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Abstract: Switchable and tunable chiral metamaterial response is 
numerically demonstrated here in different uniaxial chiral metamaterial 
structures operating in the THz regime. The structures are based on the bi-
layer conductor design and the tunable/switchable response is achieved by 
replacing parts of the metallic components of the structures by 
photoconducting Si, which can be transformed from an insulating to an 
almost conducting state through photoexcitation, achievable under external 
optical pumping. All the structures proposed and discussed here exhibit 
frequency regions with giant tunable circular dichroism, as well as regions 
with giant tunable optical activity, showing unique potential in the 
achievement of active THz polarization components, like tunable polarizers 
and polarization filters. 
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1. Introduction 

Metamaterials, i.e. composite structured materials with novel and unique electromagnetic 
properties, unattainable in natural materials, attract more and more increasing attention. 
Metamaterial properties like negative magnetic permeability, negative refractive index, 
refractive index close to zero, hyperbolic dispersion relation, empower metamaterials with 
unique possibilities for the control of electromagnetic waves. A particularly interesting 
category of metamaterials is that of chiral metamaterials, as they offer great possibilities in 
the control of the light polarization [1–8]. In chiral metamaterials optical activity (i.e. 
polarization rotation of a linearly polarized wave) and circular dichroism (i.e. the absorption 
difference between left- and right-handed circularly polarized light) can exceed the 
corresponding effects in natural chiral materials by many orders of magnitude. Moreover, 
chiral metamaterials offer a path for the achievement of negative refractive index and all the 
novel and unique properties and capabilities associated with negative index metamaterials. 

Although the study of macroscopic chiral structures is a long-term and well-established 
topic in microwave engineering, recently a new category of chiral structures was 
demonstrated in the framework of the metamaterials research, and gave the possibility to 
extend the concepts and results regarding chiral structures to higher frequencies, all the way 
up to optical regime. These are planar structures based on a pair of conductors which are not 
electrically but electromagnetically coupled, with this electromagnetic coupling being the 
source of the chiral response. Many such structures have been recently proposed, like pairs of 
rossetes [9–11] or crosses [9,12–14], mutually twisted to create chirality, chiral designs based 
on U-shaped SRRs [15,16] or on gammadion structures [8,12,17,18], etc. Since this type of 
paired conductor structures are planar structures, they can be easily fabricated with planar 
technologies and can be scaled from mm to nm scale, giving chiral metamaterials operating 
from microwaves up to the optical regime. All these structures have exhibited large chiral 

#203516 - $15.00 USD Received 20 Dec 2013; revised 7 Mar 2014; accepted 23 Mar 2014; published 13 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22,  No. 10 | DOI:10.1364/OE.22.012149 | OPTICS EXPRESS  12150



response, translated to giant optical activity and/or very large circular dichroism and/or 
negative index of refraction for either left- or right-handed circular polarization, in various 
frequency regimes. These properties show the unambiguous potential of the paired-conductor 
structures to create effective polarization control components, like polarization filters and 
polarizers, particularly important in the THz regime where there is a serious lack of optical 
components. 

Despite the large amount of work on passive chiral metamaterials of the paired-conductor 
type, there is serious lack of work regarding tunable and switchable chirality, which would 
allow dynamic control of the polarization of light and will find important applications, 
especially in manipulation of THz waves, as it will offer means to create dynamical 
components, like wave-plates, modulators, dynamical filters and polarizers. Recently a 
tunable/switchable chiral such metamaterial was proposed and demonstrated in the THz 
regime [7,8], where the chirality switch was based on the photoexcitation of the metamaterial 
substrate. Employing a photoconductive substrate as a means to create switchable 
metamaterials is one of the main ways proposed so-far to switch the various metamaterial 
properties [19]. This way though does not selectively “act” at specific metamaterial frequency 
regimes but rather changes all the spectrum of the metamaterial response, resulting to almost 
zero transmission at the case of large substrate photoconductivity. 

