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We demonstrate a compact, integrated device in which surface plasmon polaritons (SPPs) are
injected into a passive metal waveguide. We directly excite a SPP mode at a metal-air interface
using a room-temperature midinfrared quantum cascade laser which is integrated onto the
microchip. The SPP generation relies on end-fire coupling and is demonstrated via both far-field and
near-field imaging techniques in the midinfrared. On one hand, a metallic diffraction grating is used
to scatter in the far-field a portion of the propagating SPPs, thus allowing their detection with a
microbolometer camera. On the other hand, direct images of the generated SPPs in the near-field
were collected with a scanning optical microscope. © 2010 American Institute of Physics.

[doi:10.1063/1.3519985]

Surface plasmon polaritons (SPPs) are electromagnetic
(EM) modes which are bound to a metal-dielectric interface,
along which they propagate while being evanescently con-
fined in the direction normal to the interface. Unlike
diffraction-limited photons, SPPs have dispersion properties
at visible and near-infrared frequencies which lead to sub-
wavelength confinement of the fields. This makes them ap-
pealing for prospective data storage apgllcatlons and
micro-/nano-optics for telecommunications.” Due to the dis-
persion of the refractive index of real metals, these properties
do not hold in the midinfrared (mid-IR) range of the EM
spectrum, but can be retrieved by properly structuring the
metal surface.* This could open interesting possibilities for
potential promising applications as tools for near-field
microscopy.

The excitation of SPPs with a compact device is a real
challenge6 due to the need of providing the missing momen-
tum between free photons and SPPs of the same frequency.
Recently, we have demonstrated an electrically pumped com-
pact device for the generation of mid-IR SPPs based on a
semiconductor quantum cascade (QC) laser with an asym-
metric optical waveguide and a top metal grating.7

In this letter, we present a different approach for SPP
generation, relying on end-fire coupling of a standard,
mid-IR QC laser which is directly integrated onto the semi-
conductor chip. A metal strip is evaporated in the near-field
of the QC laser facet, allowing direct excitation of a SPP
mode onto the metal-air interface. Note that a similar ap-
proach has been recently employed in Ref. 8 at an operating
wavelength of 1.46 um. The interest of our work is also
linked to the unavailability of cheap optical fibers operating
at mid-IR frequencies, while at telecom wavelengths,
(1.3 um<N<1.55 wum) excitation of SPPs can be achieved
for instance by fiber end-coupling.9 An integrated device for
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mid-IR SPP generation which can be easily integrated onto a
chip is therefore a useful tool for fundamental studies of
mid-IR plasmonics.

Figure 1(a) shows a schematic cross section of our de-
vice, which explains its operating principle. A standard
mid-IR QC laser, designed for nominal emission at A,
~7.5 um, is used to generate transverse magnetic (TM) po-
larized light. A gold metal strip is located in proximity to the
output facet of the semiconductor laser, at a distance smaller
than the wavelength (<2 wm). Note that this is different
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FIG. 1. (Color online) (a) Schematic cross section of the device. A gold strip
is evaporated at a subwavelength distance from the dry-etched QC laser
facet. A metal grating on the SPP-carrying strip scatters a portion of the
SPPs, thereby permitting their observation in the far-field using a
pu-bolometer camera. (b) Two-dimensional numerical simulation of the elec-
tric field intensity. The dotted white line shows the gold-air interface, the
solid white line shows the end-laser facet geometry, and the dashed white
line corresponds to the QCL active layer and the InP cladding layers inter-
faces. The diffraction metallic gratings are not included in the presented
numerical simulation. The TM,, mode of the QC laser, at \y=7.5 um, is
used as the excitation. A SPP propagating at the gold-air interface is excited
via end-fire coupling. (c) Scanning electron microscopy image of a typical
device. Inset: close-up of the region near the laser facet.
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from what is presented in Ref. 8, where a gold plasmonic
waveguide is located at a few wavelengths distance from the
facet of a semiconductor laser. The laser output is directly
coupled into the SPP mode bound at the gold-air interface.
Diffraction, second-order gratings fabricated on the gold
strip, allow one to partially diffract the propagating SPPs in
the far-field. Each grating acts as a localized probe of the
SPP presence: it permits its unambiguous detection using a
microbolometer camera. Figure 1(b) shows an electromag-
netic numerical simulation of the system, performed with a
finite-element approach using a commercial software.'” The
fundamental TM, waveguide mode of the laser, at A,
=7.5 wpm, is employed as the excitation. The simulation
shows that an electromagnetic mode, whose electric field is
clearly bound at the metal-air interface, propagates on the
passive metal waveguide.

