50%, the required optical
pump power density is more than 3 orders of magnitude smaller than that required for a split-ring resonator (SRR) based
terahertz switch reported in the literature.
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Recent years have seen the advancing of terahertz
(THz) technology and its applications in a variety of
areas, among which typical examples include substance
identification[1] thanks to the unique absorption characteris-
tics of different substances in this spectral band, and THz
communications[2] [3] making use of the large transmission ca-
pacity provided by the high carrier frequency. In particular, the
spectrum and frequencies in current 5-generation (5G) com-
munication systems have been extended to the order of a few
10 GHz and will soon enter the true THz regime. From the
fundamental point of view, it will be of great importance to
investigate functional terahertz components for the THz com-
munications. One essential component in the THz commu-
nication system is a terahertz switch (for digital signals) or
modulator (for analog signals), which will control the power
level of the terahertz output by an external signal. A THz
switch is important because it will load the information onto
the THz signal and then provide an interface between THz ra-
diations and signals in another form, e.g., electrical or optical.
Researchers have made some endeavors to realize some THz

switching components in recent years and the main challenge
is still to find a material or a structure whose characteristic is
highly sensitive to the external conditions.[4] VO2 as an active
material can be used for efficient THz switching[5] because
of its unusual phase transition from insulating state to con-
ductive one when the temperature changes over a threshold of
moderate value. Unfortunately, like many thermo-optical de-
vices, the response time is an unsolved issue, which restricts
the application of this device in high speed networks. Chen
et al.[6,7] have made use of a metallic material in the form of
split-ring resonators (SRR) for efficient terahertz switching.
By using the large dependence of the SRR resonances on the
property of the semiconductor materials filled into the SRR
slits, they have experimentally demonstrated THz switching
using an electrical gating[6] or optical pumping.[7] Some peo-
ple also made use of this scheme of active tuning of semi-
conductor properties with optical pumping to realize an active
control of electromagnetically induced transparency analogue
in terahertz metamaterials.[8] Due to the small thickness of the
metallic constituent, the active medium of the semiconductor
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also has a low volume. Furthermore, the semiconductor ma-
terials usually have a large refractive index and then deterio-
rate the quality factors of the SRR resonances. As a result of
both effects, an evident modulation of THz transmission usu-
ally requires a large gating voltage or high optical pump power.
For example, for the tuning of the THz transmission through
the metamaterial by more than 50%, the required pump laser
power to cover a sample with the diameter around 1 cm will
be around 500 mW,[7] which is far beyond the typical laser
powers in practical optical communication networks.

In this paper, we demonstrate a new non-metallic scheme
for highly-efficient THz switching based on the optical pump.
This scheme is based on a novel resonance supported by the
symmetry-broken Si disk array. Different with the widely in-
vestigated electric or magnetic dipole modes[9] supported by
high-index nanodisks in the optical regimes, this novel reso-
nance has a much larger quality factor. As a result, the THz
transmittance at resonance is highly sensitive to the refractive
index of the Si material in the THz band, which can be easily
controlled by tuning the free carrier density using the optical
pump method. Using the experimental result of the depen-
dence of Si photocarrier density on the pump power density in
Ref. [7] as a reference, our results demonstrate that to achieve
a THz transmittance change from 0 to above 50%, the required
pump laser power at 800 nm is more than 3 order of magni-
tude smaller than that used for the SRR based metamaterial
THz switch.
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Fig. 1. (a) Top view of one unit cell of the symmetry-broken Si disk
array used for THz switching. (b) Cross-sectional view of the investi-
gated structure. The black arrow indicates the THz radiation while the
lightning symbol stands for the optical pump.

Our investigated structure is schematically illustrated in
Fig. 1. The Si circular disk with radius R = 42 µm and thick-
ness t = 40 µm is located upon a polymer substrate whose
refractive index is assumed as 1.5 in the THz frequencies. The
polymer is used only as a substrate to support the Si disks and
it can be combined with the Si using the bonding process. A
narrow rectangular air slot with the dimension of L = 24 µm
by W = 4 µm is located on one side of the Si disk and etched
through it to the bottom, resulting in the name of the whole
structure as symmetry-broken Si disk. Note that the slot may

not start from the center of the disk. In this paper, we assume
the distance D between the disk center and the center of the
slot to be 8 µm. The periodicity of the array along both direc-
tions is set to 120 µm, ensuring a subwavelength operation in
the frequency band of our interest.

