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Accepted: 05 May 2015 The near and far field coupling behavior in plasmonic and metamaterial systems have been

Published: 02 June 2015 : extensively studied over last few years. However, most of the coupling mechanisms reported in the
. past have been passive in nature which actually fail to control the coupling mechanism dynamically

in the plasmonic metamaterial lattice array. Here, we demonstrate a dynamic mode coupling
between resonators in a hybrid metal-semiconductor metamaterial comprised of metallic concentric
rings that are physically connected with silicon bridges. The dielectric function of silicon can be
instantaneously modified by photodoped carriers thus tailoring the coupling characteristics between
the metallic resonators. Based on the experimental results, a theoretical model is developed, which
shows that the optical responses depend on mode coupling that originates from the variation of the
damping rate and coupling coefficient of the resonance modes. This particular scheme enables an in-
depth understanding of the fundamental coupling mechanism and, therefore, the dynamic coupling
enables functionalities and applications for designing on-demand reconfigurable metamaterial and
plasmonic devices.

In recent years, the concept of artificially engineered materials, known as metamaterials, has provided
access to an even broader range of novel functionalities, such as negative refractive index!'-, perfect
focusing?, cloaking®”7, absorbers?, sensing®!’, analogues of electromagnetically induced transparency'!-%7,
and phase discontinuities'®?!. The unique properties offered by metamaterials depend not only on the
electromagnetic response of the individual meta-atoms, for instance the shape, the size, the conducting
properties of the meta-atoms, and the surrounding environment?*?, but also on the coupling mecha-
nism between the meta-atoms that form the two or three dimensional lattice array. Since the size of the
meta-atoms is much smaller than the wavelength of light, interactions of the near-field distribution of
the neighboring meta-atoms become very critical. As a result, the resonance properties of metamaterials
can be substantially manipulated compared to those of an individual meta-atom. Thus, the near field
interactions between adjacent meta-atoms have received considerable attention. Aside from the interest-
ing fundamental phenomena that arise in these coupled meta-atoms, an understanding of the coupling
mechanisms is believed to provide essential insight into novel design and applications of metamaterials
based functional devices. Much of the published work has explored interactions between different reso-
nators, where the coupling were studied passively by varying the geometrical parameters*2’.

In this article, we present a novel class of infrared light-driven active terahertz metamaterials that
enable an observation of a dynamic coupling behavior between different resonators. The proposed planar
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metamaterial unit cell is composed of three concentric metallic square rings bridged by semiconductor
inclusions. Since the adjacent metallic rings are bridged with the photoactive silicon (Si) and one can
mold the photo-induced carrier density by varying the optical illumination, the coupling between the
square rings would thus be tailored with photoexcitation. The advantage of such design is that the cou-
pling can be actively controlled and reconfigured. This work provides a profound understanding of the
fundamental coupling mechanisms in metamaterials and would certainly benefit the active and passive
device designs with desirable optical properties.

Design and experimental results. As shown in Fig. 1(a i-iii), three individual square closed ring
resonators (CRRs), termed as M1, M2 and M3 with side-length of 104, 72, and 52um, respectively,
are initially investigated. Numerical simulations of spectral responses of these samples were performed
using commercial software CST Microwave Studio. The planar metallic CRRs were made of Aluminum
with a conductivity of 3.72 x 10’Sm™" and printed on the sapphire substrate (¢, =9.48) with a square
lattice period of P=125um. We calculated the transmission spectra of M1, M2 and M3 when illumi-
nated by a plane wave with the wave vector oriented parallel to the z axis and the electric field oriented
parallel to the x axis. Figure 1(b i-iii) shows that the sharp transmission dip exists at w, =0.357 THz,
w,=0.593THz, and w;=0.771THz for M1, M2 and M3, respectively. It is found that the resonance
frequency shows a notable blue shift when the CRRs are downsized while the other parameters remain
unchanged.