Figure 1(c) shows a scanning electron microscopy image
of a typical processed device where two diffraction gratings
are implemented at the beginning and the end of the metallic
strip. The QC laser heterostructure has been grown in a ver-
tical low pressure VEECO-D-180 turbo disk reactor (70
Torr), by using trimethylindium, trimethylaluminium, tri-
methylgallium, arsine, and phosphine as precursors and hy-
drogen (H,) as carrier gas.11 It contains 50 repetitions of a
two-phonon-resonance active region designed for nominal
emission at \g=7.5 um. The 2.6-um-thick active region,
whose details are reported in Ref. 12, is sandwiched between
two 0.5-um-thick low-doped InGaAs cladding layers,
thereby forming a 3.6-um-thick waveguide core. The InP
upper cladding is 3.5-um-thick, while the sample is grown
on a low-doped (n=10"7 ¢cm™3) InP substrate. Standard laser
ridges (22-um-wide, 1.5-mm-long, and 7-um-high) were
defined using inductively coupled plasma (ICP) etching,13
employing a 1.3-um-thick SiO, layer as hard mask. The
etching is performed in a Sentech SI-500 ICP system, at a
chuck temperature of 150 °C. We have used a highly aniso-
tropic etching process based on HBr and O, (ratio 20:3, at a
pressure of 2.5 mTorr), with a coil power of 1000 W and a dc
bias of 400 V. These etching conditions yield an etch rate of
1.5 wum/min. The whole sample was then passivated with a
500-nm-thick SiO, layer, which was etched on the top of the
laser ridges to allow electrical contacts and also shaped into
diffraction gratings at the proper positions on the sample. A
Ti/Au metallization (5/200-nm-thick) was then evaporated to
provide both the electrical contacts on the top of the laser
ridges and the SPP-carrying layer. The diffraction gratings,
which are etched into the SiO, layer, are second-order grat-
ings (lattice spacing=N\,,) and consist of seven periods. Af-
ter polishing and deposition of the back-contact, the samples
were cleaved and In-soldered onto copper blocks for electro-
optical characterizations.

Figure 2(a) shows the applied bias and the optical power
(collected from a cleaved facet) as a function of the injected
current for a 1.3-mm-long laser ridge at room temperature.
The corresponding laser spectrum is shown in Fig. 2(b). The
laser threshold current density is J,=~3.5 kA/cm?. This
value is almost twice as high as for a laser with two cleaved
facets and of the same length (data not shown). The thresh-
old increase is possibly due to the reduced reflectivity of the
nonperfectly vertical dry-etched laser facets.

We have used a microbolometer mid-IR camera with a
home-built imaging system based on antireflection-coated
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FIG. 2. (a) Current-voltage and light-current characteristics at 300 K for a
typical device. The laser ridge dimensions are 1300 umX22 um. (b)
Emission spectrum of the same device, acquired at 300 K just above the
laser threshold. These measurements are performed under pulsed current
injection (50 ns duration and 84 kHz repetition rate).

germanium lenses to detect and visualize the photons origi-
nating from the scattering of SPPs off the metal gratings.
Figures 3(a) and 3(b) show images of two different devices
with and without metallic SPP waveguide at the laser edge,
respectively. The second one (panel b) is the reference de-

