IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 10, 2011

119

Angular Resolution Improvement of Infrared
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Abstract—Measured and simulated angular response patterns at
10.6 pm demonstrate considerable improvement in angular reso-
lution with a four-element phased-array antenna versus that of a
two-element array. Due to propagation loss in the transmission line
that connects the antenna elements, further resolution improve-
ment is minimal with a six-element phased array. Additional mea-
surements of a two-element array with increased metal thickness
indicate that further improvement in angular resolution is pos-
sible by reducing propagation loss in the transmission line. With
the combination of additional antenna elements and reduced prop-
agation loss, substantial improvement in the angular resolution
of off-broadside performance is also observed. All devices use a
metal-oxide-metal tunnel diode as the detector element.

Index Terms—Dipole antennas, directional antennas, infrared
detectors, phased arrays.

1. INTRODUCTION

NFRARED (IR) dipole antenna-coupled metal-oxide—

metal (MOM) tunnel diodes provide a unique detection
mechanism that allows for determination of the polarization
and wavelength of an optical field [1]. By integrating the MOM
diode with a phased-array antenna, the angle of incidence
and degree of coherence of received IR radiation can also be
determined [2], [3]. Selection of a preferred reception angle
is achieved with a pair of dipole antennas coupled to a MOM
diode through a coplanar-strip (CPS) transmission line [4]-[6].
The direction of maximum angular response is altered by
varying the position of the MOM diode along the transmission
line that connects the antennas [7].

Although large angles of incidence are accessible with a two-
element array, the width of the angular response pattern, or an-
gular resolution, is limited by the antenna separation, which is
bounded from above by the emergence of grating lobes [8]. By
increasing the number of antenna elements while keeping the
separation fixed, the effective antenna aperture can be made
larger, and the angular resolution higher, without introducing
grating lobes into the angular response. Further improvement in
angular resolution can be realized by reducing propagation loss
in the CPS waveguide [4], [6]. One possibility is to increase the
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confinement of electric fields between the coplanar strips by in-
creasing the metal thickness. This has the effect of increasing
the power density of the CPS mode by decreasing the cross-sec-
tional area of the mode.

II. BACKGROUND

The oxide layer in a metal-oxide-metal diode represents a
classical potential energy barrier for electrons. If the two metals
have different work functions, an electric field is present in the
oxide without external applied bias. When coupled to a half-
wavelength dipole antenna, infrared radiation introduces an ad-
ditional time-harmonic bias at the diode. When this optically
induced bias has the same polarity as the work function dif-
ference, the electric field in the oxide layer is enhanced, and
the probability for electrons to tunnel through the oxide barrier
increases [9]. The tunneling of electrons through the insulator
layer generates more current than expected from Ohm’s law,
and thus to a nonlinear /-V characteristic. The dc or rectified
component of the current is the time average of the current when
expanded in a Taylor series with respect to voltage [10]
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where V) is amplitude of the optical voltage and V}, is the bias
voltage. The proportionality constant is determined by solving
the Schrodinger equation for the relevant potential barrier ge-
ometry. For a simple trapezoidal shape, the proportionality con-
stant depends on the metal work functions, the oxide thickness,
and the electrical resistance of the barrier [11]. Equation (1) is
a semiclassical expression that relates the rectified current, a
quantum mechanical quantity, to the classical optical power. As
such, (1) allows one to calculate a quantity proportional to the

rectified current using a classical electromagnetic solver [7].
Fig. 1 contains electron micrographs of the phased arrays
under consideration. The MOM diode is centered in the array,
and the dipole antennas are periodically spaced by a distance d.
We have not included data on the situation where a dipole is
placed at the center of the array. The angular pattern in that case
is almost completely determined by the center antenna since
there is no propagation loss for that element. Infrared radiation
incident on the array induces an electric field with a maximum
at the center of the dipoles. A fraction of this energy is trans-
ferred to the CPS in the form of confined radiation and elec-
trical currents. The electric field that remains after propagation
along the CPS generates a time-dependent bias voltage across
the MOM diode. An additional bias voltage is supplied by the
short metallic strip that connects the CPS to the MOM diode.
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Fig. 1. Electron micrographs of (a) two-, (c) four-, and (d) six-element infrared
phased-array antennas. SEM in (b) shows the MOM diode and CPS transmission
line.