Another way to use photoconductive material to achieve tunable or switchable response is 
to insert it properly in the metallic components of the metamaterial structure, as to selectively 
and at will affect specific metamaterial resonances. This approach has been already 
succeeded, e.g., to give blue-shift tunability and dual-band switch in electrically-driven split-
ring resonator-based systems [20]. Here we apply the same approach to demonstrate tunable 
and switchable chiral response. 

More specifically, we numerically demonstrate very large tunable optical activity and 
switchable ellipticity response in different chiral metamaterial structures operating in the THz 
regime, by properly inserting into the structures photoconducting silicon, which can be 
transformed from an insulating to a conducting state by photoexcitation. The all-metal version 
of our structures (i.e. with no Si) and with the same geometrical parameters as discussed here, 
have been already investigated, both theoretically and experimentally [12], and have shown 
quite large pure optical activity response and negative refractive index for both left-handed 
and right-handed circularly polarized waves. Moreover, since they are planar designs they can 
be easily fabricated using UV lithography, as reported in [12], and they can be fully flexible. 
We start our discussion here by presenting the designs, along with the description of our 
investigation approach (section 2), and we continue with the presentation of transmission 
results, from which we extract the chiral response of the structures (section 3). In section 4 we 
present a dual form of our structures, inspired by the complementary Babinet’s principle, and 
we discuss their switchable/tunable chiral response. We finish with our conclusions and 
perspectives. 

2. The structures and investigation approach 

The basic chiral designs employed in the present study are introduced in Fig. 1, while their 
geometrical features are presented in Table 1. The unit cell of the first design [see Figs. 1(a) 
and 1(b)] is composed of a pair of crosses (cross-wires design) rotated against each other by 
an angle of φ = 30°. The back cross is made entirely of metal (considered here as silver – see 
yellow color in Fig. 1), while in the front cross parts of the silver have been replaced by 
photoconducting Si (gray color in Fig. 1). The cross-pair design, with both crosses made of 
metal, was first studied in GHz range [13], where it showed a pure optical activity as high as 
448° per wavelength (at 7 GHz) and negative index of refraction, and subsequently in the 
optical regime [14], showing optical activity around 62° per wavelength (at 220 THz) but no 
negative index. Recently the design was studied also in the THz regime [12] (with the same 
structure parameters as the ones considered here) where it showed optical activity as high as 
257° per wavelength at 5.8 THz, associated with 40% transmission. Here, we study the effect 
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of replacing parts of the silver by photoconductive Si, as shown in Figs. 1(a) and 1(b), and the 
resulting possibility of tuning the optical response of the structure by external illumination. 

Our second design is based on the conjugated gammadion structure [17] and consists of a 
pair of silver crosses with Z-type arms, as shown in Fig. 1(c), where parts of the silver in the 
front Z-cross have been replaced by Si (grey color in Fig. 1). The conjugated gammadion 
design was studied recently in the microwave regime, where two resonant modes have been 
identified, one predominantly magnetic and the other predominantly electric, giving negative 
index of refraction for either left-handed or right-handed circularly polarized waves [17]. 
Moreover, the Z-shaped structure was studied both theoretically and experimentally in the 
far-infrared [12] and the near-infrared/visible region [21,22] exhibiting strong circular 
dichroism and polarization rotation. 

In all our designs the conjugated arrangement of the metallic resonators is such as to lead 
to no center of inversion and no mirror-symmetry plane for the structure, which, in 
combination with the C4 rotational symmetry of all the designs [17], ensures pure chiral 
response, i.e. that the eigenmodes in all cases are pure circularly polarized waves. 

 

Fig. 1. Schematic of the unit cell of the chiral metamaterials under consideration: (a), (b) cross-
wires and (c) Z-type crosses with φ = 90°, respectively. Grey color corresponds to 
photoconductive silicon and yellow corresponds to metal (silver). The metal (yellow-color) 
thickness tm and the dimensions ax, ay, L, w, d and φ, for each design are presented in Table 1. 
The wave propagation is along the z direction. 

Table 1. Dimensions (in Microns) of Chiral Metamaterials under Consideration (See Fig. 
1). 

