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We numerically demonstrate a photo-excited plasmon-induced transparency (PIT) effect in hybrid terahertz (THz)
metamaterials. The proposed metamaterials are regular arrays of hybrid unit cells composed of a metallic cut wire and four
metallic split-ring resonators (SRRs) whose gaps are filled with photosensitive semiconductor gallium arsenide (GaAs)
patches. We simulate the PIT effect controlled by external infrared light intensity to change the conductivity of GaAs. In
the absence of photo excitation, the conductivity of GaAs is 0, thus the SRR gaps are disconnected, and the PIT effect
is not observed since the dark resonator (supported by the hybrid SRRs) cannot be stimulated. When the conductivity of
GaAs is increased via photo excitation, the conductivity of GaAs can increase rapidly from 0 S/m to 1×106 S/m and GaAs
can connect the metal aluminum SRR gaps, and the dark resonator is excited through coupling with the bright resonator
(supported by the cut wire), which leads to the PIT effect. Therefore, the PIT effect can be dynamically tuned between
the on and off states by controlling the intensity of the external infrared light. We also discuss couplings between one
bright mode (CW) and several dark modes (SRRs) with different sizes. The interference analytically described by the
coupled Lorentz oscillator model elucidates the coupling mechanism between one bright mode and two dark modes. The
phenomenon can be considered the result of linear superposition of the coupling between the bright mode and each dark
mode. The proposed metamaterials are promising for application in the fields of THz communications, optical storage,
optical display, and imaging.
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1. Introduction
In the electromagnetic spectrum, THz waves are located

in the transition region between microwave and infrared, with
a frequency range from 0.1 THz to 10 THz.[1–4] Terahertz
modulators based on traditional materials are usually thick
and heavy, which is not conducive to the integrated develop-
ment of optical systems. Recently, using structured materials
to manipulate THz waves has drawn a great deal of attention.
Metamaterials, which are usually composed of artificial sub-
wavelength periodic resonators, provide an effective means to
manipulate THz waves, and they also exhibit novel electro-
magnetic properties which are unavailable in natural materials.
Furthermore, real-time THz metamaterials can be realized by
integrating functional media (such as semiconductors or phase
transition materials) into metallic or dielectric metamaterials.
The electromagnetic response of hybrid metamaterials can be
actively modified by external excitation with an electric field
or laser pulse.

Electromagnetic induced transparency (EIT) is a quantum
coherent effect which occurs in a three-level atomic system.
EIT media exhibit three energy level states,[5] namely a ground
state |1〉, an excited state |3〉, and a metastable state |2〉. Most
recently, there are few papers mentioned the relationship be-

tween quantum three-states system and THz device.[6–10] The
particles absorb energy and jump directly from |1〉 to |3〉 when
the EIT materials are illuminated by a probe laser, leading to
a broad absorption valley in the transmission spectra. Fur-
thermore, when a coupling laser is introduced to the above
experimental system, the particles absorb energy and a jump
from |1〉 to |3〉 can be realized by the following two routes:
|1〉 → |3〉 or |1〉 → |3〉 → |2〉 → |3〉. Interference between
the two jump routes (|1〉 → |3〉 or |1〉 → |3〉 → |2〉 → |3〉)
leads to a cancellation effect on state |3〉, accompanied by
an enhanced transparency window within the broad absorption
valley.[11–13,15–17] EIT materials have been widely used as nar-
rowband filters, optical storage devices, optical buffer devices,
and optical switching devices.

However, realization of the conventional EIT effect in an
atomic system requires a stable laser and low operating tem-
perature, which hinders the development of research and prac-
tical application to some extent. The plasmon-induced trans-
parency (PIT) effect occurs in the classical electromagnetic
metamaterial system. The bright mode resonator can be di-
rectly excited by the incident wave, leading to a broad valley
in the transmission spectrum; while the dark mode resonator
is excited by near-field coupling with the bright mode res-
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onator. The cross-coupling between the bright and dark mode
resonator leads to a cancellation effect on the bright mode
resonator, accompanied by an enhanced transparency window
within the broad absorption valley. Recently, the analogy be-
tween the PIT effect in the metamaterials system and the EIT
effect in the atomic system has drawn increasing attention, and
a series of representative research results have been reported in
THz and optical regimes.[18,19,21,22] Recently, Liu et al.[23] re-
alized active EIT metamaterials in the THz region by employ-
ing three resonators. Surface current oscillation and magnetic
field distribution were extracted to explain the physical mech-
anism of the PIT effect. Also, Li et al.[24] demonstrated that
they were able to tailor the EIT effect in the THz frequency
by changing the geometric parameters of the metamaterials’
micro-structures. However, the electromagnetic properties of
metallic and dielectric metamaterials were fixed as soon as
they were fabricated; thus the versatility of metallic and di-
electric metamaterials is limited.