In order to study the coupling behaviors between different resonators, combined configurations
between two of M1, M2 and M3 are investigated. When M1 and M2 are placed together to form a con-
centric dual-ring resonator M12, as shown in Figs. 1(a iv) and (b iv), a distinct transparency window
appeared at w;,=0.461 THz between w, and w,. The coupling between M1 and M2 also gives rise to a
slight red shift of w; and a slight blue shift of w,. Figure 1(c iv) shows the calculated electric field distri-
butions at w,, and it is evident that anti-parallel currents are produced in M1 and M2. Since the outer
ring experiences a stronger coupling to the incident terahertz wave, the inner ring, which is only weakly
coupled to the incident light through ring to ring capacitive interaction, generates currents opposite to
those in the outer ring through near-field coupling. The destructive interference of the scattered fields
between the two resonators leads to a pronounced transparency window?*?. Attributed to the coupling
effect, the response of M12 is not a simple summation of that of M1 and M2.

The similar phenomena were also observed in M23 (combination of M2 and M3, w,;=0.659 THz)
and M13 (combination of M1 and M3, w;;=0.631THz), as shown in Fig. 1(v, vi). Furthermore, when
all the three square rings were combined together, named as M123, the transmission spectrum exhibited
two transparency windows resulting from the interplay of the coupling between two sets of adjacent rings
M1-M2 and M2-M3, as shown in Fig. 1(vii). In this case, as M1-M3 undergoes much weaker coupling to
the radiation field compared to M1-M2 and M2-M3, hence the transmission response for this metamate-
rial consisted of multiple concentric rings mainly derives from the mode coupling of adjacent resonators.

In order to gain an insight into a dynamic coupling effect, we further proposed a metamaterial struc-
ture fabricated on a Si-on-sapphire (SOS) wafer, which is comprised of 500-nm-thick undoped Si film
and 495-pm-thick sapphire substrate. By implanting photoactive Si islands that connect the two adjacent
concentric SRRs in the structure of M123, three types of active metamaterials with varying positions of
the Si islands are investigated. The low order resonance M12, high order resonance M23 or both can
be selectively manipulated, respectively. Figures 2(a), (b) and (c) show the proposed structures M123-
12, M123-23 and M123-123, respectively. The fabrication of all the metamaterial samples began with
patterning of Si islands by reactive ion etching, followed by deposition of 200-nm-thick Al to form the
square rings using photolithography. The optical microscope images of these metamaterial samples are
shown in Figs. 2(d) to (f).

An optical-pump terahertz-probe (OPTP) system, as illustrated in Fig. 2(g), was used to carry out the
measurements with the polarization of the incident terahertz electric field parallel to the photosensitive
Siislands. In the measurements, a laser beam coming from a Ti: sapphire regenerative amplifier (Coherent
Lasers) with a pulse duration of 40 fs at 800 nm and a repetition rate of 1kHz was split into three beams
for terahertz generation, detection and metamaterial photodoping, respectively. The generated terahertz
radiation was collimated and focused by two off-axis parabolic mirrors. The spot size of the focused
terahertz beam on the metamaterial samples was 1.8 mm in diameter, while the optical pump beam
exciting the samples had a spot diameter of 10mm, ensuring uniform pump-terahertz illumination.
Importantly, the pump pulse must reach the metamaterial sample ahead of the terahertz pulse within the
carrier life time of Si which is about 1ms to enable the Si islands to stay at the excited state. A bare
sapphire wafer identical to the sample substrate served as a reference. The transmission spectrum was
extracted from Fourier transforms of the measured time-domain electric fields, which was defined as
|f(w)| = |Eg(w)/Eg(w) | where Eg(w) and E g (w) were the Fourier transformed electric fields through
the sample and reference, respectively.

By varying the optical pump power, dynamic modulations of the transmission properties of the meta-
material samples were observed, as shown in Figs. 3-5. Without photo irradiation, the pronounced char-
acteristic peaks w,,, w,; and resonance dips w;, w,, w; are identical with the structure shown in Fig. 1(vii)
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Figure 1. (a) Schematic diagram of the mode-coupling metamaterial design. (b) Numerical simulation
results (c) Corresponding surface current distributions.
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Figure 2. (a-c) Schematic diagram of M123-12, M123-23 and M123-123 metamaterial unit cells,
respectively. The geometrical parameters are: P, =P,=125pum, ;= 104pm, L,=72pm, ,=>52pm,
w=>5pm, a=15pm, b=27pm. (d-f) Microscopic images of the active mode-coupling metamaterials.
(h) Experimental diagram of the optical-pump terahertz-probe (OPTP) measurement.