Chiral metamaterial ax ay tm L w d φ 
Cross-wires, Fig. 1(a) and Fig. 1(b) 17.0 17.0 1.0 16.0 1 4 30 
Z-type crosses with φ = 90°, Fig. 1(c) 26.0 26.0 0.5 14.5 2.0 12.5 90 

As can be seen in Fig. 1, our structures are planar and based on the bi-layer conductor 
configuration, where the chiral response results from electromagnetic coupling between the 
two properly shaped or oriented layers of conducting elements. The design of the structures is 
based on alternating polyimide (with a dielectric constant of 2.9) and silver, embedded in 
polyimide. In all the designs the sequence of layers starts with a 5 µm thick layer of 
polyimide. A silver structure (with a thickness tm of 0.5 or 1.0 µm, depending on the design) 
is grown on top and another layer of polyimide (spacer layer, with a thickness of 1 µm (from 
metal to metal)) is built next. On top of it the combined metal-semiconductor structure is 
placed (see Fig. 1 for details), while the sequencing of layers ends with another 5 µm thick 
polyimide layer. This kind of layer-by-layer structures can be easily fabricated using UV-
lithography as is reported in [12]. 

To calculate and analyze the response of our structures we have performed full-wave 
transmission and reflection simulations, using a commercial three-dimensional full-wave 
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solver (CST Microwave Studio) based on the Finite Integration Technique. For each chiral 
design we have considered in the simulations a single unit cell, as shown in Fig. 1, with z-
direction being the propagation direction and periodic boundary conditions along x and y 
directions. For the metallic parts (silver; yellow color in Fig. 1) of the metamaterials we have 
considered a lossy-metal model with a conductivity of σAg = 6.3 × 107 S/m. For the 
photoactive silicon areas (marked in grey in Fig. 1 and with geometrical features mentioned 
in Table 1) which replace parts of the metal of the front metal-layer, we applied a simple 
conductivity model, considering εSi = 11.9, and conductivity, σSi, varying from 2.5 × 10−4 S/m 
(corresponding to no illumination, i.e. insulating Si) to 1 × 105 S/m, which is the maximum 
recorded conductivity achieved experimentally by means of optical pumping, using a 30-fs 
laser system at 800 nm central wavelength [8,19,20,23,24] (More specifically, as concluded 
in Ref [24], pump power of 500 mW, which is a quite large power for today’s laser-systems, 
results to σSi = 50000 S/m). 

3. Results and discussion 

Before examining the dynamic response of the designs under consideration, we studied, for 
reference, the full metallic case in which the structures consist of only silver and polyimide. 
Then we considered the cases with Si replacing parts of the metal as shown in Fig. 1 and 
noted in Table 1. Especially for the cross-wires design we studied two different cases for the 
photoconductive silicon configuration: a) Si in the center of the structure [see Fig. 1(a) and 
1(b)] Si at the edges of the structure [see Fig. 1(b)]. For the Z-type crosses, we have studied 
the case of Silicon in the arms of the structure [see Fig. 1(c)]. 

 

Fig. 2. Simulated transmission amplitudes |Txx| (upper panels) and |Txy| (lower panels), for the 
chiral metamaterials shown in Fig. 1, for linearly polarized incident wave. One can see the 
cases of Silver (black lines) and photoconductive Silicon with σSi = 1 × 105 S/m (red lines) or 1 
× 103 S/m (green lines) or 2.5 × 10−4 S/m (blue lines), respectively. The insets show the 
corresponding current distributions at the resonance frequencies for σSi = 1 × 103 S/m with the 
Ey linearly polarized incident wave. 

Our analysis of the response of the structure starts with calculation of the transmission for 
linearly polarized incident wave. This calculation provides a first assessment of the optical 
activity response of the structures and offers the possibility of a direct comparison with any 
future experiment, where the quantities that are usually measured are the transmission 
amplitudes for linearly polarized waves. To fully analyze and quantify the structures 
response, especially in what concerns dichroic response, we calculate the transmission 
amplitudes for circularly polarized incident waves (through the linear transmission data), 
from which we extract the ellipticity and the optical activity of the transmitted light, 
determining thus the polarization control properties and capabilities of our structures. 
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3.1 Transmission for linearly polarized incident wave 