The resonant mode and frequency of a metamaterial’s
micro-structure play a critical role in coupling between the
bright and dark modes. Photo-excitation can modify the carri-
ers concentration in terms of resonant mode and frequency in
hybrid metamaterials. Therefore, coupling between resonators
fabricated from metamaterials can be actively controlled by
photo illumination.[18–20] Previous research on the PIT phe-
nomenon mainly focused on passive modulation of metamate-
rials, which tailored the PIT effect by changing the geometric
parameters of the micro-structure. Recently, a novel method
was proposed to realize active control of the PIT effect[27]

using hybrid metamaterials integrated with semiconductors.
Due to excitement of photo-induced carriers by an infrared
laser,[23] the conductivity of a semiconductor can reach the or-
der of magnitude of the conductivity of a conductor.[26] In this

way, the electromagnetic resonance of the proposed metama-
terials can be modified in the same structure without remanu-
facturing.

In this paper, we proposed a novel metamaterial com-
posed of metal and photosensitive GaAs semiconductor micro-
structures, to realize a photo-induced PIT effect between the
non-transmission and high-transmission states. GaAs struc-
tures are inserted into the gaps of metallic split-ring resonators
(SRRs) and deposited on a sapphire substrate to construct a
hybrid metamaterial.

2. Structure design
The unit cell of the proposed PIT metamaterial is shown

in Fig. 1. The symmetrical structure consists of an aluminum
cut wire (CW) and two pairs of aluminum split-ring resonators
(SRRs) whose gaps are filled with photosensitive semiconduc-
tor GaAs patches. The terahertz beam is normally incident on
the metamaterial array, with polarization parallel to the CW,
i.e., the incident electric field E is along the y axis. The meta-
material structure is placed on a sapphire substrate. The cut
wire is used as the bright mode and can be directly coupled
to the incident field. The two pairs of split-ring resonators are
symmetrically placed around the metal cut wire, and the four
rings are each embedded in a piece of photosensitive semicon-
ductor GaAs. The metallic resonators were made from 200-
nm-thick aluminum and GaAs, fabricated in a square lattice
on a 0.64-mm-thick sapphire substrate, as shown in Fig. 1(b).
However, when the incidence of terahertz wave with the fre-
quency rate of 0.1–10 THz, the GaAs semi-conductor will
not induce the photoelectric effect, so we need to add addi-
tional infrared light source to achieve the photosensitive tun-
able performance.[29]
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Fig. 1. (a) Schematic of a PIT metamaterials unit cell. The geometrical parameters are L = 90 µm, l = 29 µm, w = 5 µm, s = 6 µm, d = 3 µm, f = 5 µm,
Px = 90 µm, and Py = 120 µm. (b) Top view diagram of the proposed structure array. The incident electric field is along the y direction. (c) Incidence of
electromagnetic waves.

3. Active control
Using CST Microwave StudioTM, we were able to fur-

ther support the tunable spectral response by full-wave nu-
merical simulation and obtain the corresponding transmission
spectrum. The semiconductor material turned to metal when

