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Thermal and optical characterization of resonant coupling between surface
plasmon polariton and semiconductor waveguides
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Resonant coupling between an Au-InP surface plasmon polariton (SPP) and an InP/InGaAsP ridge
waveguide is investigated. The general design requirements for evanescent coupling between a
low-loss waveguide and a highly absorptive SPP are described, and experimental results are
presented for fabricated devices. Coupling from the ridge to the SPP is confirmed using fiber-to-fiber
optical power measurements, and thermoreflectance imaging is used to directly measure power
coupled to the SPP along the length of the metal waveguide. The role of the thin native oxide at the
Au-InP interface is also explored and found to have a significant impact on coupling. © 20171

American Institute of Physics. [doi:10.1063/1.3658733]

The high optical mode confinement offered by surface
plasmon polaritons (SPPs) has made SPP-based waveguides
a promising area of research for realizing compact photonic
devices, including polarizers, chemical sensors, and optical
isolators.'” Because SPP modes are guided at the interface
between an intrinsically absorptive metal layer and a dielec-
tric or semiconductor substrate, compact SPP mode size
comes at the expense of greater propagation loss as the elec-
tric field overlaps more strongly with the metal. Absorption
loss is especially severe on high-index semiconductor sub-
strates, such as Si or InP, where the SPP mode confinement
is higher than on dielectric substrates, and propagation loss
is typically greater than —0.5 dB/um at telecommunications
wavelengths (4 =1.55 ,um).8 This combination of high mode
confinement and large propagation loss in SPPs makes it
challenging to integrate them with existing semiconductor
waveguide devices, such as lasers, modulators, and detectors.
Though edge-coupling and evanescent coupling to SPPs
have been demonstrated for low-confinement SPPs on
dielectric substrates,”'° edge-coupling from semiconductor
waveguides is inefficient due to the small SPP mode shape,
while large propagation loss places tighter restrictions on
evanescent coupling.

In this work, we present a hybrid semiconductor SPP
waveguide design in which light is evanescently coupled
between an InP/InGaAsP ridge waveguide and a highly
absorptive Au-InP SPP. Experimental results are presented
for fabricated devices, and resonant coupling between the
ridge and SPP modes is independently verified using fiber-
to-fiber optical power measurements and high-resolution
thermal imaging of power absorbed by the SPP.

A schematic of the hybrid InP-SPP waveguide design is
shown in Fig. 1(a). The design consists of an InP ridge wave-
guide topped with a layer of Au, where the thickness of the
Au layer (>60nm) has been chosen such that there is no
interaction with the Au-air SPP mode at the top Au surface,
and only the SPP mode at the Au-InP interface can couple to
light in the semiconductor ridge. Since SPPs only support
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TM polarization, the same basic co-directional coupler struc-
ture can be used as a waveguide polarizer by removing TM
polarized light from the InP ridge. Such SPP-based polarizer
designs have been described in earlier work using dielectric
waveguides,””’ including the conditions that must be met for
full resonant coupling from the semiconductor or dielectric
waveguide to the SPP.” For lossy waveguides, a critical cou-
pling condition must be satisfied that requires that the imagi-
nary propagation constants of the supermodes be equal,

‘A2|e*1m(/32)Lc — |Al|e*1m(ﬂ|)1‘c. (1)

Here, A; and A, represent the field amplitudes of the sym-
metric and antisymmetric supermodes of the coupled wave-
guides, f3; and f3, are their respective propagation constants,
and Lc is the coupling length between the semiconductor
waveguide and the SPP. It is assumed that for large separa-
tion of the waveguides, Re(|f; — B2|) approaches zero such
that the two waveguides are phase-matched. For the case of a
low-loss semiconductor waveguide coupled to a high-loss
SPP, matching the imaginary propagation constants requires
that the coupling length be on the same order as the attenua-
tion length of the SPP, as observed in Ref. 11. The coupling
length can be tailored to meet the critical coupling condition
by choosing an appropriate InP upper cladding thickness, .
Finite element mode calculations of the supermodes’ propa-
gation constants as a function of upper cladding thickness are
shown in Fig. 1(b), using the optical constants found in Refs.
12 and 13 at 2= 1550 nm. The ridge and SPP modes are crit-
ically coupled, Im(f3;) =Im(f3,), at an upper cladding thick-
ness of 280nm, for which the coupling length [Lo = n/Re
(|p; = P2]) =7 pm] is approximately equal to the supermo-
des’ 3dB attenuation length. This result is confirmed by
eigenmode expansion (EME) simulations'* of optical power
in the ridge mode as a function of propagation length, shown
in Fig. 1(c).

