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1. Introduction

The relative permeability of every natural material is 1 at optical frequencies because the
magnetization of natural materials does not follow the alternating magnetic field of light
(see Fig. 1). If we can overcome this restriction and control both the permeability and the
permittivity at optical frequencies, we will be able to establish a new field involving
optical/photonic devices for future communication technologies. In this paper, we move
one step closer to this goal—we demonstrate that in photonic devices, the relative
permeability can be controlled by adopting metamaterials.
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Fig. 1. Constitutive parameters at optical frequencies.
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216 Metamaterial

Metamaterials are artificial materials designed to have permittivity and permeability values
that are not possible in nature [1]-[4]. They have recently attracted considerable interest
because they exhibit unusual properties such as negative refractive indexes and have
potential for unique applications such as high-resolution superlenses and invisibility
cloaking devices [5, 6].

It is a challenging task to introduce the concept of metamaterials to actual photonic devices
(see [7]-[12] for ordinary photonic devices). We hope to apply metamaterials to realize novel
optical functionalities that can potentially establish a new field, meta-photonics. For this reason,
many efforts have been expended in developing advanced optical applications using the
concept of metamaterials. Some novel optical functionalities have been realized previously; for
example, it has been shown that in theory, it is possible to achieve sophisticated manipulation
of light such as slowing, trapping, and storing of light signals [13]-[18].

This paper provides an overview of the present state of research on novel photonic devices
with the concept of metamaterials. In Section 2, we outline two promising approaches
of making photonic devices combined with metamaterials. One of them is a fiber-
based metamaterial device which functions nanoscale light source; another is a Si-based
modulator which enables active tuning of metamaterials; the third has the form of III-V
semiconductor-based waveguide combined with metamaterials which is compatible with
other conventional photonic devices such as lasers and optical amplifier. Although these
researches on meta-photonics are still in the experimental stage, they will probably reach a
level of producing practical devices in the near future. In the succeeding sections, we focus
on the III-V semiconductor-based waveguide combined with metamaterials shown in Fig. 2
and make a detailed explanation of the device. In Section 3, we take up the multimode-
interferometer (MMI) as an example of photonic devices. First, theoretical investigations
of the device are given. Actual devices based on this phenomenon are then developed.

multimode interferometer
with metamaterial

Fig. 2. III-V semiconductor-based waveguide optical device combined with metamaterials
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Non-Unity Permeability in InP-Based Photonic Device Combined with Metamaterial 217

The operating characteristics of the device, i.e., the transmission dependences on the
polarization and wavelength of incident light, are also given in this Section. In Sections 4, we
report a measurement method for retrieving accurate constitutive parameters (relative
permittivity and permeability) from experimental data of the devices. We hope that this
paper will be helpful to readers who are aiming to combine photonic integrated devices and
metamaterials.

2. Recent progress in photonic devices using the concept metamaterials
2.1 Photonic devices combined with metamaterials

There are several strategies to develop advanced photonic applications which combine with
metamaterial. The strategies can be classified into two types. One is based on the optical
fiber as in conventional photonic communication system. Transferring the principle of
metamaterials to a optical fiber system raises a number of inherent difficulties such as the
discoherence of polarization rotation induced by structural birefringence. Therefore new
idea is needed to use metamaterials in optical fiber structure. Sophisticated example is the
nanoscale light sources consisting of fiber-coupled gold asymmetrically-split ring [19]. This
device have attracted attention in recent years because of its compact techniques for
producing the device. The other strategy is to combine semiconductor devices with
metamaterials. Leading examples are the Si-based modulator which enables active tuning
of metamaterial [20-22] and the III-V semiconductor-based waveguide in which relative
permeability is not unity [23, 24]. The latter in particular is now the focus of attention
because it is compatible with other standard waveguide-based optical devices such as
lasers. In the following sections, we give the outline of the fiber-based nanoscale light
sources and the Si-based modulator. The III-V semiconductor-based waveguide combined
with metamaterials, which has been developed in our laboratory, is explained in detail in
Section 3.