conductivity became very large and nearly reached the con-

ductivity of the metal when the unit was illuminated. Ac-

cording to paper,[28] the conductivity of GaAs is positively

correlated with light intensity. Without the addition of the

infrared field and the thermal radiation, the conductivity of
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GaAs can be considered to be σ = 0 S/m, with little effect
on the results. In order to make the valence band electrons of
GaAs with absorbing photon energy, transition to the conduc-
tion band and form hole–electron pairs, so that the conductiv-
ity of GaAs is greatly improved and gradually “metallized”,
the wavelength of incident light should meet the following
requirements: λ ≤ 1240/Eg, where Eg is the bandgap width
and the value is 1.4 eV. According to the equation, it can be
concluded that the wavelength of the excitation light is less
than or equal to 885 nm, and corresponding the frequency is
greater than 338 THz. The infrared frequency is much larger
than 1 THz in the simulation. When the incidence of tera-
hertz wave with frequency 0.1 THz–10 THz does not induce
the photoelectric effect of GaAs semiconductor. Furthermore,
the infrared wave can slightly increase the conductivity of alu-
minum based on this theory. However, the conductivity of alu-
minum is large enough. Thus, infrared wave does not affect
aluminum in our simulations. It is concluded that the reso-
nance caused by infrared light does not interact with terahertz
incident waves.[29,30] When the infrared light intensity reaches
60 µJ/cm2, the conductivity σ increases to 106 S/m rapidly.
We set the conductivity of aluminum as 3.56× 107 S/m, and
the permittivity of sapphire and GaAs as 10.5 and 13.1, respec-
tively. A bare sapphire wafer identical to the sample substrate
served as a reference. The transmission measured through the
semiconductor metamaterial sample and the bare sapphire ref-
erence were exhibited in a time extent of the terahertz pulse.

The normalized amplitude transmission spectrum was
measured under normal incidence with the E polarization
along the y direction, and which can be defined as[31]

|t(w)|=
∣∣∣∣ES(w)
ER(w)

∣∣∣∣ , (1)

where ES(w) and ER(w)[31] are Fourier transforms of the mea-
sured time-domain terahertz pulses of the sample and the ref-
erence substrate, respectively. We perpendicularly injected
THz wave into our metamaterial surface at different frequen-
cies (from 0.1 THz to 1 THz) and measured the transmission
amplitude on the other side of our device.

As shown in Fig. 2(a), when the infrared light was turned
off, the internal carriers in the semiconductor GaAs were in
dynamic equilibrium. On the contrary, if the semiconductor
GaAs was excited by the infrared laser pulse, the free carriers
generated by the laser excitation were driven by the electric
field on the semiconductor surface and accelerate. At the same
time, the electrons and holes in the semiconductor were sepa-
rated, so as to form a transient electric field in the semiconduc-
tor. The transient electric field destroyed the equilibrium state
of the free carriers in the semiconductor, it led to plasma oscil-
lation and sharp increase of conductivity. Therefore, through
the irradiation of infrared light, the dynamic change of meta-

material structure could be realized, as shown in the illustra-
tions of Fig. 2(a).
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Fig. 2. (a) The transmission rate for two scenarios: with the infrared light
switched on or off. Bottom right: infrared light off, with corresponding trans-
mission amplitude marked by black line. Bottom left: infrared light on, with
corresponding transmission amplitude marked by red dashed line. (b) Nu-
merical simulation results for normalized spectra of the PIT metamaterial.
(c) Theoretical fitting results.

Unlike previous methods of PIT manipulation (changing
the material or the position of the unit) we were able to achieve
the conversion between transparency and non-transmission
simply by controlling the light source. When the light source
illuminated the photosensitive semiconductor GaAs of the
SRRs, we observed the PIT phenomenon in the optical trans-
mission spectrum. When the central frequency was 0.65 THz,
the transmittance suddenly rose rapidly from the minimum to
form a transparent window. The PIT phenomenon was caused
by the existence of two interference electric fields on the bright
mode; the external electromagnetic field of the bright mode it-
self, and the electromagnetic field produced by the coupling
with the dark mode. Therefore, the bright mode was not ex-
cited at 0.65 THz.

As illustrated in Fig. 2(a), the semiconductor GaAs in the
gaps could be connected and conducted with the SRRs metal
aluminum upon excitation by infrared light pulses, and exhib-
ited high conductivity (in our simulation, the conductivity of
GaAs was 1× 106 S/m[32–34]). The transmission amplitude
demonstrated a sharp transparency peak, with a transmission
window around 0.65 THz. Without infrared light pulse illu-
mination on the semiconductor, at this time, the conductivity
of GaAs was 0 S/m and could not be connected or conducted
with the SRRs metal aluminum and the metamaterial struc-
ture changed. The transmission amplitude had only one trans-
mission trough at 0.65 THz. Therefore, we determined that
our device was a controllable PIT device; and with the calcu-
lations, we determined that the modulation depth was greater
than 87%. Near the bright mode resonance frequency, the SRR
resonator displayed a resonance valley when the electric field
E was along the x direction, but this did not appear when E
was along the y direction. It was therefore clear that the four
split-ring resonators were not directly coupled with the inci-
dent field E, which was used as the dark mode.

