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Coupling mid-infrared light from a photonic crystal waveguide to metallic
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We propose and theoretically study a hybrid structure consisting of a photonic crystal waveguide
(PhC-wg) and a two-wire metallic transmission line (TL), engineered for efficient transfer of mid-
infrared (mid-IR) light between them. An efficiency of 32% is obtained for the coupling from the
transverse magnetic (TM) photonic mode to the symmetric mode of the TL, with a predicted
intensity enhancement factor of 53 at the transmission line surface. The strong coupling is
explained by the small phase velocity mismatch and sufficient spatial overlapping between the
modes. This hybrid structure could find applications in highly integrated mid-IR photonic-
plasmonic devices for biological and gas sensing, among others. © 2014 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0

Unported License. [http://dx.doi.org/10.1063/1.4859635]

The concept of the integrated photonic chip is gaining
momentum thanks to its promise to enable extremely com-
pact, ultra-fast, and low-power consuming devices for a wide
range of applications, from future optical interconnects'? to
biological sensing,>* photon transistors,” and many others.®
While conventional dielectric photonic waveguides enable
low-loss light guiding through relatively long integrated cir-
cuits, photonic crystal waveguides provide further compact-
ness’ and control on the spatial, temporal, and spectral course
of photons,® increasing the available on-chip functionality.
Moreover, the state-of-the-art fabrication techniques have
demonstrated light guiding in PhC-wgs with propagation loss
as low as 2-4 dB/cm.”"! Yet, in terms of light confinement
and thus compactness, plasmonic waveguides,'*™' capable of
beating the diffraction limit by orders of magnitude, are supe-
rior, turning them into exceptional platforms for nanosensing.
Unfortunately, this extreme mode confinement comes at the
expense of a very short propagation length.'® It therefore
appears that dielectric waveguides and PhC-wgs may become
crucial components to guide optical signals through compara-
tively long spans in photonic chips, while plasmonic wave-
guides will play a key role confining those signals in the
nanoscale domain. Consequently, with a view set on integrated
photonic chips, it is important to provide an efficient coupling
scheme between these two waveguide technologies.'’ ™"
Whereas several works have explored coupling from conven-
tional dielectric waveguides to plasmonic waveguides, 2’2
here we propose and theoretically study a hybrid structure for
coupling the modes of a PhC-wg to a two-wire metallic trans-
mission line.
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Photonic circuits in the mid-IR spectral range, from 3 to
10 um, are relatively unexplored when compared to the work
done in the visible and near-IR regions. The mid-IR range is,
however, highly interesting for chemical and gas sensing,
since photon energies here match well with molecular vibra-
tions. Infrared spectroscopy is thus a powerful tool for chem-
ical analysis but it is typically based on traditional, large
instrumentation. Since miniaturization could come with mid-
IR photonic circuits based on the integration of PhC-wgs and
plasmonic waveguides,'>?’=% we chose to explore coupling
in this attractive spectral regime.

Fig. 1(a) shows the hybrid structure proposed here, con-
sisting of a two-wire gold TL on top of a silicon PhC-wg.
Two-wire transmission lines have recently proved their use-
fulness for guiding surface waves in the mid-IR, in the transi-
tion regime between strong plasmonic and practically perfect
metallic behavior.”*' We study a two-wire TL, instead of a
single metal wire or slab, as it represents a more flexible plat-
form. The two-wire TL supports two different modes, sym-
metric and antisymmetric, with different mode volumes and
propagation lengths, which allow us to selectively choose
which mode to excite depending on the targeted applica-
tion.*>** In parallel, silicon is now starting to be regarded as
a promising material for the mid-IR,** and photonic crystals
based on Si appear as a strong alternative to develop inte-
grated photonic elements in this spectral region.>> In this
work, we focus on the coupling from the TM-like mode of
the silicon PhC-wg to the symmetric mode of the TL.

