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Abstract: Strong birefringence and a large phase delay are highly desirable for high-
efficiency and compact wave plates. In order to enhance the phase delay, we combine a
semiconductor metamaterial (SMM) and split-ring resonators (SRRs) into a novel dual
metamaterial, which exhibits two types of resonance response, i.e., one type is mainly
induced by the SMM for one polarization component of the incident wave, and the other
is mainly induced by the SRRs for the other orthogonal polarization component. The un-
ique resonance characteristics lead to large birefringence and, hence, a considerable
phase delay, enabling the realization of a very compact quarter-wave plate in the middle-
infrared spectrum. The concept of the dual metamaterial has the potential for developing
ultracompact high-performance microoptical/nanooptical components.

Index Terms: Metamaterials, resonance, birefringence, split-ring resonators, semicon-
ductor metamaterials.

1. Introduction

The control of optical phase has greatly affected our daily life, from consumer products to high-tech
applications. Conventional wave plates use birefringence or total internal reflection effect of crys-
tals and polymers [1]-[4]. In comparison with conventional wave plates, metamaterial wave plates
usually have smaller volumes and are more suitable for compact optical components [5]-{10].

As we know, a wave plate is usually made of optical anisotropic materials, and the phase delay
(or phase difference) Ay between the two orthogonally polarized components of an electromag-
netic (EM) wave is given by [11]

ap=“A(n, —ny) (1)
where w denotes the frequency of an incident wave, c¢ is the vacuum light velocity, d is the
thickness of the wave plate, and n; and n, are the material refractive indices for the two orthog-
onally polarized components. Equation (1) tells us that, for a given thickness d, the phase delay
Ay is dependent on the birefringence An (An = n, — ny), and a larger birefringence An results
in a higher phase delay. Due to the unique resonance effects [7], [12]-[17], metamaterials usu-
ally have stronger birefringence An and, thus, can be used to construct much more compact
wave plates than conventional materials, such as crystals, polymers, etc. For example, the
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Fig. 1. (a) Schematic of a dual-metamaterial composed of a SMM and SRRs. (b) Unit structure of
the dual-metamaterial.
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Fig. 2. Fabrication procedures of the dual-metamaterial. (a) Coat a mask film on the intrinsic GaAs
layer. (b) Etch the intrinsic GaAs. (c) Grow the doped GaAs. (d) Remove the mask film, and deposit
SiO,. (e) Fabricate the Au SRRs.

thicknesses of conventional quarter-wave plates are usually larger than 450 pum [18]-[22],
whereas metamaterial-based quarter-wave plates are usually smaller than 50 um [6], [8], [21].

Considering the relationship among phase delay (Ay), birefringence (i.e., An), and thickness
(d), it is natural for one to think that, if both || and |n.| are designed to have higher values with
opposite signs, or one of them is very large while the other is very low, then a bigger optical phase
delay can be obtained, and this will be helpful for reducing the thickness and volume of the wave
plate. In this paper, we construct a novel dual-metamaterial composed of a semiconductor meta-
material (SMM), a SiO, spacer layer and split ring resonators (SRRs), which can work as a very
compact quarter-wave plate due to the EM resonances of the SMM and the SRRs.

2. Method

In order to achieve higher birefringence, one should make a metamaterial wave plate exhibiting
strong resonance in the two orthogonal directions. As we know, both semiconductor metamate-
rials (SMMs) and split ring resonators (SRRs) are highly anisotropic, EM resonance effect can
make them experience a large variation of the refractive index in one polarization direction,
while not in the orthogonal polarization direction. In present work, we combine a SMM, a SiO,
spacer layer and SRRs into a dual-metamaterial, as shown in Fig. 1(a). The dashed box in
Fig. 1(a) represents a unit of the dual-metamaterial, and its layered structure is schematically
depicted in Fig. 1(b). The lattice constant of the dual-metamaterial is a =2.5 um. For the gold
SRR unit, its out-side length, inner-side length and split-width are 1.6 pm, 1.0 pm, and 0.1 um,
respectively; and its thickness t# is 0.08 um, and for the SiO; layer, its thickness & is 0.1 pum.
The SMM is composed of intrinsic GaAs and doped GaAs materials, their thicknesses are both
tz = 0.4 um, and their widths are wy and w» (wq = we = 25 nm), respectively.