In order to test resonant coupling between the InP ridge
and the Au-InP SPP, 1 mm-long ridge waveguides were
fabricated with different metallization lengths, L,,. The semi-
conductor waveguide layer stack was epitaxially grown
using metallorganic chemical vapor deposition on a

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic of InP ridge-to-SPP coupler, illustrating metallization length, L,,, and InP upper cladding thickness, 7. (b) Finite element
calculations of the Au-metallized ridge TM supermodes as a function of 7, showing (bottom) the critical coupling thickness, =280 nm, at which the imaginary
effective supermode indices, k.4 are equal, and (top) the real effective indices, 1.4, and the coupling length at the critical coupling thickness, Lo =7 um. (c)
EME simulations of power in the metallized ridge for 7 =280 nm, showing (top) the field intensity distribution, E,’, of the launched TM ridge mode and cou-
pling to the SPP mode at the coupling length, and (bottom) power in the ridge and SPP modes as a function of propagation distance, where coupling length is

equal to the 3 dB attenuation length.

Fe-doped InP substrate to provide the designed 610 nm-thick
InGaAsP core (Apandgap = 1.44 pm) and 282 nm-thick InP
upper cladding. Ridge waveguides were then patterned using
photolithography and etched using reactive ion etching with
methane/hydrogen/argon. Next, metallization regions were
patterned on top of the ridge, and either Au or Fe/Au was de-
posited using DC magnetron sputtering. Finally, the substrate
was lapped and facets were cleaved to allow fiber edge-
coupling to the InP ridge waveguides.

The devices were characterized using two techniques:
fiber-to-fiber optical power measurements to determine the
optical power in the ridge waveguide and high resolution
thermal imaging of the metallized ridge to measure optical
power in the SPP mode. For fiber-to-fiber measurements, the
input light was provided by an erbium doped fiber amplifier
(EDFA) (Apeak = 1550 nm) that was polarized using an inline
fiber polarizer, and edge-coupled to the TM mode of the
waveguides using a polarization maintaining (PM) lensed
fiber mounted on a fiber rotation chuck. The output facet was
then edge-coupled to a single-mode lensed fiber and con-
nected to a photodetector to measure optical power. Both the
input and output fibers were mounted on piezo-controlled
flexure stages to enable fine control of coupling.

Thermal imaging of the SPP was done with lock-in ther-
moreflectance (TR) thermography using a charged-coupled
device (CCD) camera for a detector'>™'” TR measures the
relative change in surface reflectivity (AR/R) caused by a
change in temperature (AT), as described by the relationship
AR/R =kAT. The TR coefficient, x, is typically very small
(107°-10 K1), therefore a “four-bucket” lock-in tech-
nique is used to improve sensitivity.'®!” Since the spatial re-
solution of the thermal image is determined by the optical
resolution of the imaging system, submicron spatial resolu-
tions are easily attainable using high numerical aperture
(NA) objectives and illumination wavelengths in the visible
spectrum.'” For the SPP thermal measurements, the entire
surface of a 30 um-long Au-metallized ridge was imaged
onto a 640 x 480 pixel CCD camera using a microscope with
a 100x, 0.7 NA objective and a blue LED for illumination
(/peak =470nm). The same experimental setup was previ-
ously used to calibrate x =3.3 x 10 K for Au with blue
LED illumination,'® and the Rayleigh criterion gives a ther-
mal spatial resolution of 410nm. In order to increase the