In order to obtain efficient coupling of light with free-
space wavelength of Ay =10 um between the PhC-wg and the
TL, we designed an architecture that support modes of similar
effective mode index, following the well-known principle of
directional coupling.*® The PhC structure is formed by a

© Author(s) 2014
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FIG. 1. Schematic of the proposed hybrid structure and the individual modes. (a) Photonic crystal waveguide is on a silicon slab (¢ =4.9 um; r=0.48a;

t=0.6a; ng; =3.46 and n,;, =1 at 1o= 10 um) with the transmission line on top consisting of two parallel gold wires (w=200nm, & =40nm, L,, =60 um,
g=300nm; np,=12.59+1 59 at 1o=10um). (b) Normalized real part of the electric field z-component (E,) for the TM-like mode at Ay= 10 um
(wo=al’y=0.49) in the PhC-wg. (c) Normalized real part of E, for the symmetric mode in the TL on a silicon substrate.

hexagonal lattice of holes on a silicon slab, in which a central
row of holes has been removed to form a waveguide, as
depicted in Fig. 1(a). This type of waveguide has been inten-
sively studied from the fundamental®'? and application®”°
point of view, due to its ease of fabrication compared to other
photonic crystal structures. In this work, the refractive index
at Ay for air is considered to be n,,=1 and for silicon
ng; = 3.46. Although silicon is not perfectly transparent at
this wavelength, due to the absorption caused by the presence
of phonon transitions, we consider a real refractive index for
the sake of simplicity. Working with monochromatic waves,
this lack of transparency just entails a moderate reduction in
transmission, which does not affect significantly the perform-
ance of the structure considered here. The PhC lattice period
is @ =4.9 um and the holes radii » = 0.48 a, while the silicon
slab thickness is t = 0.6 a. The slab is surrounded by air, in a
membrane configuration. The TM-like mode supported by
this structure at 4y, depicted in Fig. 1(b), propagates along the
PhC-wg with an effective wavelength of Apyc v =3.46 um.
The two-wire TL consists of two parallel gold wires of length
L, =60 um, width w=200nm, and thickness & =40nm,
which are separated by an air gap g =300nm, as shown in
Fig. 1(a). Gold is modeled as a Lorentz-Drude material,40 tak-
ing into account both the dielectric function of free electrons
and the absorption of light by the possible transitions of
bound electrons. This model provides a refractive index of
Naw=12.59 +1 59 for 10 um wavelength. Such a large value
for the imaginary part of the refractive index will be the origin
of a significantly lossy behavior. The spatial field distribution
Re(E/E, ) of the symmetric mode is depicted in Fig. 1(c). At
the incident wavelength 1, the computed effective wavelength
for the symmetric mode is Ay = 3.1 um, which is relatively
close to the effective wavelength of the photonic crystal wave-
guide, Apycm =3.46 um. We thus expect efficient coupling,
which is verified by the simulations presented next.

An input plane wave at Ao =10 um polarized along the
z-direction, is set at the entrance of the PhC-wg with an initial
intensity of /=1 (V/m)*. The propagation of the mid-IR light
along the hybrid structure is depicted in Figs. 2 and 3, which
show the normalized electric field intensity and the normalized
electric field, respectively. In Fig. 2, the intensity is shown in
an x-y plane at the center of the PhC-wg, and a x-z plane at
the center of one of the gold wires of the TL. Note that the in-
tensity in the x-z plane at the center of the other gold wire is
analogous. All the results presented hereafter have been
obtained using the finite element method (FEM)23’25 A

COMSOL Multiphysics. For further verification, the results
obtained from FEM have been complemented with the finite
differences in time domain (FDTD) method OptiFDTD.

Figures 2 and 3 illustrate how the input wave couples to
the PhC-wg TM-like mode and starts propagating with an
effective wavelength of A, =3.46 um = /ppcv. Where the
TL begins, the energy starts to be gradually transferred from
the PhC-wg to the TL (marked by L. in Fig. 2). On the TL,
the effective wavelength is A, =3.32 um, as measured in
Figs. 3(a) and 3(b). Judging from the cross-sectional field
distribution observed in Fig. 3(c), the TM-like mode of the
PhC-wg couples to the symmetric mode of the TL, as it was
expected since both modes present the same symmetry. As
clearly seen in Fig. 2, energy transfer to the TL is complete
at a distance of L.~ 8 um from the beginning of the TL.
Subsequently, the energy starts being transferred back to the
center of the PhC-wg and then back again to the TL with an
oscillation period of approximately L,~ 18 um. This peri-
odic energy transfer can be understood as a beating between
the photonic TM-like PhC-wg mode and the symmetric
mode of the metallic TL. An analogous effect has been
noticed in Refs. 24 and 25, for the cases of coupling from a
dielectric ridge waveguide to a metallic slot waveguide and
to a hybrid plasmonic waveguide, respectively.