We expect that, for the dual-metamaterial, the variation of the refractive index (i.e., ny) in the x
direction will be determined mainly by the SMM, while the variation of the refractive index (i.e.,
ny) in the y direction will originate mainly from the SRRs. Before confirming these, we need to
discuss the fabrication process of the dual-metamaterial. First, we should fabricate a SMM. A
mask film is coated on an intrinsic GaAs layer as shown in Fig. 2(a); then, grooves with width w»
and thickness f; are obtained by electronic-beam lithography and etching processes, as shown
in Fig. 2(b). Then, an epitaxial growth is made for the doped GaAs, as seen in Fig. 2(c). After
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removing the mask film and the doped GaAs on it, a SMM, comprising interleaved intrinsic GaAs
of width wy and doped GaAs of width ws, is obtained. Next, a silicon dioxide (SiO,) film is depos-
ited on the SMM, as shown in Fig. 2(d). Finally, the dual-metamaterial can be obtained after the
Au SRRs is fabricated by electronic-beam lithography, electronic beam evaporation and lift-off
processes, as shown in Fig. 2(e).

3. Results and Discussions

In the following, we study the resonance properties of the dual-metamaterial by firstly investigat-
ing the effective permittivities of the SMM consisting of intrinsic GaAs (non-plasmonic material)
and doped GaAs (plasmonic material). As we know, in the limit of subwavelength layer thick-
ness, the effective permittivity of a multi-layered structure made from non-plasmonic and plas-
monic materials can exhibit EM resonance at the designed wavelength, and this has been
demonstrated with simulated and experimental results [23]. As refs [22]-[28] discussed, the
effective permittivities (ex_smm and e,_sum) of the proposed SMM in the x direction and the
y direction can be calculated with quasi-static effective medium theory (EMT)

Eloum =(1 = i + fey! (2)
ey-smm = (1 = fej + feq 3)

where ¢; and ¢4 are the permittivities of GaAs and doped GaAs, respectively; f is the filling
fraction of the doped GaAs; and f= wy/(wy + wo). The effective refractive indices of the
SMM ny_smm and ny,_sum are given by

2

My _sMm = Ex—SMM Iy _smm (4)
2

Ny _smm = Ey—sMmHy_smm (5)

where [, gum: y_sum are the effective permeabilities of the SMM, and 11, _gym= £4y_sum = 1-
It is worthy to note that, the permittivity (¢4) of doped GaAs can be estimated with a Drude

model [29]-[31]
2
Ed = €x <1 — ﬁ) (6)

where ¢, is the high frequency dielectric constant, and w is the angular frequency. Here, the
plasma frequency w, and relaxation frequency ~ are given by

[ Ng2
“p = €0E00M* (7)

. q
T v (®)

where q is the electron charge, N is the electron density (which is the same as doping level ny),
m* is the electron effective mass, and v is the electron mobility. Moreover, the electron effective
mass m* and electron mobility v also vary with the carrier density N [23], [32].

From (2) to (8), we can conclude that e,_sum and €,_sum are mainly determined by the filling
fraction f and the free-carrier density ny of the doped GaAs, and the real parts of ¢x_guyw and
ey—sum at the wavelengths of 5 um ~ 50 um are depicted in Fig. 3.

From Fig. 3, the SMM experiences strong EM resonance for x-polarized waves, whereas it
shows almost no resonance for y-polarized waves. In addition, increasing the free carrier-
density ny or decreasing the filling fraction f will shift the resonance wavelength )\ to a shorter
one, as shown in Fig. 3(a) and (c). In fact, the resonance wavelength )\, of the SMM can be
designed anywhere above 15 um by properly adjusting the free-carrier density ny or the filling
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Fig. 3. (a) and (b) Real parts of cx_gum and e,_sum vary with free-carrier density ny and wavelength
for f=0.5. (c) and (d) Real parts of cx_suv and e,_sum vary with f and wavelength for
Ny =5 x10"® cm=3.
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Fig. 4. Permittivities of the SMM and the SRRs along (a) the x direction and (b) the y direction.
(c) Schematic of the SRR metamaterial unit.

fraction f. In the present work, we set f =0.5, ny =5 x 10'® cm~2, and plot the ,_suw and
ey—sum of the SMM with blue lines in Fig. 4(a) and (b), respectively. The results show that the
resonance wavelength of SMM is around 22 pm.