Such a term is necessary because the axis of the strip is along
the direction of the incident polarization. The metal strip can
be modeled as a detuned dipole antenna with a real coupling
efficiency x < 1. The tapered dc lead lines do not contribute
significantly to the measured response because they are perpen-
dicular to the incident polarization and large compared to the
dipole antennas. This is verified by modeling and by measure-
ment of a negligible cross-polarized response.

For a thin oxide layer, the optical voltage V; supplied to the
MOM diode is approximately proportional to the amplitude of
the electric field at the junction. Its value depends on the elec-
tromagnetic boundary conditions imposed by the surrounding
dielectric or conductive environment, which in general depend
on the angle of incidence 6. If the diode is fabricated on a planar
substrate, V;(#) is proportional to the magnitude of the electric-
field amplitude transmission coefficient for the interface [12].
When the diode is integrated with a phased-array antenna, addi-
tional voltage sources are present with relative phase determined
by the interference of CPS antenna currents at the location of the
diode. Therefore, the array contribution depends on the angle of
incidence, the element spacing d, number of antenna elements
N, and the CPS attenuation constant «. With these consider-
ations, the total bias voltage induced across the diode can be
written as

Vo(6) = Vi(0)

N/2
2

X H+ZCOS m="dsin 6 exp(—mad/2)| (2)
m=1 )\0

where )\ is the free-space wavelength and the summation ac-
counts for the contribution of additional antenna elements. The
applied voltage takes the conventional form of the product of
the element pattern with an array factor [13].

From (2), one finds that the width of the angular response
pattern can be narrowed in several ways. In the simplest case,
no array is present (a single antenna), and the angular response
pattern is determined by V;(#). In this case, one can tailor the an-
gular response of the device by manipulating the substrate con-
figuration [14]. When the phased array is included, the magni-
tude of its contribution is determined by the number of antenna
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elements and the CPS propagation loss. The purpose of this in-
vestigation is to determine how these mechanisms influence the
angular response pattern of infrared phased-array antennas.
When additional antenna elements are included in the array,
the effective aperture of the antenna increases. Because of
diffraction, a wider aperture produces a narrower angular
response. This effect is apparent in (2) since the contribution
to the voltage from the outer elements is a modulation with
increased angular frequency. However, if the propagation loss
is large, the IR currents generated by the outer elements are at-
tenuated when they reach the diode. As a result, the modulation
term in (2) is diminished, and the angular response resembles
the single element pattern V;(#), which for typical substrate
configurations is quite broad [14]. If the propagation loss is
negligible, the modulation term is comparable in magnitude to
K, leading to a modulation that decreases rapidly with the angle
of incidence, and thus to a narrowed angular response pattern.

III. DESIGN AND FABRICATION

Electromagnetic simulations are performed in Ansoft High
Frequency Structure Simulator (HFSS), a commercial electro-
magnetic finite element solver. The antenna structure is mod-
eled in detail within HFSS, including the overlapping metals
from the two-angle evaporation process as well as the interme-
diate aluminum-oxide layer. The optical properties of the mate-
rials, including refractive index and film thickness, are measured
using a J. A. Woollam Infrared Variable-Angle Spectroscopic
Ellipsometer (IR-VASE) and incorporated into the electromag-
netic models to increase the accuracy of the simulations [15].

From (1), a quantity proportional to the rectified current
is computed as the power dissipated in the aluminum-oxide
volume. The power dissipated represents the amount of elec-
tromagnetic energy that is converted to thermal energy. To
simulate the F/8 measurement setup, the antenna is excited in
HFSS with a Gaussian beam of waist wg = 115 um with wave-
length 10.6 um (28.3 THz). A radiation pattern is generated by
computing the power dissipated in the oxide volume for each
angle of incidence [7].

