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Lithographic antennas at visible frequencies
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The response of antenna-coupled thin-film Ni–NiO–Ni diodes to 633-nm helium–neon laser radiation is
investigated. Although these detectors and their integrated dipole antennas are optimized for the detection
of mid-infrared radiation, a polarization dependence of the measured response to visible radiation is observed.
The strongest signals are measured for the polarization parallel to the dipole antenna axis, which demonstrates
antenna operation of the device in the visible in addition to the expected thermal and photoelectric effects.
The connection structure of the diode also resonates and contributes to the polarization-dependent signal.
The receiving area of the dipole antenna is approximately 2 mm2.  1999 Optical Society of America
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The efficiency of lithographic antennas has been
demonstrated to mid-infrared frequencies.1 – 3 The
behavior of these antennas differs from that of their
counterparts at lower frequencies primarily because
of the reactive component of the surface impedance
of the metals,4 which also limits the high-frequency
operation of antenna-coupled detectors designed for
the infrared. As a confirmation, the metal whisker of
a point-contact metal–oxide–metal (MOM) diode is an
eff icient long-wire antenna down to at least a wave-
length of 10 mm but does not seem to act as an antenna
for visible radiation.5,6 Detection with MOM diodes in
the visible has been attributed to photoconductive and
thermal effects.7 Correspondingly, to the best of our
knowledge, no planar structure was previously shown
to resonate as an antenna at visible wavelengths. In
this study we have measured a polarized response of
a thin-film antenna-coupled Ni–NiO–Ni diode at a
wavelength of 632.8 nm. The highest responsivity
occurs for radiation polarized parallel to the axis of
the dipole antenna integrated with the MOM diode.
Antenna structures for visible wavelengths would find
applications in metrology for heterodyne detection in
the visible,8 real-time polarization-sensitive imaging,
and near-field imaging.9 Because the device that we
measured was designed for an antenna resonance near
10 mm, we believe that the antenna response observed
in the visible could be improved by optimization of the
structure size for shorter wavelengths.

The sensors used in this study were thin-film MOM
diodes with integrated dipole antennas10 (Fig. 1, inset).
A 3.5-nm NiO layer was sputtered between the sepa-
rate depositions of the two Ni arms. The patterns
were defined with electron-beam lithography, resulting
in minimum feature sizes of approximately 0.2 mm.
The substrate was Si, coated with a 1.5-mm layer of
thermally grown SiO2. The electrical connections to
the diode are also depicted in the inset of Fig. 1. The
dipole antenna had a total length of 6.7 mm.

The experimental setup used a linearly polarized
He–Ne laser chopped at a frequency of 400 Hz. The
linear polarization was rotated by means of a half-wave
plate. After spatial filtering, expansion, and collima-
0146-9592/99/221629-03$15.00/0
tion, the beam was closely Gaussian, with a 1�e2 radius
of 4 mm. This expanded beam was focused on the
diode by a doublet lens with a focal length of 40 mm
and an aperture of 22-mm diameter. The diode was
mounted upon a three-axis positioning stage. The z
direction (along the beam axis) was moved manually,
and the x and y axes were motorized by a Melles Griot
Nanomover system with a bidirectional repeatability of
100 nm. The diode was initially place approximately
at the focus of the beam. We maximized the response
by moving the device along the three directions, placing
the device at the point of highest irradiance. At
visible frequencies the devices were illuminated from
the air side because the Si substrate is opaque. The
use of a transparent substrate such as quartz would
permit illumination from the substrate side and would
enhance the antenna’s performance in the visible.

We measured the polarization dependence of the re-
sponse of the Ni–NiO–Ni detector by rotating the half-
wave plate of 180± in 4± steps (Fig. 1). The signal was

Fig. 1. Polarization dependence of the signal measured
with an antenna-coupled Ni–NiO–Ni diode illuminated
with 633-nm wavelength radiation.
 1999 Optical Society of America
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f itted to the sum of a constant Vip and a cosine squared
function with an amplitude Vp. The maximum signal
was measured at an angle u0 close to zero, correspond-
ing to polarization parallel to the antenna axis. The
deviation of the value of u0 � 23.97± from zero can be
explained by the mounting tolerances of the detectors
on their chip carriers and by the uncertainties of the
angular orientation of the polarizing elements. The
polarization-dependent contribution to the signal is
evidence of an antenna effect in the visible.

In addition to the dipole-antenna response, a re-
sponse from the electrical connections to the diode
was observed in all measurements. To investigate the
antenna mechanism of this metallic V structure, we
performed one-dimensional scans across these connec-
tions. The focused beam was scanned perpendicular
to the line of symmetry of the connections, at a dis-
tance of 5 mm from the Ni–NiO–Ni diode (Fig. 2, in-
set). Comparing the data in Figs. 1 and 2, we can
see that the responses from the two connections were
less than 20% of the maximum detector response. The
response of each connection can also be represented
as the sum of a constant and a cosine squared oscil-
lating with the polarization angle (Fig. 2). The two
connections exhibit a maximum response for angles
of uA � 212.7± and uB � 19.8±, respectively. These
angles correspond to the local cross-arm direction of the
connections. The cross-arm dimension of the connec-
tions at this distance from the diode is of the order of
2l, so the transverse modes of the arm inf luence the
observed polarization dependence. This response of
the electrical connection structure is more noticeable in
our visible-wavelength experiments than in measure-
ments reported at infrared frequencies.1,2

A precise characterization of the beam incident upon
the detector is necessary to deconvolve the receiving
area of our antenna-coupled detectors.11 The beam
profile at the point of highest irradiance was analyzed
by knife-edge scans in the x and y directions. The inci-
dent beam was modeled based on the characteristics of
the optical train, e.g., aperture of the last lens, radius
of the beam before the last lens, and spherical aber-
ration. Careful alignment permitted elimination of
angular asymmetries in the beam. Thus the focused
irradiance was modeled as a radial distribution, gen-
erated as a convolution of a Gaussian beam with an
aberrated Airy disk containing only spherical aberra-
tion.12 The beam parameters were obtained by use of
a least-squares fitting procedure on the experimental
knife-edge data. Ninety per cent of the beam energy
in the plane of maximum irradiance was contained in a
circular area with a radius of 3.2 mm.