Since the SMM experiences strong EM resonance for x-polarized waves, then, in order to
produce a large phase delay in the dual-metamaterial, the gold SRRs should exhibit EM reso-
nance around 22 um for y-polarized waves. Therefore, we construct a SRR metamaterial com-
posed of gold SRRs and SiO, substrate (see Fig. 4(c)), and design the split of SRR to be
parallel to the y-axis to excite electric responses to y-polarized waves, as shown in Fig. 1(b).
We simulate its reflection-transmission data with COMSOL Multiphysics software, and extract
the effective permittivities (ex_srr and e,_grr) of the SRR metamaterial with these data via a
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Fig. 5. Real parts of refractive indices and birefringence of (a) the SMM, (b) the SRRs, and (c) the
dual-metamaterial.

retrieval procedure method [33], as shown with red lines in Fig. 4(a) and (b), respectively. The
Finite Element Method with COMSOL Multiphysics are used in our numerical calculations. The
simulated unit cell consists of Au SRR and SiO,, as shown in Fig. 4(c). A plane wave with
electric field polarized in the y direction normally impinges on the x—y plane. In the simulation,
the incident plane wave comes from the user defined “port excitation” in the RF module of the
COMSOL software; in addition, to account for the periodic nature of the metamaterial, the
model boundaries normal to x direction and y direction are set to be periodic boundary condi-
tion. The geometrical sizes of the Au SRR and substrate SiO, are given in Section 2, and the
permittivity of bulky gold can be described with Drude model, epy, =1 — wngu/(w(w—&— iwe—au)),

where wp_ay= 27 x 2.175 x 10" s7" and we_ay =2 x 6.5 x 10'2 571 are the plasma frequency
and collision frequency, respectively [34]-[36].

As is expected, both the resonance wavelengths of the SMM and the SRRs are close to the
desired value of 22 um, as shown in Fig. 4(a) and (b). To better understand the resonance
mechanism of the dual-metamaterials, we calculate the real parts of refractive indices and bire-
fringence for the SMM, the SRRs and the dual-metamaterials in Fig. 5(a)—(c), respectively. In
these calculations, the real parts of refractive indices and birefringence for the SMM, i.e.,
Nx_smm, Ny—smm and Anguv = Nx_smm — Ny_svm, are calculated by using (4) and (5); those for
the SRRs, i.e., ny_srr, Ny_srr and Anspr = Nx_srr — Ny_srR, are obtained by employing the
abovementioned retrieval procedure [33], and those for the dual-metamaterial are calculated by
Nx = Nx_smm — Nx—SRR, Ny = Ny_smm — Ny_sgr, and An = n, — ny.

It can be seen from Fig. 5 that the dual-metamaterial will have more remarkable birefringence
than the SMM and the SRRs. For instance, around the wavelength of 22 pm, the maximal
birefringence Angym of the SMM is less than 5 (see Fig. 5(a)), and that of the SRRs is less
than 4 (see Fig. 5(b)), whereas for the dual-metamaterial, the maximal birefringence An reaches
7.5 (see Fig. 5(c)).

To more clearly and directly show their birefringence, we also simulate the transmission phases
of the SMM and SRRs, as shown in Fig. 6. In these simulations, Ayy_sum and Ap,_sum denote
the phase shifts of SMM for x-polarized wave and y-polarized wave, respectively; Apy_sgr and
Ay, _srr denote the phase shifts of SRRs for x-polarized wave and y-polarized wave, respectively;
and Apsum = Apx_sum — Apy_sum and Apspr = Apy,_srr — Apx_srr are the phase delays be-
tween the two orthogonally polarized components for the SMM and SRRs, respectively.