Primary design considerations include the substrate configu-
ration, antenna length and spacing, CPS separation, and metal
thickness. From (2), the total voltage supplied to the MOM
diode is given by the product of the single-element pattern V;(6)
with an array factor. In order to produce the widest single-ele-
ment pattern, the devices are fabricated on a quarter-wavelength
dielectric layer above a ground plane [14]. The dielectric is a
1.7-pm layer of benzocyclobutene (BCB), a low-loss insulator
(k = 0.015) with a refractive index of n = 1.55 in 10.6 ym
infrared region. The use of a low-index substrate also reduces
inhomogeneities in the dielectric environment, leading to in-
creased symmetry in the near fields and reduced propagation
loss in the CPS [6].

The antenna length and CPS separation are chosen to opti-
mize power transfer from free-space radiation to guided modes
in the CPS [7], [16]. This is accomplished in HFSS by termi-
nating a CPS transmission line with a MOM diode and moni-
toring the response while varying the CPS separation and an-
tenna length. From a parametric analysis in HESS, the optimal
antenna length and CPS separation are 4 ;ym and 470 nm center
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to center, respectively. This antenna length also corresponds
to one half-wavelength at a BCB-air interface for a free-space
wavelength of 10.6 um [17]. The dipole antenna and CPS widths
are 100 and 260 nm, respectively.

The separation of the antenna elements determines both the
width and location of the maxima in the angular response pat-
tern. Although the angular resolution improves as the antenna
separation increases, the secondary maxima increase in magni-
tude as they shift toward small angles [8]. Therefore, the an-
tenna separation is chosen to simultaneously optimize the an-
gular resolution while minimizing the magnitude of the side-
lobes. From a parametric analysis in HFSS, the optimal separa-
tion is d = 6.45 pm, consistent with past research for two-ele-
ment arrays [7].

Fabrication of antenna-coupled MOM diodes is accom-
plished with a single-electron-beam lithography exposure and
electron beam evaporation of two metals with an intermediate
oxidation step [1], [18]. By performing the evaporation at two
opposing angles, a small overlap area, typically 75 x 75 nm?, is
generated where the two metals coincide beneath a suspended
bridge of undercut electron beam resist [Fig. 1(b)]. For the
metal layers, aluminum and platinum are chosen for their large
work function difference and high conductivity in the IR [19].
The thickness of each metal layer is either 45 nm (hereafter
nm/layer) or 25 nm/layer. Prior to the Pt layer deposition,
oxygen is released into the vacuum chamber at 50 mtorr to
allow the Al elements to form an oxide layer 1-2 nm thick.
The complete antenna structure, including the lead lines, bond
pads, antenna-coupled CPS, and diode, are fabricated without
breaking vacuum in the evaporation chamber.

IV. RESULTS

Infrared measurements are conducted with a 10.6-um CO,
laser. The laser is mechanically chopped at 1.5 kHz and focused
at F/8 onto the phased-array antenna, which is connected to a
five-axis goniometer [20]. The rectified current from the diode is
passed through an external current preamplifier and monitored
with a lock-in amplifier that is referenced to the frequency of the
mechanical chopper. Temporal fluctuations in the laser power
are removed by dividing the rectified current by the reference
power. During an H-plane radiation pattern measurement, the
polarization of the COs laser is oriented along the dipole an-
tennas, while the goniometer is rotated in the plane perpendic-
ular to the axis of the dipoles. Five measurements are averaged
at each angle of incidence from —70° to 70°. All measurements
are conducted without applied bias and with a laser irradiance
of approximately 10 W cm~2, well within the region where the
MOM diode acts as square law detector [19]. For all devices,
the response to radiation polarized perpendicular to the dipoles
is nearly equal to the Johnson noise, which indicates that the
thermal and dc lead-line contributions are negligible.