The solid line in Fig. 2(a) gives the calculated transmis-
sion spectrum of THz radiations propagating normally through
the structure. A plane THz wave polarized along y-direction
is used as the excitation in the simulations based on the finite
element method. In addition to a broad resonance at around
1.45 THz in the high-frequency region, an ultra-sharp reso-
nance at 1.143 THz is observed, which has an evident profile
of the Fano type. For comparison, we have also given (the
black dotted line in Fig. 2(a)) the transmission spectrum for
the same excitation through a reference sample of pure solid
Si disk array, i.e., no air slot in the disk. One can see that a sim-
ilar transmission dip with comparable bandwidth as the broad
resonance in our structure is present for the reference sam-
ple. It is known that these wavelength-scale disks made from
high index dielectrics support multipole resonances, e.g., elec-
tric and magnetic dipoles,[10] and these resonances have been
utilized to enhance the light–matter interactions and nonlinear
applications.[11] The transmission dip for both the reference
sample and the broad resonance in our structure is attributed
to this kind of resonance, and the mismatch between the two
dips is due to an effective optical path change when then air
slot is present. Our simulation results also reveal that these
two resonances belong to the type of electric dipole resonance.

The narrow resonance in the lower part of the spectrum is
of more interest because it has a much narrower bandwidth.
Figure 2(b) shows an enlarged part of it close to the reso-
nance. It is clearer now that this resonance has a bandwidth
around 0.5 GHz, suggesting that this resonance has a quality
factor larger than 2200. To the best of the authors’ knowl-
edge, this is the highest quality factor that one has observed
in the THz metamaterials with subwavelength dimension of
the unit cell. It is worth noting that the quality factor can be
further improved by adjusting the dimension and lateral po-
sition of the air slot. To study the origin of this resonance,
we plot in Fig. 2(c) the magnetic field as well as the vectorial
distribution of the electric field across the central plane of the
Si disk at the resonance of 1.143 THz. It is quite clear that
the electric field forms a perfect circulation and the magnetic
field is the strongest in the center. These field distributions
show that the sharp resonance is a magnetic dipole resonance.
However, the magnetic dipole momentum is along z direction,
which is perpendicular to the magnetic field of the incident
THz plane wave. So an overlap of 0 between the magnetic
fields is achieved when a plane wave is normally incident onto
the structure. That explains why this sharp resonance cannot
be excited in the reference sample. When the air slot is present
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inside the Si disk, the THz plane wave with y-polarization first
excites a strong electric field inside the slot. One can see in
Fig. 2(c) that the electric field is stronger inside the air slot
than elsewhere. Because the electric field lines in the slot have
a large overlap with those circulating in the Si disk, the reso-

nance at 1.143 THz is subsequently excited. The field distribu-
tions in Fig. 2(c) also reveals that one needs to adjust the rela-
tive position of the air slot inside the disk to tune the coupling
between the incoming radiation and the local field in order to
achieve a resonance with an even higher quality factor.
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Fig. 2. (a) The solid blue line represents numerically calculated transmission spectrum for THz radiations normally propagating through the
symmetry-broken Si disk array, while the dotted line is for the spectrum through a solid Si disk array for comparison. (b) An enlarged part of the
transmission spectrum close to the sharp resonance. (c) Magnitude profile for the magnetic field (Hz) and the vectorial distribution for the electric
field. (d) Transmission spectrum when the air slot is rotated by 90◦ while keeping its center unchanged. The inset illustrates the geometry.

To gain more insight into the physical mechanism of the
high Q factor, we solve for the eigen frequencies for the unit
cell. In the calculations, Floquet periodic boundary condi-
tions of kx = ky = 0 are used, which correspond to the nor-
mal incidence of terahertz waves as is used in the transmission
spectrum calculations. The results for the calculated eigen fre-
quencies and the corresponding quality factors are presented
in Fig. 3 for two cases: (1) The length of the air slot L is kept
at 24 µm while the width W shrinks from 5 µm to 1 µm; (2)
W is fixed at 4 µm and L increases from 16 µm to 32 µm. In
both cases, the center of the air slot remains the same, i.e., the
value of D is constantly 8 µm. From the results one can see the
general trend is that when the air slot shrinks in area size, the
eigen frequency remains weakly affected with only a slight de-
crease. However, the Q factor increases substantially and can
easily reach a value above 105 when the area size is smaller
than 24 µm×1 µm. Detailed calculation results show that the
eigenvalue is above the light dispersive curve in air, implying
that the physical origin of the high Q resonance stems from a
bound state in continuum (BIC).[12,13] A Si disk with no defect

