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We demonstrated an InP-based optical multimode interferometer (MMI) combined with metamaterials consisting of
minute split-ring resonators (SRRs) arrayed on the MMI. The MMI could operate at an optical fiber communication
wavelength of 1.5um. Magnetic resonance occurred between the SRR metamaterial and light at 1.5um, and the
relative permeability of the metamaterial increased to 2.4 around this wavelength. This result shows that it is pos-

sible to use new materials with nonunity permeability to construct semiconductor-based photonic devices.
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The relative permeability x4 of every natural material is 1
at optical frequencies because the magnetization of the
material cannot follow the alternating magnetic field of
light. Therefore, with conventional photonic devices
[1,2], we cannot directly affect the magnetic component
of light; we must make do with affecting only the electric
component, which is feasible by using semiconductors
with different permittivity values. However, this limits
our ability to control electromagnetic waves at will in
photonic systems.

Recently, controlling the optical properties of materi-
als using metallic subwavelength structures has attracted
growing interest [3-5]. Such artificial materials, called
metamalterials, give us the possibility to control the per-
meability of materials at optical frequencies.

It is a promising challenge to introduce the concept of
metamaterials into semiconductor-based photonic de-
vices. Using metamaterials, we will be able to create no-
vel optical functionalities to open up new fields, such as
metaphotonics. For example, it is possible in theory to
achieve sophisticated manipulation of light, such as slow-
ing and trapping light signals in optical waveguides [6-8].

In this Letter, we demonstrate an InP-based optical
waveguide device combined with a metamaterial to show
the possibility of permeability control in semiconductor
photonic devices. Figure 1 shows a schematic illustration
of our device consisting of a GalnAsP/InP optical MMI
and metal SRRs arrayed on the MMI. Each SRR acts as
an artificial magnetic atom, and, therefore, the SRR array
operates as a magnetic metamaterial layer. We used the
MM]I, instead of a single-mode waveguide, as the stage of
interaction between SRRs and light. A strong interaction
can be expected in the MMI because the confinement fac-
tor of the SRR region is larger for multimode light than
for single-mode light.

In this structure, if the input TE-mode light has a fre-
quency matched to SRR resonance, the 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, the SRR array operates as a
metamaterial layer with nonunity permeability (u = 1)
[9-11].

0146-9592/11/122327-03$15.00/0

©2011

We fabricated the device for use at 1.5 ym wavelength
(matched to low-loss optical fiber communication) and
confirmed the magnetic interaction between the SRR me-
tamaterial layer and the light that traveled in the MMIL
The fabrication process of the device is as follows. First,
four undoped layers, i.e., a Gag 93Ing 77As( 5P 5 core layer
(4g = 1.22 ym, 200 nm thick), an InP layer (20 nm thick),
an Al 43Ing 59 As etch-stop layer (5 nm thick), and an InP
cladding layer (400 nm thick) were grown in this order on
a (100) oriented semi-insulating InP substrate by organo-
metallic vapor phase epitaxy. On the surface of the clad-
ding layer, an SRR array (consisting of 5nm thick Ti and
20nm thick Au) was formed using electron-beam (EB)
lithography and a lift-off process. Figures 2(a) and 2(b)
show the oblique images of the SRR array observed with
a scanning electron microscope (SEM). A 4-cut single
SRR [Fig. 2(a)] structure was used in the SRR array be-
cause it has a high resonant frequency due to its small
gap capacitance [12]. The size of the SRR was designed
for use at a band frequency of 1.5 ym (193 THz). In this
study, we made SRRs of different sizes ranging from
300 x 300 to 500 x 500 nm (inner size of the square SRR
ring). Both the width and gap of the SRR metal region
were set to 75nm. After the formation of the SRR array,
an SiO, mask (100nm thick) for the MMI pattern was
formed on the device with plasma-enhanced chemical
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Fig. 1. (Color online) Waveguide-based multimode interfe-

rometer (GaInAsP/InP 1x1 MMI) and metamaterial region
consisting of metal SRR array attached onto the MMI

© 2011 Optical Society of America



2328 OPTICS LETTERS / Vol. 36, No. 12 / June 15, 2011

(2) =500 nm
—
\, S

300 nm
—>

75 nm

S—

AW/Ti SRR-array buried in'SiO,

InP clad I 420 nm

GalnAsP core 1 200 nm

InP sub.

15.0kV X60.0K

Fig. 2. (a) Enlarged oblique views of 4-cut SRRs, and (b) 2-cut
SRRs observed with scanning electron microscopy; (c) Oblique
view of completed device, and (d) cross-sectional view of
300 x 300 nm SRRs buried in the SiO, layer.

vapor deposition and EB lithography. With the SiO,
mask, the 1 x 1 MMI structure was formed using CH,/H,
reactive-ion etching. The width and length of the MMI
were set to 15 and 660 ym, respectively. Figures 2(c)
and 2(d), respectively, show oblique and cross-sectional
SEM images of the MMI region with 300 x 300 nm SRRs.

In addition to these experimental samples, we also
made control samples with SRRs consisting of 2-cut
Auw/Ti square rings [Fig. 2(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 ym light.

