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The near-field characteristics of single, double, and arrays of connected dipole nano-antennas
coupled to bolometers were studied by infrared scattering scanning near-field optical microscopy
(s-SNOM) and analyzed by numerical simulations. Results were consistent with classical antenna
theory showing the expected n phase difference across the terminals of the dipoles. However,
according to the observed differences between the measurements and simulations, the symmetry of
the amplitude signal appeared to be sensitive with respect to the position of the bolometric element
relative to the dipoles. The effect of the position of the bolometer on the associated near-field
distribution suggests an influence on the coupling and efficiency of energy transfer into these
detectors, which could be important for determining tolerances in the fabrication of such devices.
These results show how near-field measurements in general can provide critical information
to guide the design of nano-antennas, nano-antenna-phased arrays, and integrated photonic devices.
© 2013 Author(s). All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4815882]

. INTRODUCTION

Antenna-coupled bolometers use nano-antennas to cou-
ple electromagnetic energy in the visible and infrared regions
of the spectrum into high frequency currents, which increase
the temperature of the bolometric element placed at the feed
of the nano-antenna through Joule heating. This increase in
temperature results in a change of resistance which can be
measured and correlated to the amount of radiation incident
on the nano-antenna.'

These nano-antenna-based bolometric detectors have
potential advantages over traditional far-infrared detectors
due to their faster response times, increased responsivity,
wavelength selectivity, and polarization sensitivity.>”
Advances in the fabrication and measurement of these devi-
ces make their application in different regions of the electro-
magnetic spectrum possible.’

Previous work has reported promising results on the use
of various planar nano-antenna geometries for long-wave
infrared detection (NlO,um),“*9 however, all the measure-
ments were performed exclusively in the far-field. However,
excitation and energy transfer to the bolometric element are
largely dictated by the local near-field properties of the
antenna. Therefore, in order to understand and improve the
antenna-bolometer coupling, probing of the spatial near-field
distribution is highly desirable.

Scattering-type scanning near-field optical microcopy
(s-SNOM) has proven to be a powerful tool for the determi-
nation of electromagnetic near-field distribution of optical
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antennas, metamaterials, and waveguides.'®"!” Using this
technique, both the phase and amplitude of the near-field
signal can be obtained with few 10’s of nano-meter spatial
resolution. Previously, antennas not coupled to a load, as
well as antennas coupled to transmissions lines have been
investigated with this technique.lg*24 However, to the best of
our knowledge, the spatial near-field distribution of nano-
antennas coupled to bolometers has not yet been explored
and/or such insight used for device optimization.

In this work, using a combination of s-SNOM and numer-
ical simulations, we investigate the spatial near-field distribu-
tion of single-element and arrays of dipole nano-antennas
coupled to bolometers.

II. MATERIALS AND METHOD
A. Fabrication

The procedure for the fabrication of the nano-antenna-
coupled bolometers has been outlined previously.*® Briefly,
these structures are fabricated on Si wafers having a 50 nm
chromium ground plane. Roughly, 200 nm of SiO, is thermally
deposited on the ground plane to provide for thermal and elec-
trical isolation. The dipole nano-antenna and lead lines are
made out of 100 nm-thick gold, which are patterned using elec-
tron beam lithography and lift-off. Also, a 70 nm thick niobium
bolometric element is deposited by dc-sputtering after defining
the pattern in an electron-beam resist layer. The position of
this element is aligned across the gap between the antennas.
Excess metal is removed by lift-off. Scanning electron micro-
graphs of the single, double, and arrays of connected dipole
nano-antenna-coupled microbolometers are shown in Fig. 1.

© Author(s) 2013
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FIG. 1. SEM micrographs of the (a) single dipole nano-antenna-coupled
microbolometers, (b) double dipole nano-antenna-coupled microbolometers,
and (c) array of dipole nano-antenna-coupled microbolometers with annota-
tions indicating the locations where s-SNOM measurements were performed.

B. Numerical simulation

Numerical simulations of the dipole nano-antenna-
coupled bolometers are performed using the finite-element
method (comsoL MuLTIPHYSICS). The numerical model is
built using the same materials used for the fabrication and
the measured optical constants for those materials at
10.6 um.*® The electromagnetic simulation is performed by
directing a 10.6 um wavelength and 1V/m E-field ampli-
tude plane wave with linear polarization matching the
direction of the antenna. The resulting electrical near-field
is evaluated at 100nm over the antenna plane. Matched
boundary conditions are used in the simulations and tetra-
hedral elements are used to discretize the computational
domain.