supports the BIC mode with infinite Q factor, which, however,
cannot be excited. A defect in the disk in the form of an air
slot can work as a perturbation and changes the BIC into a
quasi-BIC mode which has a finite yet high Q factor and can
be easily excited at normal incidence. This explains why the
Q factor is higher at smaller slot areas. A small perturbation to
the original BIC mode whose profile is shown in Fig. 2(c) will
also help to achieve a higher Q factor. An example is shown
in Fig. 2(d), in which the air slot is rotated by 90◦ while its
center is kept the same. Apparently one can see in the trans-
mission spectrum that a resonance with a much higher Q value
compared to that in Fig. 2(b) is present now due to a weaker
interference between the air slot mode and the BIC mode in
the Si disk. One can also decrease the value of D so that the
center of the air slot moves towards that of the disk to have a
smaller perturbation. In that case the quasi-BIC mode will be
closer to the real BIC mode and the Q factor will see a signif-
icant increase. We also note that in all the above calculations,
the results are polarization dependent because one needs to ex-
cite the mode in the air slot first as a perturbation for the BIC
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mode. Due to the asymmetry of the air slot, a different in-
cident polarization will not excite the quasi-BIC mode at the
same spectral region.
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Fig. 3. Numerically calculated eigen frequencies of the unit cell when
the horizontal wave vectors are set as kx = ky = 0 for different geometry
parameters: (a) L is fixed at 24 µm while W changes; (b) W is fixed at
4 µm while L changes.

The high-quality factor indicates that the spectral position
of this resonance is highly sensitive to the refractive index of
the disk constituent material. The shift of resonance will re-
sult in a pronounced change of transmittance at the original
frequency, which suggests that this structure can work as an
efficient THz switch. We further demonstrate this application
using the optical pump approach, making use of the fact that
the photon-generated carrier will further lead to a change of
the Si index in the THz band.

A pump laser at the wavelength of 800 nm is used. Since
this value is much smaller than those dimensions in our struc-
ture, we ignore the diffraction of laser at the slot and disk
edges for simplicity. Different with the case using the SRR
structures[7] where the Si is very thin (600 nm) and the pump
laser intensity as well as the photo-excited carriers can be con-
sidered as uniform therein, here we have to consider the prop-
agation and decaying of laser in the whole thickness of the
Si layer. We assume the same internal quantum efficiency for
different power level of the laser. Although the quantum effi-
ciency may have some dependence on the pump power level,
this assumption is still valid in our case where the overall
pump laser power density is low. Then the photocarrier con-
centration will be

n(z) = n0e−2n2k0(−z+t), (1)

where n0 is the photocarrier density at the top surface of the
Si disk, n2 is imaginary part of the Si index at the pump

wavelength of 800 nm and is found to be 0.0065435,[14] k0

is the wave-number of the pump laser in vacuum. By us-
ing a similar way as for highly doped Si for THz absorbing
applications,[15,16] the induced Si index in the THz band can
be determined by the Drude equation

εSi = ε∞ −
ω2

p

ω(ω + jγ)
, (2)

where ε∞ = 11.7 is the permittivity of intrinsic Si, and ω is the
THz angular frequency. The position dependent plasma fre-
quency ωp(z) and the damping rate γ(z) are related with the
free carrier concentration by the following equations:

ω
2
p (z) =

e2n(z)
m∗ε0

, (3)

γ(z) =
e

m∗µ(z)
, (4)

where e is the electron charge, m∗ is the effective mass of free
carrier (for electrons, m∗ = 0.26m0 with m0 being the station-
ary mass of electron), µ(z) is the free carrier mobility and cal-
culated by the following empirical formula:

µ(z) = µmin +
µmax −µmin

1+(n(z)/nref)α
. (5)

The empirical parameters of µmin, µmax, and α in Eq. (5) are
chosen as 65 cm2/V·s, 1330 cm2/V·s, 8.5× 1016 cm−3, and
0.72 for Si working at room temperature[17] in our calcula-
tions.

For a fair comparison, we use the same values of the pho-
tocarrier density and the pump laser power as in Ref. [7], i.e.,
a pump laser power of 500 mW on a 1 cm-diameter circle will
induce a photocarrier density of n0 = 2.5×1018 cm−3. In other
words, a pump power density of 637 mW/cm2 corresponds to a
photocarrier density of n0. Using a linear dependence of n0 on
the laser power and combining Eq. (1), one can calculate the
photocarrier density along z direction inside the Si disk and the
induced change of the Si refractive index in the THz frequen-
cies. Note that a plane wave of the pump laser is assumed to
be incident onto the sample, so the laser power density is the
same over the whole sample surface.

