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Abstract: We report a bowtie plasmonic quantum cascade laser antenna that
can confine coherent mid-infrared radiation well below the diffraction limit.
The antenna is fabricated on the facet of a mid-infrared quantum cascade
laser and consists of a pair of gold fan-like segments, whose narrow ends
are separated by a nanometric gap. Compared with a nano-rod antenna
composed of a pair of nano-rods, the bowtie antenna efficiently suppresses
the field enhancement at the outer ends of the structure, making it more
suitable for spatialy-resolved high-resolution chemical and biological
imaging and spectroscopy. The antenna near field is characterized by an
apertureless near-field scanning optical microscope; field confinement as
small as 130 nm is demonstrated at a wavelength of 7.0 um.
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1. Introduction

In a conventional apertureless near-field scanning optical microscope (azNSOM), a spatially-
confined optical spot at the end of a metallic scanning tip enables nanometric features in
samples to be selectively illuminated, resulting in spatial resolution exceeding the diffraction
limit[1, 2]. In such a passive system, an external light source and some intermediate optics are
utilized to illuminate the scanning tip; the generation of localized surface plasmon waves as
well as the “lightning-rod effect” create a subwavelength optical spot at the apex of the sharp
tip [3, 4]. The system could be greatly simplified if the light source and the nanostructure,
which confines the electric field to subwavelength dimensions, could be combined in an active
device. Recently, some efforts have been made to realize such active devices in both the near-
infrared (near-ir) and the mid-infrared (mid-ir) regions [5-7]. These devices, termed plasmonic
laser antennas, were implemented by defining metallic nano-antennas on the facets of near-ir
commercia laser diodes and mid-ir quantum cascade lasers (QCLS). In both devices, the
antenna structure consisted of two rectangular nano-rods with rounded ends, separated by a
gap. At the resonances of the antennas, intense nanometric optical spots (~A/20 for the near-ir
plasmonic laser antenna and ~\A/70 for the mid-ir plasmonic laser antenna) were demonstrated
in the antenna gap. However, there were also intense optical spots located at the two outer
ends of the antenna structures [5-7]. The elimination of these side optical spots would produce
a single subwavelength optical spot in the near field, which would be more suitable for
spatially-resolved high-resolution chemical and biological applications [8-10]. In addition, it
would be also very interesting to study, on amore basic level, the characteristics of the bowtie
structure as compared with the nano-rod structure. In this letter, mid-ir bowtie plasmonic laser
antennas are reported. The devices are demonstrated to provide spatial field confinement as
small as 130 nm, and can sufficiently suppress the field enhancement at the outer ends of the
antenna.
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Our device is fabricated by defining a bowtie structure consisting of a pair of gold fan-like
segments on the facet of a quantum cascade laser. The narrow ends of the segments are facing
each other and are separated by a nanometric size gap. The antenna axis is orientated along the
laser polarization. Antenna dipolar resonances are achieved when the length of each antenna
segment approximately equals an odd integer number of half surface plasmon wavelengths[5,
7, 11-14]. In this situation, the field enhancement in the gap is maximized because the two
narrow ends congtituting the antenna gap have charges of opposite sign and the charges
accumulated there are maximized. Physically a nano-capacitor is formed at the antenna gap,
leading to an intense localized electric field. In the bowtie antenna, due to the large radius of
curvature of the outer ends of the antenna segments, the charges concentrated there have a
much lower density than at the narrow ends, leading to a substantially smaller field
enhancement than in the gap. Therefore, in addition to producing a very intense localized
optical spot in the antenna gap, the bowtie structure will provide areasonably large ratio of the
intensity of the optical spot in the antenna gap to that of the side spots at the outer ends of the
antenna.