2.2 Fiber-based metamaterial device which functions nanoscale light source

Figure 3 shows a schematic of the fiber-based photonic metamaterial devices which act as
nanoscale light sources. The device consists of fiber-coupled gold asymmetrically-split ring
(ASR) array excited by an electron beam with a trajectory parallel to the surface. Light
emission from nanoscale planar photonic metamaterials is induced by beams of free
electrons, at wavelengths determined by both the dimensions of metamaterials and the
electron beam energy. The ASR resonators are manufactured by focused ion-beam milling
through ~70 nm gold films evaporated onto the end faces of standard or tapered optical
fibers. Experiments are performed in a scanning electron microscope, which provided
simultaneously for imaging and targeted electron beam excitation of samples.

In this device, energy is coupled from incident electrons to the plasmonic modes of the
metamaterial structure for which propagating light modes then constitute a decay channel.
Low energy beams of free-electrons can act as a broadband excitation sources for the
collective plasmonic modes of photonic metamaterials, thereby driving resonant light
emission at wavelengths determined by the structural design parameters of the
metamaterial, which may be adjusted for operation across the visible to infrared range.
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fibre diameter

optical fibre

metamaterial
pattern

Fig. 3. Fiber-based photonic metamaterial devices which act as nanoscale light sources [19].

2.3 Si-based modulator which enables active tuning of metamaterials

When applying the concept of metamaterials to actual applications, it is indispensable
to control properties of metamaterials for tuning electromagnetic responses (i.e.,
tunable metamaterials). A typical way to create tunable metamaterials is to integrate a
reconfigurable material into a metamaterial structure; thereby the active tuning is achieved
by applying an external stimulus. GaAs-based modulators with split ring resonators (SRRs)
[25] and metamaterial memories on a VO, film [26] are such device prototypes operating at
1-10 THz.

Recent researches have shown that one can modulate the optical properties of a
metamaterial on a sub-picosecond timescale enabling ultrafast photonic devices [20-22]. In
these demonstrations, the authors used a fishnet structure metamaterial [27, 28] with two
negative index resonances corresponding to two different periodic wavevectors of the
internal gap-mode surface plasmon polaritons. Figure 4 shows one leading example of such
device. The device reported here is composed of a BK7 glass substrate and a single metal-
dielectric-metal (Ag/a-Si/Ag) functional layer with an inter-penetrating two-dimensional
square array of elliptical apertures. In this device, the metamaterial is photoexcited with a
visible pump pulse and then the pump-induced, time-resolved change in transmission
(AT/T) is measured around both the resonances. The longer wavelength resonance has a
significantly stronger nonlinear response (AT/T~70%) corresponding to its larger absolute
value of the negative index and the stronger Drude response of photocarriers at longer
wavelengths. These results provide insight into engineering various aspects of the nonlinear
response of fishnet structure metamaterials.
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Fig. 4. Si-based modulator which enables active tuning of metamaterials [22].

3. llI-V semiconductor-based waveguide optical device with metamaterials
3.1 Waveguide-based photonic devices combined with metamaterials

Encouraged by the results stated in Section 2, we consider introducing metamaterials into
conventional photonic devices such as lasers, optical amplifiers, and modulators which have
the form of III-V semiconductor-based waveguide. In this Section, the feasibility of
employing semiconductor-based photonic devices combined with split-ring resonator
(SRR)-based metamaterials is examined both theoretically and experimentally. We used a
MMI as the stage of interaction between SRRs and light because the input light dispersed
over the whole MMI and therefore gives no saturation to each SRR even if the light was very
strong. First, theoretical investigations of the device structures of the SRRs and a MMI for
use in the 1.5-pm-wavelength region are given in the former of this Section. Fabrication
processes and operating characteristics of the device are then explained in the latter of this
Section.

Our metamaterial MMI device is shown in Fig. 5. It consists of a waveguide-based
GalnAsP/InP 1 x 1 MMI on which a gold SRR array is attached. If transverse electric (TE)-
mode input light for the MMI has a frequency close to the SRR-resonant frequency,
magnetic interactions occur between the TE light and SRR array. Therefore, the real part of
the macroscopic permeability becomes large positive and negative at frequencies below and
above SRR resonance, respectively. Consequently, the SRR array operates as a metamaterial
layer to control permeability. The imaginary part of the permeability is not 0 but a finite
value under this condition (this causes the absorption loss of light).
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Fig. 5. InP-based 1 x 1 MMI with on which a gold SRR array is attached.