C. s-SNOM and AFM measurement

The s-SNOM setup employs an atomic force micro-
scope (AFM) which was modified to allow for scanning of
the sample instead of the tip (Innova, Bruker). Platinum
coated tips with mechanical resonance frequencies between
240 and 280kHz are used with the AFM (Arrow-NCPt,
Nanoworld). As an infrared source, a water cooled CO,
laser provides 10.6 um wavelength radiation (L4S, Access
Laser Company).

An overview of the s-SNOM configuration is shown in
Fig. 2, which provides a spatial resolution of approximately
50nm and is based on the setup used previously.'*!?
Briefly, the CO, laser radiation is directed towards a beam
splitter (BS). At the beam splitter, part of the radiation is
reflected towards the sample while the other part is trans-
mitted towards the reference mirror (RM) and quarter wave
plate (QWP). The beam directed towards the sample is
focused onto the tip at 60° with respect to the surface nor-
mal via a f/1 aspheric lens providing an approximately
65 um spot focus size. The AFM is operated in tapping
mode. The tip is scanned with a scan rate between 0.75 and

J. Appl. Phys. 114, 033109 (2013)
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FIG. 2. Schematic showing the configuration used for the s-SNOM
measurements.

1.5Hz (22.5-60 um/s) and is adjusted according to the
amount of thermal drift observed during scanning done
prior to the measurement. The tip-scattered s-SNOM signal
is collected and detected interferometrically with the beam
reflected off of the RM at the mercury-cadmium-telleride
(MCT) detector. In this setup, polarization selective optics,
using wire grid polarizers (WGP), allows for the sample to
be illuminated with predominantly s-polarized radiation
while allowing to measure predominantly p-polarized scat-
tered radiation.

Tapping-mode AFM height and s-SNOM data were col-
lected simultaneously. The s-SNOM signal recorded at the
detector (S,) can approximately be expressed as

Sq o<l = |Escat + Eref|2 + 1
- |Exca1|2 + |Eref|2 + 2|Esmt . Eref|COS ()b + Iba (1)

where E,.,; is the electric field of the scattered beam, E,.; is
the electric field of the reference beam, ¢ represents the
phase difference between the reference and scattered beam,
and [, is the background signal present from stray reflections
and scattering not related to the scattered near-field or refer-
ence beam signal.'*?°

A lock-in amplifier is used to extract the signal at the
2nd harmonic of the tip dither frequency, which largely elim-
inates the far-field background.””*® The RM is adjusted to
change the phase difference between the two beams that
recombine before reaching the detector. In order to obtain
amplitude and phase images, s-SNOM scans are collected at
different mirror positions. The images are fit, point-by-point,
by a least squares cosine function to obtain the amplitude
and phase information.'*%¢

The lengths of various features in the nano-antenna-
coupled microbolometer structures are determined by per-
forming cross sectional analysis of the AFM height images

using wsxm version 3.1.%°

lll. RESULTS

First, tapping-mode AFM height and s-SNOM measure-
ments were acquired for the single dipole nano-antenna-
coupled microbolometer. Fig. 3(a) shows an AFM height
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image of the single dipole nano-antenna-coupled microbol-
ometer. The overall length of the dipole antenna structure
across the two dipoles was approximately 3.3 um when per-
forming a cross sectional analysis of this image (not shown),
which was consistent with the measured value as determined
by scanning electron microscopy (SEM).

Figs. 3(b) and 3(c) show near-field amplitude and rela-
tive phase images derived from the s-SNOM measurements
of these structures. In Fig. 3(c), the m phase difference
between opposite ends of the dipoles can be seen, which was
expected and has been seen in previous reports.’*?"*34 In
Fig. 3(b), there is a slight asymmetry in the magnitude of the
amplitude value on opposite ends of the pair of dipoles,
which we attribute to the bolometric element being posi-
tioned slightly off center across the gap between the two
dipoles. Experimentally derived amplitude images collected
for other structures having different length dipoles tended to
show more symmetry in the magnitude of the amplitude
when the bolometric element was positioned more centrally
across this gap (not shown). Figs. 3(d) and 3(e) shows
COMSOL MULTIPHYSICS based simulations of the amplitude and
relative phase of these structures, which qualitatively match