In Fig. 2 [panels (a) (b), (c)] we show the simulated transmission amplitudes |Txx| (upper 
panels in Fig. 2) and |Txy| (lower panels in Fig. 2) for the designs of Fig. 1 (panels (a), (b) and 
(c) respectively), for the cases of only silver (black lines) and of photoconductive silicon with 
σSi = 1 × 105 S/m (red lines), 1 × 103 S/m (green lines), 2.5 × 10−4 S/m (blue lines). The 
simulated data are for linearly polarized fields, thus, in principle, four transmission 
components, Txx, Txy, Tyx and Tyy, can be calculated, where the first and second indices indicate 
the output and input signal polarizations, respectively, e.g. Txy = t i

x y
E E , where i

y
E is the input 

y-polarized electric field and t

x
E  is the transmitted x-polarized electric field [25]. Due to the 

four-fold rotational symmetry of our structures Txx = Tyy and Txy = -Tyx, so only two 
transmission amplitudes, e.g. Txx and Txy, are needed to be considered. 

In Fig. 2(a) one should notice that the transmission amplitudes |Txx| (solid lines) and |Txy| 
(dashed lines) for the cross-wires structure where both crosses are made by silver are the 
same as the ones shown in [12], with a Fano-type resonance [26] at ~5.5 THz arising from the 
overlap of a magnetic-like resonance (associated with “antiparallel” currents between the 
crosses) and a broader electric-like resonance (associated with “parallel” currents between the 
crosses). These two resonances result from the coupling of the two dipole-like resonances of 
the two individual crosses [27,28]. If we gradually reduce the conductivity in the middle-part 
of the front cross (by replacing Silver with Si), the two crosses will become significantly 
different and the coupling between them will be substantially changed, leading to the 
disappearance of the magnetic-like resonance observed at ~5.5 THz in the pure metal case, 
while the electric dipole-like resonance (at around the same frequency) remains almost 
unchanged, as it is not strongly affected by the coupling between the crosses and it is 
supported now by the back-cross; we also observe the emergence of a second resonance 
coming from the dipole-like response of the metallic parts of the top broken-cross. It appears 
at higher frequencies due to the shorter length of these metallic parts compared to the full-
cross. The above mentioned origin of the resonances is supported by the insets of Fig. 2(a) 
showing the current at the two resonances observed for σSi = 1 × 103 S/m. At the first 
resonance the current is mainly distributed on the back cross. At the second resonance the 
current at the broken-cross is much larger than that on the full-cross; in this case the external 
field drives the whole resonator through the short wires of the broken-cross. It is worth-
noticing here that the conductivity value σSi = 1 × 105 S/m, is not high enough to establish a 
conducting behavior for Si (as can be concluded by comparing the red curves of Fig. 2 with 
the black curves which describe the all-metal case), leading to a magnetic-like response of the 
Si-incorporating structure. 

The same behavior as in Fig. 2(a) is observed in the case of Fig. 2(b). Decreasing the 
conductivity, the front-cross gradually becomes a mini-one. The original Fano-like resonance 
observed in the full-metal case disappears since the coupling between these two discrepant 
crosses becomes weak. Meanwhile, a new clean resonance develops at ~8.8 THz 
corresponding to the dipole-like resonance of the front mini-cross. These two resonances 
eventually are unrelated and supported by the mini- and full- crosses respectively. The current 
distributions for each resonance for σSi = 1 × 103 S/m are shown in the insets in Fig. 2(b). At 
each resonance frequency, only one of the crosses is strongly excited. 