3.2 Theory of waveguide optical devices combined with metamaterials

The key is to create optical metamaterials that can be used to control permeability and
obtain non-unity values at optical frequencies (note that, on the other hand, permittivity can
be controlled more easily than permeability). A promising method for controlling
permeability involves the use of a split-ring resonator (SRR). An SRR produces a circular
current in response to an incident magnetic flux, thereby producing its own flux to enhance
or oppose the incident field. Consequently, an array of extremely small SRRs operates as a
metamaterial layer with non-unity permeability [29-33]. We now investigate the optimal
structure of a four-cut SRR device for use at an optical frequency of 193 THz (corresponding
to 1.55 pm wavelength for low-loss optical fiber communications). The transmission
characteristics are obtained by considering the magnetic interactions between the SRRs and
light traveling in the MML

A. Design of SRR structure for optical frequency

We must first determine the optimal dimensions of the SRR for the 1.5-pm-band frequency.
Because the magnetic response of an SRR strongly depends on the conduction
characteristics of the metal that forms the SRR, the dispersion of the internal impedance Z of
the gold used in our SRRs was calculated. The internal impedance is the ratio of the surface
electric field to the total current [34, 35]. Z for a unit length and unit width of a metal plane
conductor is given by

~ r exp|ik(w)z] + exp|ik(w) (7 - 2)] B
Z(7)= {a(a))fo 1+ explik(@)7] dz} @
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Here, k() is given by

k(o) = a)\/é‘o,uo [1 + z?} , 2)

€0

where o is the angular frequency of light, & and o are the permittivity and permeability of
vacuum, respectively, T is the thickness of the plane conductor, and o(®) is the conductivity
of the metal as defined by the Drude model.

Figure 6 shows the internal impedance as a function of frequency for a gold layer whose
thickness is larger than the penetration depth. As the frequency increases, the real part of
the internal impedance first increases sharply and then saturates at around 100 THz; at
frequencies higher than 100 THz, it gradually decreases. This dispersion property
corresponds to the dielectric behavior of gold. In contrast, the imaginary part changes
monotonously with frequency and has large negative values at optical frequencies; this
corresponds to ohmic losses in gold.
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Fig. 6. Internal impedance of gold as a function of frequency (real part is surface resistivity,
and imaginary part is internal reactance).

Using these dispersion curves, we calculated the magnetic response of a gold SRR at optical
frequencies. A four-cut SRR was considered because it has high resonant frequency due to
its small gap capacitance [36, 37]. The SRR was placed in a homogeneous host material (air),
as shown in Fig. 5. If an incident AC magnetic field is applied to the SRR, an induced
circular current flows in the ring through the gap capacitance. The circular current produces
an internal magnetic field, and this produces a magnetic interaction between the SRR and
light.
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The total electromotive force (emf) induced around the SRR is given by the magnetic flux
density B. Therefore, we can equate the potential drop to the emf as follows:

Ny 1 ¢ jdsxr
9, SRRBdO'— lwﬂOISRR(HextJrqu 3 jda

4L 4, .
Wi za)goemwlr /

)
=Vying +4Vap |:Z(T)
Here, we have used Biot-Savart’s law. In this equation, H.,; is the magnetic field of light, ¢,
and Z(r) are the relative permittivity and internal impedance of gold, respectively, t is the
thickness of the SRR, j is the induced circular current in the SRR; and L, Wj, and W, are the
dimensions of the SRR (see Fig. 7(a)). The distribution of the magnetic field around the SRR
can be calculated using Eq. 3, as illustrated in Fig. 7(b).

Fig. 7. Four-cut single SRR placed in glass: (a) plane pattern and (b) magnetic field
distribution around the SRR at resonant frequency (L = 300 nm). The distribution of field
intensity is visualized by a rainbow color map.