As we can see from Fig. 6, due to the birefringence, both the SMM and SRRs appear obvious
phase delay around resonance wavelengths. To further illustrate the larger birefringence of the
dual-metamaterial, we also simulate the transmissions (t; and t,) and phases (¢x and ¢,) of the
transmission EM waves for the dual-metamaterial, and depict them in Fig. 7(a) and (b). Here,
t« = |Ext/Exi| and t, = |Ey:/E,i|, where Ey; and Ej; represent the electric field of the x-polarized
and y-polarized transmission waves, respectively; and E,; and E,; are those for the incident
waves. Here, the simulated unit cell of the dual metamaterial consists of Au SRR, SiO,, and
SMM, as shown in Fig. 1(b); the geometrical sizes of the Au SRR, substrate SiO,, and SMM are

Vol. 7, No. 6, December 2015 4600608



IEEE Photonics Journal Dual Metamaterial With Large Birefringence

60 60
30 30
~ 0 ~ 0
[ [
= = -
E 30 E =30
[ [2]
[ (0]
-60 -60f
- 3
o g, o gl 0ttt Px-sRR
4 === Qysum === Oy-srRR
-120} AQsmm -120¢ AQsrR
-150 | L 1 L | L 1 L -150 | L | L | s | L
10 20 30 40 50 10 20 30 40 50
Wavelength (um) Wavelength (um)
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Fig. 7. (a) Transmissions || and |f,| and (b) phase shifts px and ¢, of the dual-metamaterial for
the x-polarized and y-polarized components.

given in Section 2; and the calculated permittivities (ex_smm and ,_sum) of SMM are also used
in these simulations. As is expected, the dual-metamaterial indeed have resonance effects in
both x-polarized direction and y-polarized direction. Additionally, due to that the SMM exhibits
stronger EM resonance than the SRRs, as described in Fig. 5, the dual-metamaterial exhibits
stronger resonance effect for x-polarized waves than for the y-polarized waves. More impor-
tantly, the dual-metamaterial has large birefringence due to the resonance, for example, at the
wavelength of 24 um, phase difference Ay (Ap = |ox — ¢y|) is about 90°, as shown in Fig. 7(b),
and this can not be accomplished by single-layer metamaterials, as mentioned in Section 1.
Meanwhile, transmission |t| is almost equal to |t,| at 24 um, as shown in Fig. 7(a). This implies
that this dual-metamaterial can work as a very compact quarter-wave plate around 24 pum
wavelength. The thickness of its operation medium, # + & + f3, is only 0.58 um. Therefore, the
quarter-wave plate based on dual-metamaterial is much thinner than conventional quarter-
wave plates made of crystals or polymers, and it is also thinner than other metamaterial-based
wave plates.

We are also reminded that the resonance wavelength of the dual-metamaterial for y-
polarized EM waves no longer locates at 22 pum but shifts to 25 um, as indicated by the red-dash
line in Fig. 7(a). Noting that the resonance effect for y-polarized waves are contributed by the
SRRs, as stated above, we can find the reason for the shift in resonance wavelength. When we
calculate the resonance wavelength (22 um) of the SRR metamaterial (the corresponding results
are shown in Fig. 4(b)), the substrate of the gold SRRs is the SiO, layer (see Fig. 4(c)); and
when we calculate the resonance wavelength of the dual-metamaterial, the effective substrate of
the gold SRRs are the SiO, layer and the SMM layer. As we know, the thickness and refractive
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index of the substrate influence the resonance wavelength of a metamaterial [37], [38], for exam-
ple, increasing the thickness or the refractive index of a substrate will lead to a red shift in reso-
nance peak. In present work, the effective refractive index of the SMM is over 3.8, as shown in
Fig. 5(a), which is obviously larger than that of SiO, [39], [40]; therefore, the effective refractive
index of the SiO, layer and SMM layer will be larger than that of SiO, layer. Moreover, the thick-
ness of the effective substrate (SiO, layer and SMM layer) is also larger than before (SiO, layer).
As a result, the resonance wavelength of the dual-metamaterial for y-polarized EM waves shifts
to a longer one.

4. Conclusion

In summary, in order to enhance birefringence of wave plates, we introduce a dual-metamaterial
composed of a SMM and SRRs. Due to that the SMM and the SRRs respond to different polari-
zation components of the EM wave, the dual-metamaterial has a higher refractive index differ-
ence between the two orthogonal polarization components. Within only 0.58 pm-thick operation
medium, the dual-metamaterial is capable of producing a considerable phase delay (~90°) and
serving as a very compact quarter-wave plate. Although the operation wavelength is within mid-
infrared regime in this work, it can be extended to other spectral regions, such as terahertz and
microwave bands, by adjusting the structure parameters of the SRRs and SMM. We believe that
the concept of dual-metamaterial may enable us to implement other high-performance, ultra-
compact micro/nano-optical devices and components.
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