To explore the physical origin of the active PIT behavior,
we adapted the widely used coupled Lorentz oscillator model
to analyze the near-field interaction between the two elements
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(metal and GaAs) in the PIT metamaterial unit cell. In PIT
metamaterials, interference can be analytically described by
the coupled Lorentz oscillator model (in order to simplify the
coupling mode equation, this effect can be ignored and we do
not introduce the coupling of two resonant rings on the same
side in the derivation of the equation. The coupling effect be-
tween two resonant rings on the same side exists. However,
as the distance between the two resonant rings is much far-
ther than the value of parameter s, the coupling effect between
the two resonant rings is too small compared to the coupling
strength between CW and SRRs, and coupling strength be-
tween two resonant rings on the same side can be ignored),
shown as

ẍ1 + γ1ẋ1 +ω
2
1 x1 +κ12x2 = gE,

ẍ2 + γ2ẋ2 +ω
2
2 x2 +κ21x1 = 0. (2)

The parameters x1, x2, γ1, and γ2 are the amplitudes and damp-
ing rates of the bright and dark modes, respectively. ω1 =

2π × 0.65 THz and ω2 = ω1 + δ are the resonance frequen-
cies of the bright and dark modes, respectively. The parameter
κ12 is the coupling coefficient between the two modes and g
is a geometric parameter indicating the coupling strength of
the bright mode with the incident electromagnetic field E. Ac-
cording to Eq. (2), we can express the susceptibility χ of the
PIT metamaterial unit cell by δ , κ12, γ1, and γ2. The suscep-
tibility χe of a PIT metamaterial layer with a thickness d is
expressed as χ = χe/d.

Because our unit cell is much smaller than the resonant
THz wavelength, we can consider the metamaterial layer to be
an effective medium. The susceptibility χe of each unit can be
expressed as

χe = g
−ω2 + iγ2ω +ω2

2

(−ω2 + iγ1ω +ω2
1 )(−ω2 + iγ2ω +ω2

2 )−κ2
12
. (3)

As the metamaterial layer is much thinner than the wavelength
of the terahertz wave, the far-field transmission of the PIT sam-
ple can be approximately related to the near field susceptibility
as

|t|=
∣∣∣∣ c(1+nsap)

c(1+nsap)− iωχe

∣∣∣∣ , (4)

where c = 3× 108 m/s is the light velocity in vacuum and
nsap = 3.24 is the refractive index of the sapphire.[25] Fig-
ures 2(b) and 2(c) show the analytical fit (using Eq. (4))
to the measured amplitude transmission spectra under differ-
ent photo-excitation fluency, exhibiting very good congruence
with simulation results.

Thus, it can be concluded from Figs. 2(b) and 2(c) that
the active modulation of the PIT resonance arises from the
change in the damping rate of the dark mode. Photo-excitation

reduces loss in the SRRs and enhances the destructive inter-
ference between the bright and dark modes, which eventually
leads to formation of the PIT resonance peak.

In the corresponding frequency domain spectrum, a PIT
peak was observed, with a transmission amplitude of 85.8%
at 0.65 THz. In order to demonstrate the magnetic amplitude
of our device, we turned the infrared light on and off, as il-
lustrated in Fig. 3. In Fig. 2(a), one can easily see that the
magnetic energy is concentrated at the CW (bright mode). In
contrast to the reaction when the infrared light was on, the
semiconductor GaAs separated the SRRs when the light was
off. Therefore, when one turns on the infrared light, the semi-
conductor carriers can be excited and the SRRs are the major
point of interaction with the terahertz wave. In this scenario,
one can acquire magnetic energy concentrated at the SRRs
(dark mode) to achieve the transparency window.

Table 1. Parameters used for coupling between one bright mode and one
dark mode.

Status γ1 (rad·ps−1) γ2 (rad·ps−1) κ12 (rad2·ps−2) δ (rad·ps−1)

On 0.0800 0.2708 0.4119 0.0472
Off 0.078 0.2828 0.4181 0.0675
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Fig. 3. (a) Surface current distributions at 0.65 THz. (b) Electric field distri-
butions at 0.65 THz. (c) Magnetic field distributions at 0.65 THz. The right
column shows the results with infrared light illumination.