FIG. 2. Normalized electric field intensity (//Ip): on top, a view of the hybrid
structure with ///, at two parallel x-z planes at the center of each wire and a
x-y plane at the center of the silicon slab; below, individual views of one of
the x-z planes at the center of a wire and a subsection of the x-y plane at the
center of the silicon slab centered in the PhC-wg (L. ~ 8 um and L, ~ 18 um).
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Defining the propagation length as the distance between
the start of the TL and the point where the envelope of the
field amplitude in the TL has decayed by a factor 1/e from
its maximum value, it turns out to be L ~ 41 ym.

We estimate the enhancement of the field intensity at
the TL with respect to the surface of PhC-wg in order to
qualitatively determine the potential of the scheme for sens-
ing applications. Defining the field intensity enhancement
factor (IEF) as the electric field intensity around the TL at
the point of maximum energy transfer, normalized to the
field intensity at the surface of the PhC-wg just before the
TL, we obtain IEF ~ 53. We expect that even higher inten-
sity enhancements could be achieved by converting the sym-
metric TL mode into the antisymmetric TL mode by
employing a plasmonic mode converter.*

In order to gain insights into the physics governing such
efficient coupling and into the power loss mechanisms, we cal-
culated the x-component of the normalized Poynting vector
Sx(0) = 8x(x,y,2)/8x(0,0,0). Figure 4(a) shows S, at different
cross sections x; along a 72.25 um-long PhC-wg (without nano-
wires on top of it), while Fig. 4(b) shows Sy along the hybrid
structure of Fig. 1. A more detailed view of Sy around the TL is
presented in Fig. 4(c). At the corners of the TL, we find a
strong enhancement of Sy, which may turn out useful for the
development of ultra-sensitive nanoscale sensing schemes.

In order to quantify the power loss, the Poynting vector
Sx(x) has been integrated over the y-z plane as a function of
x, yielding the power P(x) passing through the cross section
in x-direction at the position x, shown in Fig. 4(d). We find
that the power P(x) decays exponentially in the PhC-wg,
curve A in Fig. 4(d). It has been verified that the loss along

%“]" lAtl wire 1 Re(EZ/E;o)
2 pm 3
B 9 D wire 2 - 0
Ye—x (a) Re(EZ/EZ,O)
1.5
L0 0 L * 0
2imi 15
B 8
0
y 2 pm |_g
Zx (b)
Re(E,/E, ) Re(E,/E, )
€ S D 1
= ¥ o F » Ik
7 100 nm z 100 nm
I = L5 I 1
Xo—Y Xo—y

(c)