QCLs are semiconductor lasers based on optical transitions between quantum confined
states in the conduction band [15, 16]. By tailoring the thickness of the quantum well layers
congtituting the laser active region, the emission wavelength of mid-ir QCLSs can be adjusted
continuously from about 3 um to 24 um, covering the entire mid-ir “fingerprint region” [17].
Mid-ir QCLs have recently achieved a high level of technological maturity: they can provide
hundreds of milliwatts of output power under continuous wave operation at and above room
temperature; they have been demonstrated to be highly reliable [18]. Sensitive and selective
analyses on a large variety of gas- and liquid-phase specimens have been demonstrated by
absorption spectroscopy using mid-ir QCLs[19, 20].

2. Simulations

The finite-difference time-domain (FDTD) method [21] is used to carry out a comparative
study of the bowtie and the nano-rod antennas. Schematics of the simulated antenna structures
are shown in Fig. 1(a), with their geometric parameters indicated. The antennas have the same
gap width and QCL material is used as the substrate in the model. The excitation source
consists of a mid-ir plane wave polarized along the antenna axis. The plane wave is launched
from the inside of the laser material at normal incidence to the substrate. The refractive index
of the laser medium is taken as 3.15, which is the weighted average of the refractive indices of
the two constituents of the laser active region: InGaAs and AllnAs. This is a good
approximation because the wavelength in the laser medium (about 2.2 um at A=7.0 um) is
much larger than the thickness of each individual quantum well layer in the active region.
Adaptive meshing is used in all the FDTD simulations [21]: the area around the antenna gap
has a grid size of 5 nm and other parts of the simulation region have a grid size of 20 nm. This
helps to reduce the amount of calculations without sacrificing the resolution around the
antenna gap.
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Fig. 1. A comparative study of the mid-infrared nano-rod antenna and the bowtie antenna by
FDTD simulations. The free space wavelength of the incident plane wave normal to the planeis
assumed to be 7 um. (8) Simulated antenna structures. Left panel: a schematic of the nano-rod
antenna. It is composed of two gold nano-rods separated by a nanometric gap. The size of the
gap, the length and the width of the nano-rods, are indicated in the figure as g, Lo, and w,
respectively. Right panel: a schematic of the bowtie antenna. It consists of two gold fan-like
segments separated by a nanometric gap. The geometries of the antenna are indicated in the
figure. Both antennas have a thickness of 70 nm and they are defined on the output facets of
guantum cascade lasers (QCLs). The facets are assumed to be coated with a 70 nm-thick
electrically insulating layer of alumina. The antenna axes (dotted lines) are aligned with the
polarization of the incident electric field. (b) Electric field amplitude enhancement vs. the
antenna length L for the nano-rod antenna and the bowtie antenna. The field is calculated in the
middle of the antenna gap at the level of the antenna top surface and is normalized to the
amplitude of the incident field. The antenna length L is varied; other geometric parameters are
kept unchanged and have the values as indicated in (a). (c) FDTD simulation results showing
the electric field amplitude enhancement distribution of the two antennas at the first resonance
(Lrog=1.4 um and Lpowie=1.2 um). The enhancement is calculated on the plane that is at the
same level as the antenna top surface. (d) Line scans of (c) along the antenna axes.