In Fig. 2(c) one can see the |Txx| and |Txy| transmission coefficients for the Z-type structure 
in which silicon is placed in the arms of the front design [see Fig. 1(c)]. As can be observed in 
Fig. 2(c), reducing the conductivity in the grey parts from the silver value (black lines) to 1 × 
105 S/m (red lines) one can see first the weakening of the lower-frequency resonance of the 
structure (around 1.5 THz) which is mainly magnetic in origin. Reducing further the 
conductivity the electric resonance of the structure (at ~3THz) splits into two resonances, 
corresponding to the dipole-like resonance of the front and back structure. The third 
resonance around 6.5 THz corresponds to the octupole-like resonance as shown in the inset of 
Fig. 2(c), where the bended arms are strongly coupled to the external field and drive the 
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resonance of the whole structure. This resonance is almost not affected in position by the 
conductivity of the grey areas of the inset because the grey area is coincidently a “petal” of 
the octupole-like resonator. However, the amplitude of |Txy| changes a lot when the 
conductivity changes from the silver value to 1 × 105 S/m, because for the Silver, the two 
identical resonators at back and front side resonate out of phase coherently. When the 
conductivity changes to 1 × 105 S/m, the identity is broken. The system is essentially changed 
to be not in phase. The large amplitude gives a strong chirality at this frequency. 

3.2 Response to circularly polarized incident wave 

In order to quantify the optical activity of our structures and analyze their capabilities to 
create dynamic polarization manipulation components, one needs to study and analyze the 
transmission results for circularly polarized waves. These results can be directly calculated 
from the linearly polarized transmission data [13] according to the equation: 

 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1

2

xx yy xy yx xx yy xy yx++ +

xx yy xy yx xx yy xy yx+

T + T + i T - T T - T - i T + TT T
= ×

T - T + i T +T T + T - i T - TT T

−

− − −

  
  

   
 (1) 

which for bi-isotropic chiral structures can be simplified to T++ = Txx + iTxy, T– = Txx-iTxy, T+- 
= T-+ = 0. In the above relations the subscript + denotes the right-handed circularly polarized 
wave (RCP, + ) and the subscript – the left-handed circularly polarized wave (LCP, −), while 
the first subscrtipt again denotes the polarization of the transmitted wave and the second the 
polarization of the incident wave. 

The transmission amplitudes for circularly polarized waves, T++ and T−− (obtained through 
Eq. (1)), for all our chiral structures, as the conductivity of silicon part is decreased from the 
silver value of σAg = 6.3 × 107 S/m all the way to 2.5 × 10−4 S/m, are shown in Fig. 3. The 
cross polarized transmissions T−+ and T+− are negligible, as expected since our structures are 
bi-isotropic chiral structures,and, therefore, not shown here. 

 

Fig. 3. Simulated magnitude of the transmission coefficients for the right circularly polarized, 
⏐T++⏐ (solid lines), and the left circularly polarized, ⏐T−−⏐ (dashed lines), electromagnetic 
wave, for the chiral metamaterials under consideration. One can see the cases of Silver (black 
lines) and photoconductive Silicon with σSi = 1 × 105 S/m (red lines) to 1 × 103 S/m (green 
lines) and 2.5 × 10−4 S/m (blue lines), respectively. The insets show the corresponding designs 
in which grey color corresponds to photoconductive Silicon and yellow corresponds to metal 
(Silver). 

The most pronounced feature observed in Fig. 3 is the various switchable transmission 
regimes for all structures, where by changing the Si conductivity from the insulating value to 
105 the transmission amplitude changes by more than 80%. 

Besides that switchable transmission, one worth-noticing feature in the cross-wires 
structure is that by reducing the conductivity from the silver value to 105 S/m the transmission 
dip for left-handed circularly polarized wave (at ~6 THz) appears at slightly higher 
frequencies than that of the right-handed wave. Reducing further the Si conductivity the T-
dips for the two polarizations coincide again in frequency. This peculiar non-monotonic 
response, which suggest strong circular dichroism (defined as |T++|2-|T–|

2) appears in the cases 
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that Si responds mainly as lossy material. The same non-monotonic response is observed also 
for the Z-cross structure at around 6.2 to 6.5 THz. In both cases this response seems to be a 
feature appearing as a first step of the disappearance (by decreasing σSi) of a Fano-type 
resonance due to the coupling of electric-dipole and magnetic resonance of the paired-
conductor structure. This observation possibly suggests that by increasing the conductivity of 
Si from the insulator value to that of the almost metallic one the magnetic coupling between 
the paired “conductors” develops at an earlier stage (i.e. requires lower conductivity) for one 
of the two circular polarizations, depending on the structure helicity. 