B. Macroscopic permeability of SRR array

The results for a single SRR were used to calculate the effective permeability of an SRR array
taking into consideration a two-dimensional array layer comprising cubic unit cells, each
with an SRR at its center; both the side lengths of each cell and the array pitch of the cells
were d. For simplicity, the SRRs were assumed to be placed in air. The macroscopic
permeability y,, of the SRR array layer can be calculated using the field averaging equation
[38], and it is given by

_ _2 /2 /2
By(O,d/Z,O) —,ll Id/z Id/ZH X d/2,2)dz
= =Ho
H,(0,d4/2,0) OF jo H,(0, y,0)dy

Hyy =
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where B, and H, with over lines represent the average values of magnetic flux density and
magnetic field, respectively, in the SRR array layer. To get high accuracy in this
homogenization approximation, the size of the integration region should be larger than the
wavelength of light. In our calculation, we therefore integrated magnetic field over a large
cubic tregion that cantained a 3 x 3 cell array (this means that we replaced d with 3d in Eq.
4). Figure 8 shows the real and imaginary parts of permeability as a function of frequency,
and the SRR size L is a parameter; here, IV, and W, were set as 100 nm and 4 was 1.8 pm.
The thickness 1 of the SRR was set at twice the penetration depth of gold at each frequency.
As L decreases, the magnetic resonant frequency increases. Magnetic response could be
obtained at the 1.55-pm-band frequency (approximately 193 THz) for the SRR size L of 750
nm (red curves). As L decreases, the magnetic response becomes weaker because the
inductance of each SRR decreases; this increases the effective resistance (or decreases the Q
factor) of the SRR.
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Fig. 8. Real and imaginary parts of the effective permeability of gold SRR array in air (¢ = 1)
as a function of SRR size; here, W; = W, =100 nm, d = 1.8 pm, and frequencies = 100-300
THz.

Further, the magnetic response of the SRR array layer depends on the array pitch d. If d is
large, the response is weak because the area density of SRRs is small; on the other hand, if 4
is small, the magnetic field in each SRR is canceled by the fields of the neighboring SRRs,
and this weakens the total response of the SRR array layer.

C. Transmission characteristics of waveguide device with metamaterial

Using the abovementioned results, the transmission characteristics of an MMI with a
metamaterial, which is shown in Fig. 5, were estimated using computer simulations based
on the transfer-matrix method.
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We first designed a device for use at 1.55-pum wavelength. The resultant structure is as
follows. The substrate is an InP (refractive index n = 3.16). The constituent layers of the MMI
are (i) a core guiding layer: 200-nm-thick Gag 25Ing 7sAso54P0.46 (bandgap wavelength A, = 1.25
pm; n = 3.38), (ii) InP upper cladding layer (n = 3.16), and (iii) SRR metamaterial layer: 50-
nm-thick gold SRR array (L = 750 nm; Wi = W, = 100 nm; d = 1.6 pm).

The thickness of the InP cladding layer affects the strength of interaction between the light
traveling in the MMI and the SRR array attached to the surface of the cladding layer.
Therefore, we determined the optimal thickness of the cladding layer from the following
calculations.

After having designed the device structure, we calculated the transmission characteristics of
the device as follows. The permeability tensor of the p-th layer, i.e., the InP substrate (p = 1),
GalnAsP core layer (p = 2), InP upper cladding layer (p = 3), SRR array layer (p = 4), and air
(p =5), is given by

Mo 00
£,=| 0 S 0 | ()
U U

where the diagonal elements p., pyy, and ., are 1 at optical frequencies except in the SRR
array layer. Using this tensor and the permittivity tensor ¢, for the p-th layer, Maxwell’s
equations are written as follows:

VxH = joe)é,E
V xE = —jauyit,H (6)

We solved Eq. 6 under the condition that the electric and magnetic fields are invariant in the
x-direction, that is, 9 = 0, and their tangential components are continuous at the boundary
between the layers. For TE-mode light, the electric field E, parallel to the z-axis is given by
the following differential equation:

ayzEx +{k02‘€x:uz _%ﬁz]Ex =0 (7)
y

where ¢, is the diagonal element of the permittivity tensor, and k, = @\/tye, =27/ is the
free-space propagation constant. The magnetic field H, parallel to the z-axis (propagation
direction) can be calculated using E, as follows:

H,=-—— 9, (8)
WM,

An eigenvalue equation can be obtained using the boundary conditions with continuous Ex
and H.. In the calculations, we assumed that E, and H, decrease exponentially outside the
GalnAsP guiding layer (i.e., in the air and the InP layers). For simplicity, we also assumed that
all the layers except the SRR array layer are birefringent. The eigenvalue equation is given by
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I [mll —Mmyy 5 ]+[m21 — My wLﬁL ]: 0, )
04z

where m11-my; are given by

cosh (ﬂndp ) jw‘u—o’uzsinh (,Bndp )

(mu m12j _ H n (10)
M1 2] Al jazﬁsinh ( B4, ) cosh ( B4, )
By = 1./ 1,) B - ke, (11)

Here d, is the thickness of the p-th layer. We solved these eigenvalue equations and obtained
the effective refractive index f,/ko of each layer. With these results, we calculated the
transmission characteristics of the metamaterial MMI using the Fourier expansion method,
which is commonly used for MMI propagation analysis [34].

