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Optical nanoantennas are capable of enhancing the near-field intensity and confining optical energy within a small
spot size. We report a novel metal-dielectric-metal coupled-nanorods antenna integrated on the facet of a quantum-
cascade laser. Finite-difference time-domain simulations showed that, for dielectric thicknesses in the range from 10
to 30 nm, peak optical intensity at the top of the antenna gap is 4000 times greater than the incident field intensity.
This is 4 times higher enhancement compared to a coupled metal antenna. The antenna is fabricated using focused
ion-beam milling and measured using modified scanning probe microscopy. Such a device has potential applica-
tions in building mid-IR biosensors. © 2010 Optical Society of America
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At the interface between two mediums having opposing
signs of dielectric susceptibility (e.g., metal-dielectric)
light can generate a collective motion of conductive elec-
trons, known as surface plasmons (SPs) [1]. The princi-
ple of SPs has been extensively applied in many novel
applications. including extraordinary optical transmis-
sion [2], SP interference lithography [3], biosensing [4],
and spectroscopic applications [5].

Currently there is increasing interest in making active
plasmonic devices based on quantum-cascade lasers
(QCLs) [6,7]—unipolar semiconductor lasers [8,9] that
work on the principle of intersubband transitions. This
type of laser operates efficiently in the mid-IR region
(2-30 ym) of the optical spectrum. Plasmonic QCL de-
vices based on a single metal antenna have been recently
demonstrated to enhance the local electromagnetic field
[10,11]. Here, we demonstrate a metal-dielectric—metal
(MDM)-based coupled-nanorods antenna design that
shows considerable improvement in terms of peak inten-
sity enhancement.

To analyze the performance of our MDM antenna,
we simulated the structure using commercially available
three-dimensional finite-difference time-domain (FDTD)
software, Lumerical. All material data used in the simula-
tion, other than the laser region, is from [12]. The refrac-
tive index of the laser material is chosen to be 3.2, which
is the weighted average of the refractive index of the ac-
tive region, In0'44A10'56As/In0_6Gao'4As.

An optical TM-polarized plane wave with lasing wave-
length at 5.97 ym (found from the emission spectrum of
the device) is used as the source for all performed FDTD
simulations. At resonance, the surface charge is accumu-
lated at the end of each nanorod and it is maximized at
the gap between two closely placed nanorods due to ca-
pacitive coupling [13]. The accumulated charge leads to
large electric field intensity enhancement at the vicinity
of the gap [14].

To understand the effect of dielectric thickness on in-
tensity enhancement, the SiO, thickness of the MDM an-
tenna design has been varied at 0, 10, 20, 30, 50, and
100 nm while keeping the total thickness of the compo-
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site MDM layer constant at 170 nm. The simulated peak
intensity enhancement at the antenna gap on the same
level as the top surface is plotted against varying lengths
of the antenna in Fig. 1(a). As the SiO, thickness is chan-
ged from 10 to 30 nm, there is an approximately fourfold
increase in peak optical intensity. The side view of the
antenna shows the intensity profile for optimized MDM
antenna design [Fig. 1(b)]. The electric field map of the
MDM structure [Fig. 2(a)] shows that multiple coupling
mechanisms are involved in generating near-field en-
hancement. At the beginning, the incident laser light
generates SPs on the bottom Auwbuffer SiO, interface.
Because of vertical plasmon coupling, surface charges
are induced on the top Au and, simultaneously, a strong
electric field is generated inside the sandwiched dielec-
tric. From Fig. 2(a), it can also be found that most of
the electromagnetic field resides inside the sandwiched
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Fig. 1. (Color online) (a) Plot shows the peak intensity en-

hancement versus antenna length. The silicon dioxide thickness
for the MDM structure has been varied at 0, 10, 20, 30, 50, and
100 nm while keeping the total thickness of the structure con-
stant at 170 nm. (b) Side view of the simulated intensity profile
for the MDM antenna (Au/SiOs/Au, 70/30/70 nm) at resonance
antenna length of 2 ym.
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dielectric, and thus there is little absorption loss due to
the metal. Finally, the induced dipole moments at each
vertically coupled Au antenna couple radiatively to
generate strong near-field enhancement. Increasing the
sandwiched dielectric thickness beyond 30 nm affects
the vertical coupling efficiency negatively.

After optimizing our design, we experimentally
measured the electric field enhancement. We fabricated
a QCL with a nanopatterned antenna on the facet
and used an apertureless near-field scanning optical
microscope (NSOM) to probe it. Our QCL is based on
Ing 44Aly 56As/Ing sGa 4As, with a core design as outlined
in a previous paper [15]. After cleaving, the lasers were
mounted on a c-mount and tested for current-voltage
performance at room temperature. After initial char-
acterization, one facet of the device was coated
with SiO;/Au/SiOy/Au (100/70 nm/30 nm/70 nm) by
electron-beam evaporation.