J. Appl. Phys. 114, 033109 (2013)

FIG. 3.Images showing simulated
and measured data from the single
dipole nano-antenna-coupled micro-
bolometer structure. Shown is simul-
taneously recorded (a) AFM height
data showing the topography of the
structure, (b) measured amplitude sig-
nal from s-SNOM, and (c¢) measured
phase signal from s-SNOM. Also
shown are (d) simulated amplitude
and (e) simulated phase signal calcu-
lated from COMSOL MULTIPHYSICS.

the measured data at the dipole elements. Specifically, in
both the simulation and experiment, the strongest amplitude
signal of the near-field is observed towards opposite ends of
the antennas. This is similar to what has been observed pre-
viously by simulation for antennas without a gap and should
be expected as well with the presence of a load across a
gap.”>3? In addition, both the measured and simulated ampli-
tude images show a minimal amount of near-field in the
background (the areas around the antenna-coupled microbol-
ometer and lead lines), although the measured and simulated
phase implies some field exist in these areas. The simulated
and experimental data show a difference in phase in the
background [Figs. 3(c) and 3(e)], but some of this difference
and the large changes in phase can be attributed to the mini-
mal amount of field in this area, which has been shown to
yield relatively large error in phase.'” Another difference
between the simulations and experimental data shown is the
lack of amplitude signal from the microbolometric element
and the lead lines in the simulation as compared to the
experiment where a relatively strong amplitude signal is
present at these structures [Figs. 3(b) and 3(d)]. Both of the
above differences between the simulated and measured data
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FIG. 4. Images showing simulated and
measured data from the double dipole
nano-antenna-coupled microbolometer
structure. Shown is simultaneously
recorded (a) AFM height data showing
the topography of the structure,
(b) measured amplitude signal from
s-SNOM, and (c) measured phase sig-
nal from s-SNOM. Also shown are
(d) simulated amplitude and (e) simu-

: | 10.14
0.12
0.1
0.08
0.06
0.04
(b) 0.02
0 2 4 6

6 -4 -2
X ()

¥ (pm)

0 2 4 6
X (pm)

can be mostly attributed to the simulations being performed
by exciting the structures with the incident radiation normal
to the surface plane while in the experiment the structures
were excited with the incident radiation at 60° off normal.
This leads to s-SNOM dielectric material contrast due to the
tip-sample coupling.

Next, tapping-mode AFM height and s-SNOM measure-
ments were acquired for the double dipole nano-antenna-
coupled microbolometer. Fig. 4(a) shows an AFM height
image of the double dipole nano-antenna-coupled microbol-
ometer. Cross sectional analysis of this image showed that
the overall length of the dipole antenna structure across the
two dipoles was approximately 4.5 um, while the separation
between the antennas from the different antenna-coupled
microbolometer structures was approximately 1.6 um (not
shown). Both these values were consistent with measure-
ments done by SEM.

Figs. 4(b) and 4(c) show amplitude and relative phase
images derived from the s-SNOM measurement of these
structures. As with the single dipole nano-antenna-coupled
microbolometer structure, the expected n phase difference
between the ends of the dipoles can be seen in Fig. 4(c),

lated phase signal calculated from
COMSOL MULTIPHYSICS.

although it is not as clearly evident. Here, the amplitude of
the near-field is more symmetric on opposite ends of the
dipoles, which is likely due to the bolometric element being
positioned more centrally across the gap between the
dipoles compared with the single dipole-coupled microbol-
ometer. Figs. 4(d) and 4(e) show corresponding comsoL
simulations of the amplitude and relative phase of these
structures. Although the key resonant features observed are
reproduced in the calculations, the experimental signal is
dominated by background and contrast from the dipole
antenna, the microbolometric element, and the lead lines
[Figs. 4(b) and 4(d)].