Figure 9 illustrates the example of the distribution profile of light traveling in the
metamaterial MMI device. The intensity of the TE electric field at the cross-section (x-z
plane) of the device is shown. The MMI is 15-pm wide, 650-pm long, and has a 450-nm-thick
InP cladding layer. The wavelength of light is 1565 nm. Figure 9(a) shows our device with a
4-cut SRR array. The light traveling in the device suffers large propagation losses because of
the magnetic interactions between the SRRs and light. Figure 9(b) shows the results for a
control device with no-cut gold square rings having the same size as a 4-cut SRR. The no-cut
ring has no resonant frequency and shows no magnetic interactions with 1.5-pm light;
hence, the propagation loss is approximately 10 dB smaller than that of the 4-cut SRR. These
results show that the 4-cut SRR array can successfully operate as a metamaterial layer at
optical frequencies.
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B B
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Fig. 9. Distribution profile of light traveling in metamaterial MMI device, calculated for
devices with (a) 4-cut SRR array and (b) no-cut gold square rings. Electric field intensity at
the cross-section (x-z plane) of the device is visualized by shading. Wavelength of light is
1565 nm.
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3.3 Device fabrication and measurement

To move one step closer to the development of actual advanced optical-communication
devices using the concept of metamaterials, we fabricated a trial device to confirm the
magnetic response of a metamaterial comprising SRRs arrayed on a GalnAsP/InP 1 x 1
MMI coupler. The trial device was fabricated as follows. An undoped Gag2s5Ing75As054P0.46
core layer (A\g = 1.22 pm, 200-nm thick) and an undoped InP cladding layer (420-nm thick)
were grown on a (100) semi-insulating InP substrate by organometallic vapor phase epitaxy
(OMVPE). On the surface of the cladding layer, SRRs consisting of Ti and Au layers were
prepared using electron-beam lithography (EBL) and lift-off process.

The fabrication process is illustrated in Fig. 10 with both cross-sectional and plan views. The
process flow was as follows: a resist layer of polymethyl methacrylate (PMMA) was first
spin coated onto the InP cladding layer. Following spin coating, EBL was used to write a
desired SRR array pattern onto the resist. The exposed areas of the resist were dissolved
during development with xylene (Fig. 10(b)), resulting in a mask for the subsequent metal-
evaporation process (Fig. 10(c)). Subsequently, the unexposed resist was removed along
with the metal on top during lift-off with acetone (Fig. 10(d)). Figure 11 shows oblique
scanning electron microscope (SEM) images of the SRR array fabricated according to this
procedure. The SRRs were made of 5-nm-thick titanium and 20-nm-thick gold, and the
dimensions of the individual SRR were designed on the basis of the simulation results
shown in Section 3.2. In addition to experimental samples with 4-cut SRRs (Fig. 11(a)), we
also made control samples with SRRs consisting of 2-cut Au/Ti square rings (Fig. 11(b)) with
the same side length as that of the 4-cut SRR. This 2-cut SRR has a resonant frequency far
lower than 193 THz, about 100 THz, so it does not interact with 1.5-pm light.

After the SRR array was formed, a 75-nm-thick SiO; film was deposited on the wafer by
using plasma-enhanced chemical vapor deposition. Following the spin coating of PMMA,
EBL was used again to write a 1 x 1 MMI pattern onto the resist (Fig. 10(e)). The width and
length of the MMI were set to 15 pm and 660 pm. Finally, the exposed regions of the SiO,
film and InP cladding layer were etched by using buffered HF and reactive ion etching
(RIE), respectively, with a mixture gas of CH4 and H» (Fig. 10(f)).