In addition, in order to illustrate the physical mechanism
of the PIT phenomenon, we applied field monitors in simula-
tion to extract the electromagnetic resonance distribution at the
enhanced transparency frequency. Figures 3(a)–3(c) demon-
strate the distributions of surface current density, electric field,
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and magnetic field at 0.65 THz, as shown in the left part of
Fig. 3, without photo-excitation, the conductivity of GsAs was
0 S/m, the SRR gaps were disconnected; the CW and the hy-
brid SRRs exhibited the same resonant frequency, while the
dark mode could not be excited. A Y -polarized incident wave
excited the CW bar directly and led to an electric dipole reso-
nance. No cross-coupling could be observed between the CW
and the hybrid SRRs. On the contrary, as shown in the right
part of Fig. 3, the conductivity of GaAs was 1× 106 S/m and
the free carriers could accelerate in GaAs gaps and aluminum
SRRs, while the CW and hybrid SRRs exhibit the same fre-
quency, and the dark mode can be excited. Y -polarized in-
cidence excites the CW directly, and then the hybrid SRRs
are strongly excited by the CW via near-field coupling. The
external excitation from the incidence and the cross-coupling
excitation from the hybrid SRR result in a cancellation effect
for the electric dipole resonance on the CW. Thus, no current
oscillation was observed on the CW, and the hybrid SRR ex-
hibited a strong resonance.

We also studied the influence of SRR size on the peak
value and bandwidth of resonance frequency caused by the
PIT phenomenon. In order to understand the influence of cou-
pling between the bright and dark modes on the PIT effect, we
adjusted the structure of the unit cell and analyzed the influ-
ence of different parameters in the structure on the coupling
results. First, we changed the distance s between the CW
and the SRRs in the unit cell. By moving four SRRs sym-
metrically in the horizontal direction, we obtained the results
shown in Fig. 4(a). It can be seen that when the distance s be-
tween the SRRs and the CW changes, the size of s is inversely
proportional to the peak value of the transparent window. As
the value of s increases, the peak value will decrease and the
transmission rate will be lower. Because varying the size of
s changes the value of the coupling strength, the larger the s
decreases the coupling strength (see in Fig. 8(a)). Therefore,
the energy transfer between the bright and dark modes starts
to decrease, and the transparent window is becoming smaller,
which shows the phenomenon in Fig. 4(a). The increasing of
parameter d enlarges the resonant frequency and loss rate of
SRRs, to lead the peak frequency of PIT shifting to high fre-
quency and the width of the transparent window increasing
(as shown in Fig. 4(b)). In the process of reducing the distance
s, the peak value of the transparent window rose almost lin-
early and the bandwidth increased gradually. Obviously, the
coupling between the bright and dark modes became stronger,
however the Q (quality factor) is decreased. The Q factor can
be calculated with the ratio of the resonance frequency to half
peak width. when s = 6 µm, Q = 4.5. The results show that
when the distance s decreases, so does the Q factor, whereas
the coupling strength and radiation loss increase. In order to
maximize the peak value of the transparent window and make

the transmission rate the strongest, the distance between the
SRRs and CW cannot be too large, as shown in Fig. 4(a).

We can regard the coupling mode between the bright
mode and dark mode in the cell structure as an LC equiva-
lent circuit. In an LC resonator, Q value is the key factor to
measure the loss of components. The higher the Q value, the
smaller the loss and the higher the efficiency. According to the
relationship among the pass band, resonance frequency and
quality factor Q, the larger the Q value is, the narrower the
resonant pass band will be. If a wider pass band is needed, the
smaller the Q value, the better.

Next, we discuss the different results when the length d
of the gap in SRRs changes. Both the center frequency and the
peak value in the transparent window are proportional to the
size of d. The shorter the gap size, the larger the center fre-
quency and the greater the peak value, as shown in Fig. 4(b).
A shorter gap length will increase coupling.
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Fig. 4. (a) The frequency dependence of transmission with s as a parameter.
(b) The frequency dependence of transmission with d as a parameter.