in which no photoactive Si islands are employed. For the sample M123-12 with the Si islands connecting
the outermost two rings, as the optical pump power was increased from 0 to 800 mW, the low frequency
transmission window decreased gradually until it disappeared (Fig. 3(a)). Additionally, the transmission
spectra of M123-23 with Si islands bridging the innermost two rings were also measured under pho-
toexciation. With increasing pump power, the high frequency transparency window was dynamically
controlled, as illustrated in Fig. 4(a). Interestingly, both the cases possess a remarkable feature that has
no impact on adjacent transparency window during the amplitude modulation. When the Si islands con-
nected all the three rings (sample M123-123), the two transmission windows were significantly reduced
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Figure 3. Evolution of transmission spectra of sample M123-12. (a) Normalized transmission spectra as
a function of photoexcitation power. (b) Corresponding theoretical fitting results with the coupled Lorentz
model. (c¢) Numerical simulations with various conductivities of the Si islands.

in magnitude under optical excitation (see Fig. 5(a)). At the maximum excitation of 1500 mW, the two
transmission windows nearly disappeared.

Theoretical calculations and discussion. To clarify the underlying physical mechanism of the
experimental phenomena, the coupled Lorentz model is adopted to illustrate the mode resonances and
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Figure 4. Evolution of transmission spectra of sample M123-23. (a) Normalized transmission spectra as
a function of photoexcitation power. (b) Corresponding theoretical fitting results with the coupled Lorentz
model. (¢) Numerical simulations with various conductivities of the Si islands.
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Figure 5. Evolution of transmission spectra of sample M123-123. (a) Normalized transmission spectra as
a function of photoexcitation power. (b) Corresponding theoretical fitting results with the coupled Lorentz
model. (¢) Numerical simulations with various conductivities of the Si islands.

their coupling characteristics with various optical excitation fluences. The resonances and their mutual
coupling behavior of the metamaterial samples are analytically described by the following model:
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B+ vk 4 wlxg + Rpx, = g,E;
By F oKy + WKy + KX+ Rgpyxy = 8,E,
Ry b Yaks + wiks + KgsXy = &,E, (1)

where x, Xy, X3, V1> V> V3 W Wy, and wjy are the amplitudes, damping rates and resonance frequencies
of the resonance modes of M1, M2 and M3, respectively. k,, and k,; represent the coupling coefficients
between the resonances of M1-M2 and M2-M3, respectively. g;, g, and g; are the geometric parameters
indicating the strength each square ring couples to the incident field E. By solving Eq. (1), we obtain:

g11€223 — & k1kas — GG, + Cig k.

x(w) = E(w),
1 C3"91% + C1/<;223 — GGG
Cag k1, — CCag, + Cigykas
xZ(w) = 2 2 E(w)7
Ciky + Gy — GGG
g3"f122 — g kakn — GG, + Cig, K03
X3(CU) = 2 2 E(“‘")?
Cskpy + Cikgs — GGG (2)
with
Ci = —wz +jw'7,‘ + wiz’ (l =1,2, 3) (3)
The electromagnetic polarizability of the samples is expressed as
X, (w) = P(w)/gE(w) o x (w) /E(w), (4)

where P(w) is the intensity of polarization, ¢, is the permittivity of vacuum. The total resonance ampli-
tude x(w) = x;(w) + x,(w) + x3(w) is the linear superposition of the constituent resonators. By substituting
Egs. (1), (2) and (3) into Eq. (4), the polarizability Xe(w) of the samples can be expressed using the
resonance and mutual coupling coefficients of each CRR 7, w;, g;, (i=1,2,3) and Kk, k,3. The polariza-
bility of the active metamaterial layer with a thickness of d is ¥ = X,/d.