To quantify the dichroic response and the dynamical polarization control capabilities of 
our structures, we elaborated further on the transmission results, calculating the polarization 
azimuth rotation angle and the ellipticity of the transmitted wave. The polarization azimuth 
rotation angle θ (for a linearly polarized incident wave θ is the angle between the major 
ellipse axis of the elliptically polarized transmitted wave and the polarization of the incident 
wave), indicative of the optical activity of the structures, can be calculated as θ = [arg(T++)–
arg(T−−)]/2 [9,29,30], while the ellipticity η of the transmitted wave is defined as 

-1
sin [( ) / ( )] / 2

2 2 2 2

++ - - ++ - -
η = T T T T− +  [9,29,30] (zero η corresponds to linearly polarized 
transmitted wave, while 45° corresponds to right-handed circularly polarized wave (RCP) and 
−45° to left-handed circularly polarized wave (LCP); intermediate values indicate elliptically 
polarized wave). 

 

Fig. 4. Simulated azimuth rotation angle, θ (solid lines) and simulated ellipticity, η (dashed 
lines), for the chiral metamaterials under consideration. One can see the cases of Silver (black 
lines) and photoconductive Silicon with σSi = 1 × 105 S/m (red lines) or 1 × 103 S/m (green 
lines) or 2.5 × 10−4 S/m (blue lines), respectively. The insets show the corresponding designs in 
which grey color corresponds to photoconductive Silicon and yellow corresponds to metal 
(Silver). Note that the sharp peaks and jumps in the rotation angle are a result of the strong 
resonant response. 

The simulated azimuth rotation angle, θ, and the ellipticity, η, for each of the chiral 
structures shown in Fig. 1 are shown in Fig. 4, for different values of the Si conductivity. 

Figure 4 clearly demonstrates the notable switchable polarizer capabilities of our 
structures in various frequency regimes: Regarding the cross-wires structure around 5.5 THz, 
it can be easily switched from circular to linear polarizer by changing the flux of the 
excitation power. Similar switchable response is observed also at ~10 THz for the cross-
structure of Fig. 1(a) and at ~8.8 THz for the cross-structure of Fig. 1(b). The same 
switchable polarizer response is observed also for the Z-cross structure at the frequencies 
around 3 THz and 6.2 THz. 

Examining in detail the ellipticity features presented in Fig. 4, one can conclude that 
regardless of the position or the size of silicon parts, for every chiral design presented in Fig. 
1, there is an optimum conductivity (σSi = 1 × 105 S/m) which produces an impressive 
maximum ellipticity reaching almost ± 45 degrees (~100% transformation of an incoming 
linearly polarized into a circularly polarized transmitted wave). To demonstrate this more 
clearly, in Fig. 5 we plotted the maximum values of ellipticity (η) for the cross-wires design 
with silicon in the center of the structure as a function of the conductivity σSi, in the frequency 
range 5-7 THz. Figure 5 shows the non-monotonic response of the ellipticity of the 
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transmitted wave as a function of the Si conductivity, demonstrating maximum ellipticity for 
σSi = 105 S/m. As we have already discussed in connection with Fig. 3, the origin of this large 
ellipticity is the slight shift of the lower-frequency structure resonance for LCP waves 
compared to that for RCP waves. 

 

Fig. 5. Impressive variation of the simulated maximum ellipticity, η, for the cross-wires design 
with Silicon in the center of the structure as a function of photoconductivity σSi, in the 
frequency range 5-7 THz. 

Examining the polarization azimuth rotation angle shown in Fig. 4, we can observe for the 
optical activity of our structures the same impressive dynamical tuning as mentioned above 
for the ellipticity. For the cross-pair design the optical activity at ~5.7 THz (where ellipticity 
is close to zero) can be tuned from ~90 to ~10 degrees by changing the excitation power. 
Similarly large tunable optical activity response is observed for the Z-cross structure around 
6.4 THz, with considerable optical activity tuning in other frequency regimes too. 