Thirdly, we take the cut wire as the center and rotate the
SRRs in the cell structure to the left and right. During rotation,
the four semiconductors are symmetrical with respect to the
central perpendicular of the bright mode and the bright mode
itself. The structure is shown in Fig. 5. When modulated, the
PIT effect changes from the on to off state and from 0◦ to 60◦,
that is, the coupling between the bright and dark modes grad-
ually disappears. This is because the dark mode is symmetri-
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cal with respect to the y polarization direction of the incident
electromagnetic wave at 0◦ and hardly excited at 0.65 THz.
Through the passive coupling of the bright mode, the PIT ef-
fect is formed by interference with the bright mode field. In the
process of rotation to 180◦, the symmetry of the dark mode rel-
ative to the polarization direction is broken, which means that
it can be directly excited by the incident field; thus the destruc-
tive interference between the bright and dark modes is weak-
ened, so the transparent window disappears gradually, and al-
most disappears at about 260◦. Between 60◦ and 260◦, there
is no transparent window. Between 260◦ and 360◦, the trans-
parent window gradually appears. Rotation of SRRs changes
the coupling strength between bright and dark modes, which
mainly affects the PIT spectrum. We employ the couple mode
equation to fit the SRRs curves with different rotation angles
and the corresponding coupling strength. To give few exam-
ples to demonstrate, when rotation angles are θ = 0◦, θ = 20◦,
θ = 60◦, θ = 260◦, and θ = 300◦, respectively, we obtain
the corresponding coupling strengths κ = 0.4119 rad2·ps−2,
κ = 0.3245 rad2·ps−2, κ = 0.1067 rad2·ps−2, κ =

0.1153 rad2·ps−2, κ = 0.3431 rad2·ps−2. To sum up, when
the rotation angle is between 0◦–180◦, the coupling strength
decreases with the increasing of the angle; when the rotation
angle is between 180◦–360◦, the coupling strength starts to in-
crease with the gradual increase of the angle. As we can see
that when the coupling strength is between 60◦ and 260◦, the
coupling between the bright mode and the dark mode is rela-
tively small which causes the PIT phenomenon to disappear.

Finally, we studied the effect of photosensitive semicon-
ductor GaAs on the PIT phenomenon in terms of changing
the conductivity. As shown in Fig. 5(f), when the conduc-
tivity of GaAs was 0 S/m, the semiconductors did not con-
duct to the SRRs. After the excitation of the infrared light
field, GaAs becomes the metalloid properties, which causes
the original SRRs with varying the geometrical structure from
two gaps to one gap. Thus, the resonance frequency moves to
the low frequency. When the conductivity of GaAs changes
to 1× 105 S/m, the TM resonant frequency corresponding to
the dark mode is 0.635 THz. When the conductivity of GaAs
is 0 S/m and 1× 104 S/m, the TM resonance peak does not
appear in 0 THz–2 THz. The TM resonance frequency of the
dark mode is close to that of the TE resonance frequency of
the bright mode, so the PIT phenomenon will occur. When the
conductivity reached 1× 106 S/m, the window value reached
its maximum and the transmission reached 0.738. In the same
way, the length of the CW will have a certain impact on the re-
sults. When the length of the CW increase, the resonance fre-
quency will decrease, and the coupling strength will become
weak, which we will not discuss here.
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Fig. 5. Transmission results and structures of the unit cell after rotating the
SRRs. (a) θ = 0◦, (b) θ = 20◦, (c) θ = 60◦, (d) θ = 20◦, (e) θ = 300◦,
(f) the frequency dependence of transmission with GaAs conductivity δ as a
parameter.

4. Multiple dark modes

In the previous section, we discussed active control of
the metamaterial structure to produce the PIT effect, analyz-
ing coupling between one bright mode and one dark mode.
Now, we will further discuss couplings between one bright
mode and several dark modes. Due to the coupling between
the bright and dark modes, the energy is completely trans-
ferred from the bright mode to the dark mode, leading to a
sharp transparency window in the otherwise broad absorption
spectrum. In this section, we take the case of one bright mode
and two dark modes as an example.

f

Px

w

s

l

L
d

Py

E↼y↽

H↼x↽

E↼y↽

H↼x↽

l

k↼↩z↽

Fig. 6. The unit cell of a metamaterial with one bright mode and two dark
modes. The geometrical parameters are: L= 90 µm, l1 = 50 µm, l2 = 29 µm,
w = 5 µm, s = 6 µm, d = 3 µm, f = 5 µm, Px = 130 µm and Py = 120 µm.
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The unit cell of the proposed plasmon-induced trans-
parency metamaterial is shown in Fig. 6. The symmetrical
structure consists of an aluminum cut wire (CW) and two pairs
of aluminum split-ring resonators (SRRs) of different sizes. In
this structure, the CW resonator (bright mode) could be ex-
cited by the incident field, and the two pairs of SRRs with dif-
ferent sizes were considered to be the dark modes. The metal-
lic resonators were also made from 200-nm-thick aluminum,
fabricated in a square lattice on a 0.64-mm-thick sapphire sub-
strate.