As a typical example, the red line in Fig. 4 presents the
photocarrier density along the thickness of the Si layer at a
quite low pump lower density of 76 µW/ cm2. A photocar-
rier density as high as 3.0× 1014 cm−3 is excited on the top
surface of the Si disk array and it decays to the bottom fol-
lowing the behavior of the pump laser attenuation. As a result
of these photocarriers, a slight change of Si index in the THz
frequencies is seen as shown by the solid black line in Fig. 4,
reduced from original 3.418 to 3.411 on the disk surface. It
is also observed that the change of the Si index is not uniform
through the thickness of the Si layer, with negligible change
at the bottom. Thanks to the large quality factor associated
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with the symmetry-broken Si disk array, the slight and even
non-uniform change of the Si index still leads to a pronounced
shift of the resonance.

For the switching application, we use f0 = 1.143 THz
at the original resonance as the working frequency and mon-
itor its transmittance while changing the power of the inci-
dent pump laser. The dependence of the transmittance at this
frequency is found be to highly dependent on the pump laser
power and an increase of the transmittance from 0 to above
50% occurs even when the pump laser is only at a few tens
of µW level, see Fig. 5(a). The increase of transmittance sat-
urates around 80%. This is because the presence of photo-
carriers will lead to a decrease in the Si index and a subsequent
blue-shift of the resonance. Figure 5(b) presents a compar-
ison of the transmission spectrum around the resonance be-
tween two cases when there is no pump and when the laser
power density is 127 µW/cm2. A clear blue-shift and an in-
crease of the transmittance at 1.143 THz are seen. The de-
crease in transmittance on resonance in the two cases is at-
tributed to a change of the forward scattering cross section of
these resonators when the Si index decreases. As is shown in
Fig. 5(b), the resonance has a Fano profile and the transmit-
tance on the left of the resonance is lower than unity. One can
also choose another working frequency f0 = 1.144 THz which
is located on the right side of the resonance with a transmit-
tance of 100%. When the optical pump laser is present, the
resonance experiences a blue-shift and a transmittance change
from 100% to a lower value can be expected.
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Fig. 4. Photocarrier density at the pump laser power density of
76 µW/cm2 and the corresponding Si refractive index (real part) along
the thickness of the Si layer. z = 0 is the bottom of the Si layer.

One possible drawback with Si based components for
switching might be from the low mobility of electrons in Si.
Nevertheless, for really high-speed applications, one can re-
place Si with other III–V materials like GaAs which has both
large refractive index in the THz frequencies and high pho-
tocarrier mobility. Then both high switching efficiency and
extremely short response time can be achieved. Another is-
sue we need to discuss is related with the thermal dependence
of Si refractive index in the THz region. Although the Si
thermo-optic coefficient is low, however, a change in the tem-
perature will still lead to some variations in the Si refractive

index in the THz band and a subsequent spectral shift of the
high Q resonance. If we use the Si thermo-optic coefficient
dn/dT = 1.8× 10−4 K−1 [18] at 300 K, our calculations find
that the transmittance at the resonance around 1.1431 THz will
increase from 0 to 0.05. Nowadays it is pretty convenient to
keep the temperature stability at an accuracy of 0.1 ◦C, so ther-
mal stability can be maintained using a temperature controller.
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Fig. 5. (a) Transmittance at 1.143 THz at different power of the pump
laser. (b) Transmission spectrum for two cases, when there is no
pump laser (blue solid line) and when the pump laser power density
is 127 µW/cm2 (red dashed line).

In summary, we have demonstrated the efficient THz
switching using the symmetry-broken Si disk structures and
the optical pump method. The high quality factor of the res-
onance associated with this structure renders it possible to
realize a switching of THz transmittance from 0 to above
50% with a pump laser power density as low as the level of
100 µW/cm2 to slightly modify the Si photocarrier density and
the induced Si index in the THz frequencies. This pump laser
power density level is more than 3 orders of magnitude smaller
than that used for the SRR-based THz switches reported in the
literature. A low pump laser power is essential for practical ap-
plications in coherent THz communication systems, because
one needs to up-convert the laser in an optical telecommunica-
tion network to be above the semiconductor band-gap for pho-
toexcitation. Considering this effect, we believe our structure,
as an supplement to terahertz switches in other forms,[19,20] is
superior over SRR based counterparts and holds the promise
to realize a combination between optical and the THz com-
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ponents and achieve a seamless integration between the two
networks.
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