The field enhancement in the antenna gap is maximized when the antennaiis illuminated at
one of its resonant wavelengths. In Fig. 1(b), we present calculaions of the electric field
enhancement in the gap as a function of the length of each antenna segment (L;og OF Lioutie)s
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alowing these resonances to be identified. In these simulations, the tip angle 6 of the bowtie
antenna is fixed at 45°. The width of the narrow ends w, the antenna gap g, and the antenna
thickness are fixed at 125 nm, 100 nm, and 70 nm, respectively. The length of each antenna
section Lpowtie IS Varied from 0.3 um to 6.1 um. Similarly, for the nano-rod antenna, the length
of each rod Lo is varied from 0.3 um to 6.6 wm, with the other parameters kept unchanged.
The two peaks at Lyowie=1.2 um and 4.6 um for the bowtie antenna represent the first and the
second dipolar antenna resonances, respectively; the corresponding resonance peaks for the
nano-rod antenna occur at greater lengths: Lo¢=1.4 um and 5.1 um. Antenna theory predicts
that for a nano-rod antenna consisting of two highly conducting cylindrical rods with radius a,
the antenna resonances appear at L.=nA/2 as a vanishes, where A is the surface plasmon
wavelength and n is an odd integer number [12,13]. If a is not infinitesimal, the resonances
occur a L<L, and a genera trend is that the resonances occur at smaller values of L if the
shape of the antenna departs from the idealized case of a pair of infinitely thin rods [12, 13,
22]. Our simulation results of the nano-rod and the bowtie antennas are consistent with this
trend. Moreover, Fig. 2(b) shows that the bowtie antenna has smaller maximum field
amplitude enhancement compared with that of the nano-rod antenna. Thisis most likely due to
a smaller Q factor for the former because of the larger antenna area, and correspondingly
greater losses. Thiswas also predicted by Crozier et al. for triangular optical antennas[11].

In Fig. 1(c), FDTD simulations of the 2D distributions of the field amplitude enhancement
for the two antennas at the first resonance are presented. For both structures, the strong
electric field is confined to the antenna gap with a spatial extent mostly determined by the gap
size. Compared with the nano-rod structure, weaker field enhancement appears at the outer
ends of the bowtie structure. This is more apparent in Fig. 1(d), in which line scans along the
antenna axes of the data presented in Fig. 1(c) are given. Compared to the nanorod antenna,
the bowtie antenna has a larger ratio of the near field amplitude in the gap to the near field
amplitude at the antenna outer ends. The ratio is about 3.5 for the latter and about 1.8 for the
former. This demonstrates the benefit of the bowtie structure, which is more efficient in
suppressing the side spots. Simulations indicate that the suppression ratio is even larger for
bowtie antennas with larger tip angles 6.

Note that the near field around the antenna structure is preferentially aligned with the
antenna axis or the polarization of the incident field. The other field components are no larger
than a few percent of this component. In al the simulations presented above, the antennas are
gold. For modeling purpose, the gold was treated as a modified Debye material described by
g(w)=e..+(ese..)/(I+imt)+o/(iwep) with g, €.., €9, T, and ¢ being the static relative permittivity,
the relative permittivity at infinite frequency, the free space permittivity, the relaxation time,
and the conductivity, respectively [23]. By using values e=-15631, €.=1, 7=1.08x10™ sec,
and 6=1.28x10" Sm™, we obtaina close match between g(o) and the experimentally obtained
optical parametersin the wavelength range from 5 um to 9 um [24].

3. Experimental setup

A mid-ir aNSOM (Fig. 2) based on a commercial atomic force microscope (AFM) (PSIA
XE-120) is utilized to characterize the spatial profiles of the laser transverse modes [7,25] and
the near field distribution of the bowtie antennas. The characterization of the transverse modes
enables us to define the antennas at the laser mode maxima. For these measurements, we use
commercia silicon AFM tips (Veeco Probes and Budget Sensors) that have resonance
frequencies ranging from about 40 kHz to about 80 kHz. The tips are coated with 70 nm gold
and the tip apex curvature is about 30 nm. The QCLSs are driven by 125 ns current pulses with
a repetition rate of about 500 kHz to reduce the average power, thereby preventing melting of
the antennas and the metallic coatings of the AFM tips. In order to enhance the detection
sensitivity, the interference between the near field scattered into the far field by the apex of the
AFM tip and areflected laser output is measured [25]. Therefore, the NSOM signal detected is
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proportional to the near-field magnitude rather than the near-field intensity, assuming that the
magnitude of the reflected laser field is a congtant [26, 27]. A smal metallic mirror is
positioned with an appropriate angle near the AFM tip or close to the back output facet of the
laser to create the reflected beam. The antennas are defined on the front facet of the QCLs.
Two zinc selenide (ZnSe) lenses with numerical aperture of about 0.3 are used for collecting
and focusing the mid-ir radiation onto a liquid-nitrogen-cooled mercury-cadmium-telluride
(MCT) detector. The signal detected is demodulated at the second harmonic of the tapping
frequency of the AFM tips by a lock-in amplifier (SRS830, Stanford Research Systems). This
enabl es discrimination between contributions from the scattered near field and the background
light [26, 27]. The latter mainly originates from scattering of the laser output by the tip shaft
or the AFM cantilever [26, 27].