To examine the magnetic interaction between the
SRRs and the light traveling in the MMI, we measured
the transmission spectra for TE-mode light. The SRR re-
sonance produces a permeability change, and this will
decrease the transmittance of the MMI with two effects.
First, the resonance changes the real part of the perme-
ability, thereby changing the phase of light, and this will
weaken the coupling between the input and output ports
of the MMI. Second, the resonance also produces the
imaginary part of the permeability, and this will increase
the absorption loss of light in the MMI.

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

Figure 3 plots the measured transmission intensity
ratio as a function of wavelength for devices with
an SRR size of (a) 300 x300nm, (b) 350 x 350nm,
(c) 400 x 400 nm, and (d) 500 x 500 nm. The magnetic in-
teraction was observed clearly in the device with
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Fig. 3. (Color online) Transmission-intensity ratio (2-cut SRR/
4-cut SRR) for devices with SRR size of (a) 300 x 300 nm,
(b) 350 x 350 nm, (c) 400 x 400nm, and (d) 500 x 500nm as a
function of wavelength from 1420 to 1575nm, measured for
TE-mode light.

350 x 3560 nm SRRs, as can be seen in Fig. 3(b) where the
intensity ratio, induced by the SRR resonance, showed a
peak at a wavelength of 1500 nm. This peak shifted to-
ward a shorter and longer wavelength for smaller and lar-
ger SRRs, respectively [Figs. 3(a) and 3(c)], even though
the wavelength for the peak was out of the measurement
range. With 500 x 500 nm SRRs, the intensity ratio was
almost 1 (= 0dB) at this wavelength range, as can be
seen in Fig. 3(d). This showed that no SRR resonance
occurred at a wavelength of 1.5 um. These wavelength-
dependent and SRR-size-dependent transmission charac-
teristics show that the magnetic field of light successfully
interacted with the SRRs to produce magnetic resonance
at an optical frequency.

The equivalent permeability and permittivity of the
SRR array layer are a function of the wavelength. To
know their values precisely, we must know both the in-
trinsic absorption loss and the phase shift of the propa-
gating light in the device. However, we cannot extract
each separately from the transmission data shown in
Fig. 3. Therefore, we estimated the equivalent permittiv-
ity and permeability with theoretical calculations as
follows: (1) We calculated the transmittance and reflec-
tance of the SRR array sandwiched between InP, SiO,
and air, using a 3D full-wave solver based on the finite
element method; (2) With the transmittance and reflec-
tance, we calculated the refractive index tensor (or per-
mittivity and permeability tensors) of the SRR layer.

With the refractive index tensors of the SRR layer and
GalnAsP/InP semiconductor layers, we calculated the
transmission spectra of the MMI, using the transfer
matrix method. The transfer matrix for each layer of
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Fig. 4. (Color online) (a) Calculated transmission intensity ra-
tio (dashed curve) compared with the measured data [closed
circles, from Fig. 3(b)]. (b) Transmittance and reflectance esti-
mated for a row of SRRs. Insets visualize distribution of electric
field (magnitude and direction) in SRR at minimum transmis-
sion frequencies. (c) Effective permeability (real and imaginary
parts) of SRR array.

the device can be obtained from Maxwell’s equations,
using the permittivity and permeability tensors [13].
We find from the transfer matrices that electric field
E, (parallel to the x-axis), magnetic field H, (parallel
to the z-axis), and propagation coefficient § are given by

(E) cosh(f,d,,)  <sinh(B,,d,,)
H) lopaie % \ shzmsinh(B,d,,)  cosh(f,dy,)
(1)
X
Hz bottomInP
P = \/ (2% / Mgy )PP ~ Kk, (1)

where ef; and uf? are the ij elements of the relative per-
mittivity and permeability tensors in the m-th layer, re-
spectively, and d,, is the thickness of the m-th layer.
At optical frequencies, the permeability tensors can be
expressed by the identity matrix except in the SRR layer.
Assuming an exponential decrease in £, and H, outside
the core layer, we solved Eq. (1) and obtained the effec-
tive refractive index (= fi/ky) in each layer, as well as
the transmission spectra in the device using the Fourier
expansion method [14].
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Figure 4(a) shows the calculated transmission spectra
compared with the experimental data for the device with
350 x 350nm SRRs. To fit the calculated spectra to the
experimental ones, we set the effective thickness of
the SRR region to 500 nm. Figure 4(b) shows the trans-
mittance and reflectance spectra estimated for a row
of SRRs. The insets in Fig. 4(b) visualize the distribution
of electric field in an SRR at minimum transmission fre-
quencies. This distribution shows that, at 1.55 ym band,
the magnetic response of the SRR array is dominant in
our device. Figure 4(c) shows the effective permeability
(real and imaginary parts) of the SRR array, calculated as
a function of frequency. The permeability exhibited a
strong and sharp resonance at 200 THz, and the real part
of the relative permeability changed from -0.7 to 2.7
around this frequency.

In summary, we demonstrated a device combining InP-
based optical MMIs and an SRR-based metamaterial with
a resonance wavelength at around 1.5 ym and nonunity
relative permeability. Our results show the feasibility
of semiconductor-based photonic devices combined with
metamaterials. This design concept could be useful in the
development of novel optical communication devices.
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