In this section, the interference in the plasmon-induced
transparency metamaterials can be analytically described by
the coupled Lorentz oscillator model, the expressions are

shown as follows:[35]

ẍ1 + γ1ẋ1 +ω
2
1 x1 +κ1x2 +κ2x3 = gE,

ẍ2 + γ2ẋ2 +ω
2
2 x2 +κ1x1 = 0,

ẍ3 + γ3ẋ3 +ω
2
3 x3 +κ2x1 = 0, (5)

where the parameters x1, x2, x3, γ1, γ2, and γ3 are the ampli-
tudes and damping rates of the bright and dark modes, respec-
tively. The parameters κ1 and κ2 are the coupling coefficients
between the bright mode and the first and second dark modes,
respectively. The parameter g is a geometric parameter indi-
cating the coupling strength of the bright mode with the in-
cident electromagnetic field E. The amplitudes of the three
modes of each unit can be expressed as

x1 = gE
(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )

(−ω2 + iγ1ω +ω2
1 )(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )−κ2

1 (−ω2 + iγ3ω +ω2
3 )−κ2

2 (−ω2 + iγ2ω +ω2
2 )

,

x2 = gE
κ2(−ω2 + iγ2ω +ω2

2 )

(−ω2 + iγ1ω +ω2
1 )(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )−κ2

1 (−ω2 + iγ3ω +ω2
3 )−κ2

2 (−ω2 + iγ2ω +ω2
2 )

,

x3 = gE
κ1(−ω2 + iγ3ω +ω2

3 )

(−ω2 + iγ1ω +ω2
1 )(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )−κ2

1 (−ω2 + iγ3ω +ω2
3 )−κ2

2 (−ω2 + iγ2ω +ω2
2 )

. (6)

Hence, the effective electric susceptibility of the metamaterial can be written as

χe ≈ k
(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )

(−ω2 + iγ1ω +ω2
1 )(−ω2 + iγ2ω +ω2

2 )(−ω2 + iγ3ω +ω2
3 )−κ2

1 (−ω2 + iγ3ω +ω2
3 )−κ2

2 (−ω2 + iγ2ω +ω2
2 )

. (7)
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Fig. 7. (a) The transmission spectrum for coupling between the bright mode
and the first dark mode. (b) The transmission spectrum for coupling between
the bright mode and the second dark mode. (c) Spectral line of the designed
structure. (d) The black line shows the simulation results while the red line
shows the theoretical fitting results.

Substituting Eq. (7) into Eq. (5), the expression of the
transmission spectrum can be obtained. For parameters in the
coupled mode equation, such as resonant frequency and loss
rate, we can obtain them by simulating the bright mode or dark
mode separately. For the bright mode, we use CST Microwave
StudioTM to get the transmission spectrum of CW, where the

frequency corresponding to the peak is the resonant frequency
ω1, the half-height full-width is the loss rate γ1. For the dark
mode, we set the polarization direction of the terahertz wave
as X direction to obtain transmission lines and the dark mode
parameters ω2, ω3, γ2, and γ3. Then, the parameters ω1, ω2,
ω3, γ1, γ2, and γ3 are substituted into the coupling mode equa-
tion, and the coupling strength κ can be obtained by fitting
the simulated curve.[36] Figure 7(c) shows the results of fitting
analysis for the simulated spectral lines.

To elucidate the coupling mechanism between one bright
mode and two dark modes, the couplings between the bright
mode and the dark modes were visualized in Fig. 7. The PIT
effect was obtained via coupling between the bright mode and
the first dark mode at 0.454 THz, which we considered the
result of strong coupling between the bright mode and the sec-
ond dark mode at 0.649 THz. Therefore, the transmission
spectrum in Fig. 7(c) was superimposed with the spectrums
in Figs. 7(a) and 7(b). We employ CST Microwave StudioTM