position sensitive

detector (PSD) reference demadulationat 24,
AFM for lock-in lock-in
diode laser amplifier| output
A_I;M. prob?( input for
oscillating at 7, lock-in
Ereflect
MCT
hiror detector
e
Escm
“ lenses
QCL

Fig. 2. A sketch of the apertureless mid-ir near-field scanning optical microscope used to
characterize the laser transverse modes and the antenna near field on the facets of quantum
cascade lasers (QCLS).

4. Bowtie antenna fabrications and NSOM experimental results

The devices on which the bowtie antennas are fabricated are buried heterostructure (BH)
QCLs lasing at A=7.0 um and with active region width of about 12 um. The BH processing
and the performance of these structures are described in Ref. [28]. Transverse mode imaging
indicates that the QCLs that are employed lase in a TMy mode with a single lasing spot at the
center of the active region. After this initial mode characterization, the insulating alumina
layer (70 nm) and the gold layer (70 nm) are deposited on the laser facet. The bowtie antennas
are then defined by focused ion beam (FIB) milling where the laser mode has its maximum.
Figure 3 shows the scanning electron microscope (SEM) images of one of the antennas
fabricated. Our FDTD simulations [Fig. 1(b)] predict that it is resonant at A=7.0 um. The
width of the antenna gap is about 94 nm. The four markers at the corners of the active region
in Fig. 3(a) are defined by FIB milling before depositing the alumina and the gold layers.
They are helpful for alignment of the antenna to the center of the laser active region.
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Fig. 3. Bowtie antenna fabricated by focused ion beam milling. (a8) A scanning electron
microscope (SEM) image of the antenna defined on the facet of a A=7.0 um quantum cascade
laser (QCL). The dotted lines indicate the boundary of the cross section of the laser active
region. The darker area is the milled region, in which the underlining alumina layer has been
exposed. Thelighter areais gold. (b) A zoom-in view of the antenna shown in (a).

In Fig. 4(a), the NSOM image and the AFM topography taken simultaneously are
presented for the bowtie antenna shown in Fig. 3. From the NSOM image, it can be seen that
the antenna generates a subwavelength spot in the antenna gap with strength considerably
stronger than that of the side spots at the outer ends of the antenna. The line scan of the
NSOM image along the antenna axis [Fig. 4(b)] shows that the center optical spot has a full-
width at half-maximum (FWHM) of about 250 nm. The size is larger than the dimensions of
the antenna gap, which is about 100 nm. This might be due to the finite radius of curvature of
the AFM tip apex. One of the side peaks in the line scan has a height that is about 30% of that
of the center peak, while the other side peak is about 10% of the center peak. The asymmetric
side peaks might be due to the asymmetry of the antenna structure (Fig. 3), or might be due to
the dlightly different magnitude of the reflected signal (E. in Fig. 2) that occurs when the tip
scans each outer end of the antenna. In recent work on nano-rod antennas, we demonstrated
experimentally a resonant nano-rod antenna at A=7.0 um with a comparable gap size as the
bowtie structure presented here [7]. The ratio of the center peak to the side peaks in the line
scan of the NSOM image was about 2 [7]. By contrast, thisratio is between afactor of 3to 10
for the bowtie antenna presented here, demonstrating that the bowtie structure suppresses the
side spots more efficiently. A 3D view of the NSOM image [left panel of Fig. 4(a)] is shown
in Fig. 4(c), which exhibits an intense center spot with a spot size of about 250 nmx200 nm.
The large ratio between the center spot and the side spotsis evident.