FIG. 3. (Color online) Microbolometer IR camera images (in grayscale) of
two devices in operation, (a) one with and (b) one without a SPP gold-strip
waveguide at the laser facet. The corresponding optical image is shown
above each IR image. The devices include two diffraction gratings located at
500 and 1000 um from the laser facet. The lines show the intensity profile
along the metal strip for the device with SPP waveguide and in the corre-
sponding area for the device without. Panels (c) and (d) show the topogra-
phy (AFM signal) and the near-field intensity (i) (a-NSOM signal) corre-
sponding to the blue square zone (100 um X 100 wm) in panel (a).
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vice. Two metal gratings were positioned at 500 and
1000 pwm from the output facet of the laser, respectively.
The camera snapshot in Fig. 3(a) shows an intense central
spot which corresponds to light scattered at the laser facet.
The two smaller spots on the right, highlighted by the yellow
arrows, correspond to light originating from SPPs that are
scattered off the metal gratings. The solid line in Fig. 3(a) is
a one-dimensional section of the infrared image (The gray
scale of the pixels along the metal strip is represented). The
clear absence of light diffraction at the grating locations in
the reference device [Fig. 3(b)] proves that in Fig. 3(a), the
electromagnetic energy is transferred to the localized probes
via the metal waveguide. Note that, as shown in the diagram
in Fig. 1(a), the diffraction gratings are fully metalized, sides
and bottom included, and the metal thickness is several times
larger than the gold skin depth which is ~10 nm at A
=7.5 um wavelength. This guarantees that the photons
originating from the diffraction grating cannot originate from
unwanted leakage of stray-modes guided, for instance, in the
substrate. Furthermore, the lack of signal originating from
the region in between the two gratings [Fig. 3(a)] demon-
strates the nonradiating character of the waves that mediate
the energy transfer, typical of SPPs.

A quantitative experimental estimate of the SPP attenu-
ation coefficient can be obtained from the camera image in
Fig. 3(a) and it yields agpp=5.5 cm™'. This value is roughly
one order of magnitude higher than what is expected from a
theoretical estimate of the SPP decay length at Ay=7.5 um
on a plain gold surface, which gives ~2.6 cm.® The discrep-
ancy is possibly due to the (unwanted) presence of micron-
sized and submicron-sized metallic droplets on the surface of
the plasmonic waveguide [Fig. 3(c)], which act as scattering
centers and increase the SPP propagation losses, and to the
scattering losses induced by the diffraction gratings. The
value of =5.5 cm™! represents therefore an upper limit for
the SPP attenuation coefficient.

We have also directly detected the EM field intensity at
the device surface using a custom-built, apertureless near-
field scanning optical microscopf:14 (a-NSOM) able to oper-
ate in the mid-IR range of the EM spectrum.'>'® Figures 3(c)
and 3(d) show the atomic force microscopy (AFM) topogra-
phy of a portion of the metal waveguide [corresponding to
the square zone in Fig. 3(a)], and the intensity of the elec-
tromagnetic near-field when the device is in operation, re-
spectively. A surface wave is clearly measured on the surface
of the metal strip, while no signal is detected in the region
where the metallization is absent. The near-field signal stems
from the presence of a SPP wave which is launched by the
laser device into the passive waveguide and propagates along
it. The direct observation of a SPP wave on the metallic
surface complements and further corroborates the detection
obtained with far-field techniques.
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In conclusion, we have demonstrated a compact mid-IR,
SPP coupling system based on an integrated, end-coupled
quantum cascade laser. Infrared imaging and near-field mea-
surements unambiguously prove the generation of SPPs
propagating along a metal-air interface. This device is par-
ticularly valuable in the mid-IR range of the EM spectrum,
where it could constitute an important building-block for
semiconductor-based breadboards which would allow easy
testing of plasmonic concepts at very long wavelengths.
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