The nanorod antenna was then fabricated on the coated
facet of the laser using a focused ion beam (Hellios FEI).
Using the gallium ion beam at high voltage (30 keV) and
low current (48 pA), a high precision of milling was
achieved. The fabricated antenna on the facet of QCL is
shown in the inset of Fig. 2(a). Figure 2(b) shows a mag-
nified scanning electron microscope (SEM) image of the
coupled antenna. The threshold current of the laser at
room temperature, operating in pulsed mode with 1% duty
cycle (100 ns, 100 KHz), was found to be 2.28 and 1.68 A,
respectively, with and without fabricated antenna. The
reduction in threshold current is due to increasing reflec-
tivity from the facet by the metal coating. The near-field
images and topography of the patterned QCL were then
simultaneously measured with a custom-designed mid-IR
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Fig. 2. (Color online) (a) Electric field distribution along the
xz plane for the MDM antenna at y = 0. (b) Current—voltage
characteristics of QCL integrated with a coupled nanorods an-
tenna. Top left inset, emission spectrum at 300 K for a QCL with
an integrated antenna. Bottom right inset, SEM image of the
Au/SiOs/Au (70/30/70 nm) coupled-nanorods antenna inte-
grated on the facet of a QCL. A magnified SEM image is shown
on the right-hand side.

NSOM [16]. Commercially available NSOMs generally use
a spatially confined optical spot at the end of a hollow me-
tallic scanning tip to selectively illuminate the probed
surface and produce an image beyond the diffraction lim-
it. However, this setup involves complicated intermediate
optics and an external light source. In contrast, we have
built a mid-IR NSOM (Fig. 3) based on a commercially
available atomic force microscope (AFM) (Agilent 5400).
During measurement, the apex of the AFM tip was used to
scatter the near-field intensity from the antenna structure.
The scattered beam was collimated by an objective lens
and then collected using a mercury—cadmium-telluride
detector. A lock-in detection technique at the tapping
frequency was then utilized to filter the scattered signal
from the background noise generated due to scattering
from the surface of the cantilever.

There are two components of scattered electric field,
E, (in-plane) and E, (out-of-plane), interacting with the
oscillating AFM tip, and only the significant component
of the near field is expected to be recorded. The electric
field components on the plane of the sample surface yield
a relatively weak scattering signal compared to the com-
ponent perpendicular to it (E,) [17,18]. Thus, our NSOM
measures E, components of the field [19]. In Figs. 4(c)
and 4(d), the topography and NSOM image of Au/SiOy/
Au (70/30/70 nm) coupled nanorods antenna are shown,
where the resonant length of antenna is 2.0 ym. The
FWHM of the center spot has been found to be ~450 nm.
Away from the resonance length, the optical hot spot has
not been found, as seen from the topographic and NSOM
measurement of coupled nanorods at an antenna length
of 1.5 ym [Figs. 4(e) and 4(f)]. In Figs. 4(a) and 4(b), a
simulated E, field is shown for resonant and off-resonant
antennas. The experimentally measured NSOM image
matches closely with the simulated £, component of the
resonant antenna. Although the simulation showed max-
imum field intensity at both ends of the coupled antenna,
experimentally measured NSOM data repeatedly showed
two bright spots. At this point, we believe it is due to the
hybridization of the symmetric and antisymmetric modes
of the coupled antenna, as discussed in [20]. We plan to
further investigate it in the near future.

The near-field images of the antenna were recorded
with high pixel resolution and with a reduced scan speed
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Fig. 3. (Color online) Schematic diagram showing the NSOM
setup for simultaneous measurement of the topography and
near-field intensity of the MDM antenna integrated with a QCL.
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Fig. 4. (Color online) (a), (b) Top views of simulated E, field along the antenna axis, 50 nm above the top metal surface, for
resonant antenna (length of antenna = 2 ym) and nonresonant antenna (length of antenna a = 1.5 ym). (¢), (d) Topography
and NSOM image of the Au/SiOy/Au (70/30/70 nm) resonant coupled nanorods integrated on the facet of a QCL. (e), (f) Topo-
graphy and NSOM image of the Au/SiOy/Au (70/30/70 nm) off-resonant coupled nanorods integrated on the facet of the QCL. Here
x and y represent the length and the width of the antenna, respectively.

of 0.1 lines/s. The image distortions, as seen in Figs. 4(c)
and 4(e), are due to small drifts in sample position
occurring over the long acquisition time for NSOM mea-
surement. During the NSOM measurement, the laser was
operated at 1% duty cycle near the threshold voltage with
an average power output of 100 xW. Based on our simu-
lation, the average intensity enhancement can be up to a
factor of 4000 and thus, by neglecting any incurred opti-
cal losses, there can be high power density inside the “hot
spot” region.

In conclusion, we have demonstrated NSOM of an
MDM coupled-nanorods antenna integrated on to the fa-
cet of a QCL. FDTD simulation results were used to op-
timize the dielectric thickness in the range from 10 to
30 nm. These simulations also indicate that, at reso-
nance, the peak intensity from the antenna can be up
to 4000 times the incident field intensity. This is a four-
fold improvement over the single metal design. Experi-
mental results with the MDM antenna have the ability
to confine the lasing mode to a spot size as small as
~450 nm, which is more than 10 times smaller than
the wavelength of the laser. The experimental results
of laser confinement were further validated using finite
element modeling. Such high intensity, hot spot locations
can be used in increasing photon interaction with biomo-
lecules for sensing applications [21].
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