absorbed power and temperature swing in the SPP, a distrib-
uted feedback (DFB) laser was used as the light source
(Appg = 1544 nm) and placed before the EDFA to provide
~1 mW into the device after taking into account ~10dB of
fiber-to-facet coupling loss. The DFB laser current was
modulated at a frequency f,,,;= 15Hz and phase locked to
the CCD camera which captured four microscope images of
the device per modulation period at 60 fps. The device
images were then post-processed in the computer to calculate
the relative change in reflectivity per pixel (AR/R), yielding
a temperature map of the device and showing regions where
the pump laser was strongly absorbed by the metal.
Measurement results for the Au-metallized chips are
shown in Fig. 2. Fiber-to-fiber optical power measurements
are shown at the bottom and compared to EME simulations of
power in the ridge waveguide as a function of metallization
length, L,,. Power measurements were taken on two chips,
each with 14-15 rows of metallized waveguides, with L,,
ranging from O to 29.8 um, and ridge width measured to be
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FIG. 2. (Color online) (top) Microscope and TR images of the Au-
metallized InP ridge waveguide, showing the temperature rise due to optical
power absorbed by the SPP, (center) temperature profile along the length of
the metallized ridge, compared to EME simulations of power in the SPP.
Including a 1.5 nm-thick native oxide at the Au-InP interface in the simula-
tion provides good agreement with measurements, (bottom) fiber-to-fiber
optical power measurements compared to simulations of optical power in
the ridge.
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FIG. 3. (Color online) (top) Microscope and thermoreflectance images of
the Fe-metallized InP ridge waveguide, showing the temperature rise due to
optical power absorbed by the Fe, (center) temperature profile along the
length of the metallized ridge, compared to EME simulations of power in
the ridge, (bottom) fiber-to-fiber optical power measurements compared to
simulations of optical power in the ridge. Metallized waveguide loss for
both measurements (o« =970/cm) are in good agreement with simulation
(o =1010/cm).

1.4 um using a scanning electron microscope (SEM). Dips in
output power can be seen at metallization lengths of 8 um and
20 pm, indicating resonant coupling to the SPP (L,,=L().
Good agreement between the simulation and measurements
can be obtained by including a native oxide layer between the
InP surface and the Au layer in the model. Assuming a native
oxide refractive index of n= 1.5 (Ref. 18) and by using oxide
thickness as a fitting parameter, the best agreement can be
found for an oxide thickness of 1.5nm, which is similar to
reported thicknesses for native oxides on InP."”

Thermoreflectance measurements are shown at the top
of Fig. 2 and plotted alongside EME simulations of power in
the SPP mode. Local maxima in temperature can be seen at a
propagation distances of 7 um and 19 um, in good agreement
with the 12 um beat length seen in the fiber-to-fiber measure-
ments, and indicating strong absorption in the metal and cou-
pling to the SPP. As with the fiber-to-fiber simulations, the
best agreement with thermal measurements was found by
including in the model a 1.5 nm-thick native oxide at the Au-
InP interface.

In order to compare the Au-InP SPP results to a more
absorptive, non-resonantly coupled metal, Fe-clad InP ridge
waveguides were also fabricated. A 100 nm-thick layer of Fe
was deposited and capped with a 50 nm-thick layer of Au to
prevent oxidation and enhance thermal imaging. Fiber-to
fiber measurements were taken on two chips, each with 15
rows of metallized waveguides with L;, ranging from 0
to 25.5 um, and a ridge width of 1.2 um (Fig. 3, bottom). Fit-
ting an exponential to the fiber-to-fiber measurements
[P(z) =P,e **] gives a measured o« =970/cm, which is in
excellent agreement with the simulated loss (o = 1010/cm),
using the optical constants for Fe provided in Ref. 20.

Appl. Phys. Lett. 99, 181118 (2011)

Thermoreflectance measurements are shown at the top of
Fig. 3 and compared to simulations of power in the absorptive
ridge mode. A large dip in the thermal signal can be seen for
the first couple of microns of propagation in the metallized
waveguide and is due to heat spreading from the thick buildup
of metal at the photoresist sidewall during sputtering. Ignoring
the dip, however, and fitting an exponential to the thermore-
flectance measurements gives a measured oo = 970/cm, which
matches the fiber-to-fiber measurements and is also in excel-
lent agreement with simulations (« = 1010/cm).

In summary, we have demonstrated resonant coupling
between an InP ridge waveguide and an absorptive Au-InP
SPP. Thermal imaging of the SPP and fiber-to-fiber optical
measurements were used to independently verify coupling to
the SPP, and two different metals (Au and Fe) were depos-
ited and measured to compare resonant versus non-resonant
coupling. Good agreement between simulation and measure-
ment was obtained by including a 1.5 nm-thick native oxide
in the model at the Au-InP interface, which was shown to
have a significant impact on coupling.
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