Figures 12(a) and 12(b) show the oblique and cross-sectional SEM images of the MMI region
with 300x300-nm SRRs. In this study, the SiO; layer was not removed to prevent damages to
the nanoscale SRR, which can be observed in Fig. 12(b). A thinner cladding layer (420 nm in
Fig. 12(b)) is preferable to obtain large magnetic interactions even though it increases the
propagation loss because the optical field coupled to the SRR metal is larger. The light phase
is shifted by the magnetic interaction, but this can be neglected compared to the effect of the
abovementioned propagation loss. Figure 12(c) shows the magnified plan of the trial device
observed using an optical microscope. We made SRRs with different sizes from 300x300 to
550%x550 nm (inside size of the square SRR ring). Both the width and gap of the SRR metal
region were set to 75 nm.

In the following optical measurements, we observe the magnetic interactions of the
propagating light and SRRs in the device. As described in Section 2, if magnetic interactions
occur between the SRRs and light, the effective permeability of the SRR array becomes non-
unity, i.e., large positive or negative values. At the same time, the imaginary part of the
permeability increases from 0 to a finite value, and this implies that light is absorbed in the
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device. Since it is possible to know the occurrence of the interaction by measuring the
propagation loss of light in the device, we primarily measured the transmission and
absorption of light in the device.

PMMA
InP clad InP clad InP clad
GalnAsP core GalnAsP core GalnAsP core
InP sub. InP sub. InP sub.

(@)

(b)

e !
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InP sub. InP sub. InP sub.
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Fig. 10. Fabrication process for metamaterial MMI devices. SRR array was prepared using
electron-beam lithography and lift-off process.

In the measurement, light was sent from a tunable laser to the device through a polarization
controller. The wavelength was changed in a range of 1420-1575 nm. To clarify the effect of
the magnetic interaction, we took the difference between the transmission intensity for the
experimental samples (with 4-cut SRRs) and that for the control samples (with 2-cut SRRs).
This difference shows an intrinsic change in transmission intensity induced by the SRR
resonance without including parasitic factors such as wavelength-dependent ohmic loss
in SRR metal, lensed-fiber coupling loss, and wavelength-dependent propagation
characteristics in the MMIL
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75 nm 300 nm

Fig. 11. (a) Enlarged oblique views of 4-cut SRRs, and (b) 2-cut SRRs observed with scanning
electron microscopy.

Figure 13 plots the measured intensity difference for devices with a SRR size of (a) 300300
nm?, (b) 350%350 nm?, (c) 400400 nm?, and (d) 500500 nm?2 as a function of wavelength.
The magnetic interaction was observed clearly in the device with 350x350-nm?2 SRRs (see
Fig. 13(b)). That is, the intensity difference, induced by the SRR resonance, showed its peak
at a wavelength of 1500 nm. The peak shifted to a shorter wavelength with smaller SRRs
(Fig. 13(a)) and longer wavelength with larger SRRs (Fig. 13(c)), and both were out of this
measurement range. With 500x500-nm2 SRRs, the intensity difference was almost 0 at this
wavelength range (Fig. 13(d)), which showed that no SRR resonance occurred at 1.5-pm
wavelength. These wavelength-dependent and SRR-size-dependent transmission
characteristics show that the magnetic field of light interacted successfully with the SRRs to
produce magnetic resonance at optical frequency. In contrast, no intensity change was
observed for the TM mode. This polarization-wavelength dependent absorption is positive
proof that the magnetic interaction was successfully established in our device for the TE-
mode light. In this manner, we can realize non-unity permeability in InP-based photonic
devices by using the SRR metamaterial

Furthermore, for the TE mode, a magnetic field perpendicular to the axis of the split-ring, by
virtue of Ampere’s law, created a circulating current via the charge accumulation at the gap
(see Section 2 for details). Due to the presence of gaps, the resulting charge distribution was
asymmetric; this results in charge accumulation around the capacitive gaps and induces an
electric dipole moment. On the other hand, for the TM mode, an electric field is present
parallel to the two symmetric sides of the split-ring, whereas in the approximation of the
thin metallization, the current in the perpendicular directions was negligible. In addition,
the size of the ring was smaller than the incident wavelength, and this ensured that the
variations in the electric field between the two sides were also negligible for a first
approximation. Consequently, the charge distribution resulting from this incidence was
symmetric and did not generate a circulating current.
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Fig. 12. (a) Oblique views of completed device and (b) cross-sectional view of 300%300-nm
SRRs buried in SiO; layer; (c) Plan view of GalnAsP/InP 1 x 1 MMI coupler with SRR array
observed with optical microscopy.