FIG. 3. Normalized real part of the electric field z-component Re(E,/E, ()
obtained when exciting the hybrid structure with a wave polarized along
z-direction in: (a) two x-z slices at half width of each gold wire, (b) x-y slices
at half-height of the PhC-wg (A) and just below the TL (B); (c) y-z slices at
the points of maximum (C) and minimum (D) energy transfer to the TL.
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the PhC-wg is caused by radiation through the top and bot-
tom boundaries of the silicon slab. To that end, we have
computed the total power loss by subtracting the outgoing
power P(xg) from the incoming power P(x;). On the other
hand, we have verified that the power radiated out of the sili-
con slab to the air cladding and substrate practically coin-
cides with the 100% of the total loss P(x;)-P(xg). The high
radiation loss obtained in the propagation along the PhC-wg
is due to the proximity of the guided mode to the lightline.
Note that the spatial overlapping between the PhC-wg and
the TL mode is large, which is beneficial for the coupling.
The power P(x) changes notably when a two-wire TL is
on top of the PhC-wg, as shown by curve B in Fig. 4(d).
From x=0pum to the beginning of the TL (x=12.25 um),
we find that P(x) practically coincides with that of the PhC-
wg without TL (curve A). However, for x > 12.25 um, the
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FIG. 4. Normalized Poynting vector S,(x) along x-direction (a) without TL,
(b) with the metallic TL at different y-z planes (x;-xg), and (c) zoomed
around the TL; (d) power P(x) passing through the cross section in x-direc-
tion as a function of the position x without (A) and with (B) the TL.
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power P(x) drops significantly compared to curve A.
Furthermore, we observe a slight oscillation of P(x). The pe-
riod of this oscillation (about 18 um) matches that of the os-
cillation period of the energy transfer between the PhC-wg
and the TL, L,~ 18 um. When the energy is confined in the
PhC-wg, the most significant loss source is radiation to the
cladding and the substrate. In the regions where the energy is
confined in the TL, the most significant source of power loss
is the dissipation of the surface wave in the metal. Because
this dissipation is stronger than the radiation losses in the
PhC-wg, the power P(x) oscillates with L.

The inefficiencies that may arise from an imperfect cou-
pling from the PhC-wg to the TL are minor. Defective cou-
pling would back-reflect part of the wave energy,
contributing negatively to P(x) at the input PhC-wg. As it
can be noticed in Fig. 4(d), the power in the initial propaga-
tion region (before the start of the TL) coincides for A and
B, i.e., for the hybrid structure of Fig. 1 and for the PhC-wg
alone. Therefore, the back-reflection is negligible.

Finally, we estimate the coupling efficiency by calculat-
ing the percentage of P(x) coupled to the TL relative to the
power P(x=12.25 um) just before the TL. To that end, we
calculate the power P(x =20.25 um) at the position of maxi-
mum energy transfer to the TL, which turns out to be 64% of
the power P(x =12.25 um) entering the TL. From this per-
centage, almost 50% of P(x) is concentrated in a small cross
section of area 1400nm x 500 nm centered in the TL. This
yields a final coupling efficiency of 32%, which takes into
account both the loss in the coupling region and the degree
of energy concentration around the TL. In spite of the losses
due to damping during the coupling, the coupling efficiency
obtained here is better than the efficiencies achieved by other
illumination methods®' and within the order of magnitude of
the results presented by other integrated photonic-plasmonic
coupling schemes.***

This efficient coupling can be explained by using direc-
tional coupling.36 The high fraction of power exchanged,
F=0.64, and the short coupling length, L.~ 0.84, reveal
that our coupling scheme operates in the strong coupling re-
gime, under which the coupling constant is given by
K ~1/2L., giving rise to a value of x~ 191 mm ' =1.91//,.
These values are comparable to the results presented recently
for directional dielectric-plasmonic couplers (F=75%,
Le~0.65/0, and x~1.95/10).* This strong coupling is a
direct consequence of the small phase velocity mismatch
between the PhC-wg and the TL mode, given by 20 = fip —
ﬁPhC’ where ﬁ = 27T//leff.

In summary, we have proposed and theoretically studied
the coupling from the TM-like mode of a PhC-wg to the
symmetric mode of a two-wire TL in the mid-IR. A coupling
efficiency of 32% is predicted together with a propagation
length of 41 um along the TL. The intensity enhancement
factor at the surface of the TL with respect to the surface of
the PhC-wg is ~53. Using numerical calculations and the
directional coupling theory, we have shown that this strong
coupling is a direct consequence of the small phase velocity
mismatch and the sufficient spatial overlapping between the
PhC-wg and the TL modes. The simulations suggest that the
coupling efficiency is limited primarily by radiation and
absorption along the coupling length, a practical limitation

Appl. Phys. Lett. 104, 011105 (2014)

which can be overcome by further design advances. Given
the promising coupling efficiency and intensity enhancement
factor, hybrid structures comprising TLs on PhC-wgs have
the potential of becoming a basic building block for wave-
guide sensors in the mid-IR.
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