#86838 - $15.00 USD  Received 24 Aug 2007; revised 24 Sep 2007; accepted 26 Sep 2007; published 27 Sep 2007
(C) 2007 OSA 1 October 2007 / Vol. 15, No. 20/ OPTICS EXPRESS 13278



—

o

Lock-in Signa

(c)

@0
Fig. 4. Mid-ir aperturelesssNSOM imaging of the bowtie plasmonic laser antenna. (a2) NSOM
image (left) and AFM topography (right) for the antenna shown in Fig. 3. The antenna is
designed to be working at the first dipolar resonance with A=7.0 um. (b) Line scan of the
NSOM imagein (a) along the antenna axis. (c) A 3D view of the NSOM imagein (a).
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The electric field in the gap of the bowtie antenna can be estimated by considering the
field strength in the QCL mode and the simulated field amplitude enhancement. The QCL
used has an average output power of about 0.5 mW. The repetition rate of the current pulses
was 500 kHz and the pulse width was 125 ns. The peak optical intensity of the laser mode is
therefore about 2x10°W/cm?. The optical intensity in the center of the antenna gap is therefore
about 2.5x108W/cm?, corresponding to an electric field of about 2x10°V/cm.

Lock-in Signal

o
o

0.5 1 1.5 2 2.5 3
Y [um]

Fig. 5. Characterizations of another bowtie plasmonic laser antenna. (a) A scanning electron

microscope image of the antenna. It has a smaller gap size compared with the antenna shown in

Figs. 3 and 4. (b) Simultaneous NSOM image and AFM topography for the antenna. It is

designed to be working at the first dipolar resonance with A=7.0 um. (c) Line scan of the

NSOM image along the antenna axis. The center peak has a full-width at half-maximum of
about 130 nm.
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In Fig. 5(a), the SEM image of another bowtie antenna working at the first dipolar
resonance is presented. The antenna gap width is about 76 nm, which is smaller than that of
the bowtie antenna presented in Fig. 3. Figure 5(b) shows the NSOM image and the AFM
topography taken simultaneously for this device. The line scan through its axis [Fig. 5(c)]
shows correspondingly a smaller FWHM of about 130 nm. The optical spot in the center of
the antenna gap is triangular with field enhancement close to the gap on the right slanting
edges of the bowtie structure. This is most likely due to the fact that the antenna is defined
slightly to the left of the laser mode maximum (the misalignment is about 0.6 um, determined
by measuring the distance between the location of the antenna and the center of the active
region). The center-spot-to-side-spot ratio for this antennais found to be larger than 3, in good
agreement with the other device.

It should be pointed out that the near-field scattering efficiency of the AFM tip is different
when thefield is polarized parallel or perpendicular to the axis of the AFM tip: the former has
a much higher efficiency [27]. Although the near field is primarily polarized perpendicular to
the AFM tip in our experimental configuration, there is ill a non-zero field component along
the tip axis due to the pyramidal shape of the tip and the tilting of the tip axis in the
experimental setup: all of these complicate a quantitative analysis.

5. Conclusions

We have demonstrated experimentally the bowtie plasmonic QCL antennas. The devices can
provide confinement of the electric field in the antenna gap to dimensions of A/50~A/30 at
mid-ir wavelengths. Importantly, these devices efficiently suppress the field enhancement at
the outer ends of the antenna structures. The center-spot-to-side-spot is about 3 to 10 for the
bowtie structure, compared to a ratio of about 2 for the nano-rod structure. The pesk intensity
in the gap of the resonant bowtie antennaiis estimated to be on the order of 0.1GW/cm?. These
compact active devices may find applications in high-resolution chemical and biological
imaging and spectroscopy.
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