In the next set of measurements shown in Figs. 5 and 6,
tapping-mode AFM height and s-SNOM measurements were
acquired for the array of connected dipole nano-antenna-
coupled microbolometers. A SEM image of the full array is
shown in Fig. 1(c) above, which shows the locations in the
array where the measurements were performed. Measurements
were taken in two different regions of the array. Figs. 5(a) and
6(a) shows AFM height images of the array of dipole nano-
antenna-coupled microbolometer at the corner of the array and
center of the array, respectively. Cross sectional analysis of
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these images showed that the overall length of the dipole
antenna structure across the two dipoles in the array was
approximately 5 um (not shown). In this analysis, the separa-
tion between the antennas from the different antenna-coupled
microbolometer structures in the y-direction in the image was
approximately 5 um, while the gap between adjacent dipoles
belonging to different sensing elements was approximately
0.5 um (along the x-direction). All these values derived from
the AFM height images were consistent with the measured
values determined by SEM.

Figs. 5(b) and 5(c) show amplitude and relative phase
images derived from the s-SNOM measurement of these
structures in the corner of the array, while Figs. 6(b) and 6(c)
show amplitude and relative phase images from near the cen-
ter of the array. As with the previous single and double
dipole coupled microbolometer structures, Figs. 5(c) and
6(c) show a 7 phase difference between the ends of the
dipoles at both locations in the array. However, the ampli-
tude image from the center of the array [Fig. 6(b)] shows
more asymmetry in the strength of the amplitude of the near-
field at opposite ends of the dipoles compared to the ampli-
tude image for the corner of the array [Fig. 5(b)]. As with the

08 6 -4 -2

0 2 46 810
X (pm)

single dipole coupled microbolometer, this asymmetry in the
amplitude signal at the center of the array could be due to
the bolometric element in the experiment being positioned
more off center across the gap between the two dipoles.

Figs. 5(d) and 5(e) show corresponding comsoL simula-
tions of the amplitude and relative phase at the corner of
the array, while Figs. 6(d) and 6(e) show simulations of the
amplitude and relative phase at near the center of the array.
The simulation of the phase for both areas of the array
[Figs. 5(e) and 6(e)] is consistent with measured data men-
tioned above where a 7 phase shift is also observed across
the opposite ends of the dipoles. Also, the simulation of the
amplitude at the corner of the array shows near equal
strengths in the amplitude signal at the opposite ends of the
dipoles, which is consistent with the measured data shown
in Fig. 5(b). The simulation of the amplitude signal at the
center of the array shows more symmetry in the strength
of the amplitude signal at the ends of the dipoles compared
to the measured data [Fig. 6(b)], which further supports that
the amplitude of the near-field in these areas is sensitive to
the position of the bolometric element relative to the
dipoles.
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IV. CONCLUSION

In this work, the near-field characterization of dipole
antenna-coupled microbolometers is obtained experimentally
and by finite-element simulations. In most cases, both exper-
imentally derived phase and amplitude images of the near-
field signal qualitatively match simulations performed using
COMSOL MULTIPHYSICS and are consistent with classical
antenna theory. Specifically, the expected m phase shift
across the length of the antenna elements is observed for all
the structures in the experiment as well as in the simulations.
Interestingly, the amplitude of the near-field signal on oppo-
site ends of the antenna elements is approximately equal
depending on how well the bolometric element is centered
on top of the dipole antennas. The effect of the position of
the bolometric element on the amplitude signal on the
antenna arms suggests that energy will be coupled differently
into this element depending on the relative position of these
structures and this could have a significant impact on the
response of these types of detectors.

The results presented in this work are relevant for the
use of the near-field in nano-antennas for integrated optics
applications and for utilizing the phase coupling of these

iy | B |
'WMIBTATW
2

FIG. 6. Images showing simulated and
measured data from the inside region
of the dipole nano-antenna coupled
microbolometer array structure. Shown
is simultaneously recorded (a) AFM
height data showing the topography of
the structure, (b) measured amplitude
signal from s-SNOM, and (c) measured
phase signal from s-SNOM. Also
shown are (d) simulated amplitude and
(e) simulated phase signal calculated
from cOMSOL MULTIPHYSICS.
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antennas in order to design nano-antenna-phase arrays for
beam steering applications.®'*

Future work will examine single dipole nano-antenna-
coupled microbolometer structures of different overall
lengths across the dipole and study the effect that different
length structures have on the resulting near-field distribu-
tions. The first resonance length of these structures was pre-
dicted to be roughly 3.1 um in a previous report,* which is
smaller than the length of these structures (~3.3 um).
However, it has been shown that dipole behavior can still
be observed for antennas with lengths greater than the reso-
nance length,22 which is what we have observed in this
report.
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