To investigate the influence of propagation loss on the width
of the angular response pattern, two-element phased arrays
are fabricated with metal thicknesses of 25 and 45 nm/layer.
Fig. 2 shows the measured and simulated angular response
patterns with the incident polarization along the dipole an-
tennas (H-plane). Measured and simulated data are normalized
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Fig. 2. Measured and simulated angular response patterns in the H-plane of a
two-element phased array with a metal thickness of (a) 25 and (b) 45 nm/layer.
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Fig. 3. Measured and simulated angular response patterns in the H-plane of
(a) a single dipole antenna and (b) two-, (c) four-, and (d) six-element phased-
array antennas.

to their maximum values and plotted linear in power to em-
phasize features of the main lobe in the angular response. For
the antenna with increased metal thickness, the full width at
half-maximum (FWHM) is reduced from 35° to 27°. Such
an improvement in angular resolution can be attributed to a
reduction in propagation loss as a result of increased confine-
ment of the electric fields between the coplanar strips. As the
CPS propagation loss increases, the contribution from the array
diminishes, and the radiation pattern increasingly resembles
the single-element pattern. Additional simulations verify that
no further beam narrowing is observed for metal thicknesses
beyond 45 nm or CPS widths greater than 260 nm.

To demonstrate the effect of additional antenna elements
on the angular resolution, one-, two-, four-, and six-element
phased-arrays are fabricated on a fixed BCB substrate with 45
nm/layer. Fig. 3 shows the measured and simulated angular
response patterns in the H-plane. As the number of antenna
elements increases, the angular resolution improves from 120°
FWHM for a single dipole to 27° for a two-element array, 21°
for a four-element array, and 19.5° for a six-element array. No
further beam narrowing is observed beyond the six-element
array due to propagation loss in the CPS. From diffraction
theory, the FWHM of an N-element array of equal-ampli-
tude point sources varies as \g/(2/Nd), where d is defined in
Fig. 1 [13]. Although the measured FWHM for a two-element
array is quite close to the expected value, propagation loss leads
to a significant amplitude taper for the four- and six-element
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Fig. 4. Measured and simulated angular response patterns in the H-plane of a
(a) two-element array with 25 nm/layer and 0.9-um diode shift and (b) four-
element array with 45 nm/layer and 1.5-pm diode shift.

arrays, with less beam narrowing than would be expected
for equal-amplitude arrays, but lower sidelobe levels as well.
Simulations indicate that the E-plane response for all arrays
closely resembles the E-plane response for a single dipole at a
BCB-air interface.

We now proceed to compare the off-broadside angular perfor-
mance of multiple-element phased arrays with 45 nm/layer to
current state-of-the-art two-element devices with 25 nm/layer.
To do so, we fabricate a four-element array with 45 nm/layer
and the diode shifted by 1.5 ym and a two-element array with
25 nm/layer and the diode shifted by 0.9 pm. The diode shifts
are determined from a parametric analysis in HFSS to achieve
the same reception angle of 15° for both antennas [7]. A four-el-
ement phased array is chosen for its simplicity of design and
nearly equivalent performance to the six-element array. Fig. 4
shows the measured and simulated H-plane angular response
patterns. Substantial beam narrowing is observed for the four-el-
ement array with thicker metal. The FWHM is reduced from 38°
to 21°. Here, the narrowing of the radiation pattern is due to both
the additional antenna elements as well as reduced propagation
loss in the CPS from the increased metal thickness.

V. CONCLUSION

The angular resolution of a two-dipole phased-array an-
tenna is determined by the separation of the antenna elements.
Although improvement in angular resolution is possible by in-
creasing the antenna separation, the emergence of grating lobes
into the angular response prohibits the array from operating
as a high-resolution, unidirectional receiver. By increasing
the number of antenna elements while keeping the separation
fixed, the effective antenna aperture can be made larger, and
the angular resolution narrower, without introducing grating
lobes into the angular response. Measured and simulated
angular response patterns at 10.6 ym demonstrate consider-
able improvement with a four-element array and moderate
improvement with a six-element array, the latter attributed
to propagation loss in the CPS transmission line that con-
nects the antenna elements. Additional measurements of a
two-element array with increased metal thickness indicate
that further improvement in angular resolution is possible by
reducing propagation loss in the transmission line. In addition,
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substantial improvement in off-broadside angular resolution
is observed with a four-element array, thus motivating the
use of multiple-element IR phased arrays for rudimentary
lensless-imaging applications.
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