to get the transmission spectrum of their separate structures
for coupling between the bright and two dark modes. From
the simulation results, the frequency of the bright mode, the
first dark mode and the second dark mode are corresponding
0.6035 THz, 0.454 THz, and 0.649 THz respectively. Since
the CW was coupled with incident field E, the incident en-
ergy was absorbed by the bright mode, which allowed the
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energy of the bright mode to transfer into the dark modes
via coupling. Due to the coupling between the bright mode
and two dark modes, two PIT peaks appear when the two
dark modes absorb the energy of bright mode at 0.454 THz
and 0.649 THz, respectively, resulting in the spectral lines
shown in Fig. 7(c). The phenomenon of coupling between
one bright mode and multiple dark modes could be seen as
the result of linear superposition of the coupling between the
bright mode and each dark mode. The linear superposition of
spectral lines indicated linear superposition of energy. The en-
ergy contained in the bright mode would be distributed into
the two dark modes. The coupling strengths obtained by fit-
ting are κ1 = 0.1938 rad2·ps−2 and κ2 = 0.3148 rad2·ps−2 (see
Fig. 8(b)).
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Fig. 8. The variations of the fitting coupling strength with respect to distance
parameter s, when the transmission spectrum line is fitted. (a) Coupling be-
tween bright mode and one dark mode, (b) coupling between bright mode
and two dark modes.

Compared with the smaller SRR, coupling strength be-
tween the bright mode and the first dark mode was smaller.
The frequency of the transparent window’s peak value would

shift to the left since the CW would have some energy, as
shown in Fig. 7(a). In addition, the effective distance between
the bright mode and the first dark mode was larger than that
between the bright mode and the second dark mode; thus the
coupling strength was smaller, which was consistent with the
size of the coupling strength obtained by fitting. We also prove
this by changing the distance parameter s between the bright
and dark modes in Fig. 8. We can see that the coupling strength
decreases with the increase of distance s in terms of the overall
trend.

To further prove that the spectral lines are formed by
linear superposition, figures 9(a) and 9(b) show the two-
dimensional electric field and surface current distribution of
the cell at the focused transparent window. The energy of the
CW mostly transfers into the larger SRR or the smaller SRR,
as shown in Figs. 9(a) and 9(b). At 0.4704 THz, CW is ex-
cited (but not wholly excited) by the external terahertz exci-
tation source, and due to the coupling with the dark mode 1,
it can cause the resonance of the dark mode 1, but since the
dark mode appears TM resonance at 0.4704 THz, most of the
energy could be distributed at the gap of the dark mode 1. At
0.6357 THz, CW is excited under the external terahertz exci-
tation source, resulting in dipole resonance, and the coupling
with the dark mode causes the resonance of the dark mode.
Hence, both dark modes have energy distribution. However,
the TM resonance of dark mode 2 occurs at 0.6357 THz, so
most of the energy can be distributed at the gap of dark mode
2.

Table 2. Parameters used for coupling between one bright mode and two dark modes.

Status ω1 (rad·ps−1) ω2 (rad·ps−1) ω3 (rad·ps−1) γ1 (rad·ps−1) γ2 (rad·ps−1) γ1 (rad·ps−1)

Fitting value 2π×0.6035 2π×0.4535 2π×0.6488 0.1 0.192 0.2119

0

600

400

1000

800

200

1200

1400

1600

1800

2000

(a)

(b) 120

96

72

48

24

0

120

96

72

48

24

0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 

y
 ↼
m
m

↽
y
 ↼
m
m

↽

120

96

72

48

24

0

120

96

72

48

24

0

y
 ↼
m
m

↽
y
 ↼
m
m

↽

x ↼mm↽

26 52 78 104 130 0 

x ↼mm↽

26 52 78 104 130

V/m (106) A/m

Fig. 9. Electric field and surface current distributions at 0.6357 THz (a), and 0.4704 THz (b).

068702-8



Chin. Phys. B 31, 068702 (2022)

5. Conclusion
In this study, we realized a photo-controlled PIT metama-

terial in the THz regime. By inserting a photosensitive semi-
conductor GaAs into the SRR gaps, the on-to-off state of the
PIT resonance can be actively controlled under different lev-
els of excitation from optical pulses. The controllable PIT can
be achieved by utilizing active control. We found that control-
lable switching the PIT (transparency window) on or off was
possible via exciting carriers of semiconductors with different
intensities external infrared light at a frequency of 0.65 THz;
this allowed us to simultaneously obtain impressive modula-
tion depth (> 87%). We investigated the transmission property
of the PIT sample under different optical intensity excitation
and the influences of different structural sizes on the PIT phe-
nomenon. Finally, couplings between one bright mode (CW)
and several dark modes (SRRs) of different sizes were dis-
cussed. The interference analytically described by the coupled
Lorentz oscillator model elucidated the coupling mechanism
and it can be considered the result of linear superposition of
the coupling between the bright mode and each dark mode.
The proposed metamaterials structure are promising for appli-
cation in the fields of THz communications, optical storage,
optical display, and imaging.
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