In the measurements, the obtained amplitude transmission can be expressed as

‘Z(w)| = ‘ES(W) /ER (w)| = Eactive—layer(w)/iair—sap (w)

: ()

where f ;, op(w) is the transmission at the air-sapphire interface of the reference sample, which can be
directly obtained using the Fresnel coefficients:

2
1+ Moap

t

)

air—sap (w) | =

(6)

considering that the active layer is an effective medium with thickness d, around which are air and sap-
phire substrate, respectively. As the active layer is thin enough, the Fabry-Perot interference transmission
equation can be used to express the transmission distribution:

4nactiveexp (i“‘)dnactive/c)

(”active + 1) (”active + nsap) + (l_nactive) (nactive_nsap)exp (iZdeaCtive/c) 7 (7)

;active—layer (UJ) | =

where 7i,.,;,. = /1 + X and n,, = 3.42 are the refractive indices of the active metamaterial layer and
lossless sapphire substrate, respectively. ¢ is the light velocity in vacuum.

Since d~500nm is much smaller than the wavelengths of the terahertz waves, the d-0 limit of the
transmission coefficient can be adapted to evaluate the measured transmission, as presented below!'%:

lim|#(w)| =
dljg)\ (w)]

c(l+ ng)
c(1 + ng,)—iwy,

(8)

The fitting results using Eq. (8), as shown in Figs. 3(b), 4(b) and 5(b), display a good agreement to
the experimental measurements. As the coupling between M1 and M3 is very weak, only the coupling
between two adjacent rings (i.e. M12, M23) was taken into account by the coupled Lorentz oscillator
model in these proposed metamaterials. The fitting parameters with respect to different photoexcitation
fluences are plotted in Fig. 6. It is observed that, for the sample M123-12 (see Fig. 6(a)), the damping rate
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Figure 6. Theoretical fitting values of electromagnetic parameters y1, y2, y3, k12, and k23 under
different pump powers for (a) M123-12, (b) M123-23 and (c) M123-123 .

~, shows a significant increase while ~y, grows up gently when bridging the outermost two rings with the
photoexcited Si islands, which induces a decreasing coupling coeflicient k,. The damping rate ~; does
not change obviously with the increasing photoexcitation fluence. Additionally, the resonance of M3
enhances with increasing pump power, accompanied by the attenuation in resonances for M1 and M2.
All these finally lead to a slightly enhanced coupling between M2 and M3, namely k,; increases slightly
with pump fluence. For the sample M123-23 with photoexcited Si islands bridging the innermost two
rings (see Fig. 6(b)), v, and ~; increase markedly and k,; decreases greatly with respect to the pump
power. Although a little enhancement in the resonance for M1 occurs, it would not enhance the cou-
pling between M1 and M2, partly due to a larger ring spacing between M1 and M2 than that between
M2 and M3. This is why K, slightly decreases in this case. For the sample M123-123, all the parameters
1 Y2 V3 K12 and ko3 exhibit strong dependence on the increased photoexcitation fluence, as shown in
Fig. 6(c). The damping rates of all the resonance modes of M1, M2 and M3 increase distinctly with pump
power, which results in the decrease in both of k,, and k,;. The variation trends of these parameters
shown in Fig. 6 indicate that the active modulation arises from the enhanced loss of the resonances in
the rings connected by the photoexcited Si islands and the reduced coupling between the two bridged
rings. Therefore, it is concluded that, when the pump power is strong enough, the enhanced ~; (i=1,2,3)
not only suppresses self-mode excitation, but also leads to complete disappearance of the transmission
windows by reducing the mode-coupling strength k;; ., (j=1,2).

In the simulations, the photoexcited Si islands were modeled with a pump-power-dependent conduc-
tivity. When the pump power was increased from 0 to 800 mW, the conductivity of the Si islands was
varied from 25 to 2.2 X 10*S m~. The experimental results agree well with the numerical simulations,
as shown in Figs. 3(c), 4(c), and 5(c).

Conclusion

We have demonstrated the attractive dynamic mode coupling effect that offers an active and ultrafast way
to control the near fields between the resonators, therefore enabling reconfigurable metamaterials with
on-demand desirable optical properties. Such dynamic manipulation of the near field mode coupling
schemes using an active material can open up fascinating opportunities for active imaging, plasmon
rulers, lasing spacers, active sensors, filters, modulators and active polarization rotation devices.
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