The spatial response of the antenna-coupled de-
tectors to visible radiation was obtained with a two-
dimensional scanning and deconvolution process,
similar to that described in Ref. 11 for infrared radia-
tion at 10.6 mm. The Richardson–Lucy deconvolution
algorithm permits retrieval of the spatial response
of the detector from the measured data and from the
modeled incident beam. The detectors were scanned
across the beam in a 16 mm 3 16 mm window, with
0.2-mm steps in both directions. The measurement
was performed for the polarization parallel to the
dipole axis and for the orthogonal polarization. We
averaged three sets of data for each polarization direc-
tion, taking into account the symmetry of the antenna
structure. The averaged response was deconvolved
from the incident beam by 300 iterations. The results
can be seen in Figs. 3(a) and 3(b). We have plotted
the 10% and the 50% response levels to show that most
of the receiving area is located close to the diode. The
spatial response for the polarization parallel to the an-
tenna [Fig. 3(a)] contains contributions from the dipole
and from thermal effects. The location and shape of
the contours for the cross-polarized spatial response
[Fig. 3(b)], slightly displaced away from the dipole,
indicate a nonnegligible antenna contribution of the
V-shaped connection structure, besides the thermal
response. Taking the signal difference between the
two polarizations [Fig. 3(c)] cancels the contribution
of the thermal and polarization-independent mecha-
nisms. However, this operation also subtracts the
polarization-dependent responses over the regions of
their overlap. Therefore Fig. 3(c) cannot be considered
as purely a dipole-antenna response. The individual
spatial response of the dipole antenna [portion about
the center of the dipole in Fig. 3(c)], disregarding the
connections, is approximately an elliptical region with
an axis ratio of roughly 3:2. A conservative estimate
of the area where the dipole antenna collects most
of the energy (90%) is approximately 2 mm2. In the

Fig. 2. Polarization dependence of the response of the
connections to the diode.

Fig. 3. Receiving area of the Ni–NiO–Ni diode for
633-nm radiation with polarization (a) parallel and (b) per-
pendicular to the antenna. (c) Difference between the par-
allel and the perpendicular polarizations. The contours
correspond to 10% and 50% of the maximum value.



November 15, 1999 / Vol. 24, No. 22 / OPTICS LETTERS 1631
infrared case, at 10.6 mm, the collecting area extended
approximately one dielectric wavelength past the
dipole antenna in all directions.11 On the contrary,
in the visible the collecting area does not cover the
entire dipole and is located in a small region about the
center of the dipole. This confirms that the antenna
currents are strongly attenuated at visible frequencies,
hindering the development of strong resonances on
the dipole antenna. Current waves will not propagate
past one or two wavelengths because of this high
attenuation. Therefore antenna structures intended
for use at visible wavelengths must be fabricated with
dimensions comparable with one wavelength. The
large dimensions of the structure investigated, com-
pared with the wavelength, and the deviation of
the design from an ideal dipole antenna explain the
observation that several locations on the devices show
sensitivity to different polarizations.

Previous measurements5,6 performed with visible ra-
diation with point-contact MOM diodes did not point
to any evidence of an antenna-coupling contribution.
Detection and mixing in the visible were attributed
to thermal and photoelectric effects. The large size
of the metal whisker (typical diameter of 25 mm)
relative to visible wavelengths gives a plausible ex-
planation for the absence of the effect in those ex-
periments. Similarly, experiments performed with
planar MOM diodes fabricated with optical lithogra-
phy did not demonstrate any antenna effect.13 The
lateral dimension of the antenna, of the order of 1 mm,
and the structural roughness of these evaporated films
compared with the wavelength explain the lack of
an observable polarization-dependent signal. In our
present experiments the thermal and photoelectric
mechanisms are certainly present and contribute to
the part of the signal that is independent of polar-
ization. However, the small dimensions of our struc-
tures, with widths of approximately 200 nm, and the
superior quality of the sputtered metal films compared
with evaporated films permitted us to observe an an-
tenna effect in the visible.

A polarization dependence of the signal measured
with our detectors has demonstrated an antenna effect
at visible frequencies. The results were obtained with
planar antenna-coupled Ni–NiO–Ni diodes optimized
for infrared radiation. The dipole antenna used in this
study had a length of the order of 10 wavelengths of
the incident radiation and a cross-arm width of the or-
der of one third of that wavelength. The structure,
which also contains large connections to the diode, is
consequently overdimensioned. We have seen that the
polarization dependence associated with the dipole
antenna contribution is modified by other antenna
contributions from the rest of the structure. A map-
ping of the antenna receiving area obtained from a two-
dimensional scanning and a deconvolution from the
incident beam confirms that antenna current waves at
visible frequencies are strongly attenuated and extend
only over a distance of one to two wavelengths. Over-
coming this strong attenuation will be a major chal-
lenge in the development of eff icient visible antennas.
We believe that by appropriate scaling of the antennas,
suitable choice of the substrate, and optimization of the
geometry and dimensions of the contact structures a
much stronger polarization dependence should be ob-
servable in the visible.
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