4. Complementary structures 

Prompted by the impressive dynamic polarization control capabilities of our designs in 
connection with the analogies in the scattering response between Babinet’s complementary 
screens, we investigated also a complementary-like form of our designs, where each 
conductor layer of the bi-layer structure is replaced by its complementary layer, i.e. in the 
layers where the metal structures was previously imprinted now metal and dielectric 
(polyimide) are exchanged. Such types of chiral structures have been already studied in the 
literature [27], showing large optical activity response associated with very high 
transmittance. 

Here, to achieve dynamic response from our “complementary” structures, we additionally 
replaced the front metal layer by photoconducting Si (see insets in Fig. 6), and we examined 
the response of the structures as the Si conductivity changed from 105 S/m (corresponding to 
the maximum conductivity achievable under optical pumping) to 2.5 × 10−4 S/m 
(corresponding to pure insulating Si). 

The response of the resulting structures (including the pure metal, i.e. no Si, case) 
regarding transmission for linearly polarized incident wave, for circularly polarized incident 
wave as well as ellipticity and optical activity are shown Fig. 6. 

#203516 - $15.00 USD Received 20 Dec 2013; revised 7 Mar 2014; accepted 23 Mar 2014; published 13 May 2014
(C) 2014 OSA 19 May 2014 | Vol. 22,  No. 10 | DOI:10.1364/OE.22.012149 | OPTICS EXPRESS  12157



 

Fig. 6. (a) Each column shows the simulated transmission amplitudes for linearly polarized 
incident wave |Txx| (solid lines) and |Txy| (dashed lines) for the structure shown in the inset, (b) 
the transmission amplitudes for circularly polarized incident waves ⏐T++⏐ (solid lines) and 
⏐T−−⏐ (dashed lines), and (c) the azimuth rotation angle, θ (solid lines) and the ellipticity, η 
(dashed lines). One can see the cases where the top conducting layer is Silver (black lines) and 
photoconductive Silicon with σSi = 1 × 105 S/m (red lines) to 1 × 103 S/m (green lines) and 2.5 
× 10−4 S/m (blue lines), respectively. In the insets showing the designs yellow corresponds to 
metal (Silver) and grey corresponds to photoconductive Silicon. 

Regarding the pure-metal (i.e. no Si) case, one can observe here the very large pure 
optical activity of both structures: of the inverse-cross structure at around 6 THz, and of the 
gammadion structure at around 3.5 THz. The large optical activity is associated in both cases 
with close to 80% transmittance. 

Regarding the structures with incorporated Si, one should notice that, as in the structures 
presented in the previous sections, the highest achievable Si conductivity, i.e. 105 S/m, is not 
enough to reproduce the full metal case response. (This shows that the impressive polarization 
control capabilities of the full-metal case are almost exclusively a result of the coupling of the 
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two patterned metal plates of the unit cell.) Despite that, frequency regimes of significant 
tunable pure optical activity (i.e. optical activity associated with zero ellipticity) are observed 
in both structures (e.g. at ~9 THz for the cross-structure and at ~4 THz for the gammadion 
one), as well as switchable ellipticity response (e.g. around 7 THz for the crosses and 3 THz 
for the gammadion), indicating the merit of the structures for creating dynamic polarization 
control components. 

5. Conclusions 

We studied theoretically the dynamical tuning capabilities of different THz chiral 
metamaterial structures with specific metallic parts replaced by photoconducting silicon, 
which can be transformed from an insulating to an almost conducting state under proper 
photoexcitation. The circularly polarized transmission coefficients, the optical activity and the 
ellipticity of the transmitted wave have been calculated for different photoconductivities of 
Silicon, corresponding to various, practically achievable, photoexcitation intensities. The 
results show impressive dynamical tuning of the ellipticity of the transmitted wave, which 
does not vary monotonically with the Si photoconductivity. Quite significant tuning of the 
optical activity has been also observed in various frequency regimes. The prominent tuning 
capabilities of the proposed structures, along with their simplicity, which allows their easy 
fabrication and scaling towards optical frequencies, and the possibility to be fully flexible 
(since they are encapsulated in polyimide), makes them important candidate for the 
realization of active THz polarization manipulation components like polarization filters, 
modulators, wave-plates, etc. 
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