The equivalent permeability and permittivity of the SRR array layer are a function of
wavelength. To know their values exactly, we must know both intrinsic absorption loss and
phase shift of propagating light in the device. However, we cannot extract each separately
from the transmission data shown in Fig. 13. So then, to cope with the problem, we have
recently proposed a measurement method that uses a Mach-Zehnder interferometer (MZI)
and successfully retrieved constitutive parameters for the SRR array. The following Section
provides the outline of the results.
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Fig. 13. (Color online) Transmission-intensity difference (or transmission spectra) for devices
with SRR size of (a) 300300 nm?, (b) 350%350 nm?, (c) 400400 nm?2, and (d) 500x500 nm?2 as
a function of wavelength from 1420 to 1575 nm, measured for TE-mode light.
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4. Permeability retrieval in lll-V semiconductor-based waveguide device with
metamaterials

The accurate permeability values in waveguide-based photonic devices is a very important
factor, since it mostly determines their performance. Accurate permeability data, however,
cannot be extracted from the simple transmission data of the previous devices because the
transmission data also includes both the effect of SRR’s effective permittivity and permeability.
In this Section, we have proposed a measurement method that uses a Mach-Zehnder
interferometer (MZI) and successfully retrieved constitutive parameters for the SRR array.

Our MZI device is shown in Fig. 14(d). It consists of two 3-dB couplers and two arms made
with GalnAsP/InP ridge waveguides, with a metal SRR array attached on one of the arms.
For TE-mode input light with the SRR-resonance frequency, the SRR array interacts with the
light, thereby behaving as a material with a complex refractive-index. The real part of the
refractive-index mainly affects the phase of traveling light, thereby changing the phase
difference at the output coupler. The imaginary part mainly causes the propagation loss of
light in the arm. Therefore, the transmittance of the MZI is determined by the phase
difference and propagation loss.

Output light Output light
(’I‘&mode) (TE moie)
Noemual straight i
ridge waveguide "

InP cladding layer

InGaAsP core layer p

Input light

InP substrate Straight ridge waveguide

with 2-eut SRR array

Input light
(TE madc) (TE maode) i
(a) (b)
Si0, layer Output light Output light
Ridge waveguide arm % i (T-Epl;“;e) Ridge waveguide arm ('I']tilp nﬂlge)

with 2-cut SRR array
(without interaction)

Vs

Input light

with 4-eut SRR array
(with interaction)

InP cladding layer

InGaAsP core layer

InP substrate

Input light
(TE muode) (TE mode)

(c) (d)

Fig. 14. GaInAsP/InP straight ridge waveguide without SRRs (a) and with 2-cut SRRs (b);
Mach-Zehnder Interferometer consisting of GaInAsP/InP waveguides and (c) 2-cut / (d) 4-
cut SRR array attached on one arm.
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The propagation loss in the arms can be inferred from the transmission data of straight
waveguides with/without the SRR array shown in Figs. 14(a) and 14(b). Therefore, the
effective permeability and permittivity of the SRR array can be calculated, using measured
data for the transmittance of the MZI.

An actual MZI was made for measurement at 1.5-pm optical communication wavelength.
Epitaxial layer structures were the same as those of our previous device. On the surface of
the device, an SRR array (consisting of 10-nm thick Ti and 40-nm thick Au) was formed
using electron-beam lithography (EBL) and a lift-off process. Figure 15(a) shows the oblique
images of the SRR array observed with a scanning electron microscope (SEM). The 4-cut
SRR was used because it has a high resonant frequency owing to its small gap capacitance as
stated in Section 2.

The size of the SRR was designed for use at 1.5-um band frequency (193 THz). After the
formation of the SRR array, a SiO2 mask (100-nm thick) for the MZI pattern was formed on
the device with plasma-enhanced chemical-vapor-deposition and EBL. With the SiO2 mask,
the MZI structure was formed using CH4/H2 reactive ion etching. Figure 15(b) shows the
SEM image of the arms with/without the SRR array. The length of the SRR array along the
arm was set to 500 pm. In addition to these experimental samples, straight ridge
waveguides with/without the SRRs were made. We also prepared control samples with
SRRs consisting of 2-cut square rings with the same size as that of the 4-cut SRR. As
mentioned in Section 3, the 2-cut SRR has a resonant frequency far higher than 193 THz, so it
has no interaction with 1.5-pm light.

a MZI arms
without/with SRRs

Fig. 15. SRRs and arms of MZI: (a) oblique view of 4-cut SRRs, and (b) two arms, observed
with scanning electron microscopy.

Figure 16(a) shows the output intensity for straight waveguides with 4-cut SRR array (blue
dots), without SRRs (black dots), and with 2-cut SRRs (red dots). The difference between the
curves without SRRs and that with 2-cut SRRs corresponds to a loss caused by light
absorption of the SRR metal. The difference between the 2-cut SRRs and 4-cut SRRs shows
the loss caused by the magnetic interaction between the SRRs and light. The 4-cut SRRs
resonated at about 1510-1520 nm and showed the maximum loss at this wavelength.
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Figure 16(b) shows the output intensity for MZIs with 4-cut SRRs and that for without SRRs.
Their difference shows the intensity change induced by the phase shift and the absorption
loss of light in the MZI. That is, the difference shows an intrinsic change in transmission
intensity induced by the SRR resonance without including parasitic factors such as metal
absorption loss in the SRRs and lensed-fiber coupling loss in the measurement system.
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g 51 ]
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b WMWM
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Fig. 16. Output intensity from devices with 4-cut SRRs (blue lines), 2-cut SRRs (res lines) and
without SRRs (black lines) as a function of wavelength, measured for (a) straight ridge
waveguides and (b) MZlIs.
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On simple condition that the electric and magnetic fields are constant in the x-direction, that
is, dx = 0, the wave equation in each layer of the device is given by Eq. (7) in Section 2.

9,°E, + (kozexﬂz —&/32}1:} =0 (12)

Hy
To extract the permittivity &, of the SRR array without resonance, we used the difference
between the transmission intensity of the straight waveguides with 2-cut SRRs and that of
the control device without SRRs. The permittivity &, of the SRR array can be calculated,
using the transfer-matrix method with Eq. (12) (u, and y. in Eq. (12) are equal to 1 because
the SRRs have no resonance). After that, the real and imaginary parts of permeability y, of
the SRR array was retrieved, using the obtained permittivity e and the transmission
intensity ratio (= (2-cut SRRs)/(4-cut SRRs)) for the straight waveguide and that for the MZI.
In calculation, the effective thickness of the SRR layer was set to 350 nm.

Figure 17 shows the retrieved permeability (real and imaginary parts) of the SRR array as a
function of frequency. The permeability exhibited a resonance at 200 THz, and the real part
of the relative permeability changed from +2.2 to -0.3 in the vicinity of this frequency. This
results show the feasibility of semiconductor-based photonic devices combined with
metamaterials.
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Fig. 17. Retrieved effective permeability (real and imaginary parts) of SRR array on MZI
waveguide, plotted as a function of frequency.
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5. Conclusion

Realizing non-unity permeability at optical frequencies can be expected to lead us to
advanced optical-communication devices based on novel operation principles. To move one
step closer to this goal, in this paper, we have demonstrated that the permeability in
semiconductor photonic devices can be controlled using the concept of metamaterials.

As an actual example, we fabricated a GalnAsP/InP MMI device combined with an SRR
array that operated as a metamaterial layer. The operation wavelength was set as 1.55 pm.
The transmission characteristics of this metamaterial MMI device strongly depended on the
polarization and wavelength of input light. This shows that the SRR array layer interacted
with the magnetic field of light and produced magnetic resonance at optical frequencies.
After that, to know constitutive parameters in the device exactly, we have proposed a
measurement method that uses a MZI and successfully retrieved the accurate permeability
value for the SRR array. The permeability exhibited a resonance at 200 THz, and the real
part of the relative permeability changed from +2.2 to -0.3 in the vicinity of this frequency.
Our results show the feasibility of III-V semiconductor-based waveguide photonic devices
combined with metamaterials. This would be useful in the development of novel optical-
communication devices.
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