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Abstract

The resonant lengths of infrared dipole antennas at 10.6 and 3.39 um are experimentally investigated. For this
purpose, submicron-sized microbolometers coupled to dipole antennas with lengths between 0.7 and 20 um were
fabricated on a SiO,-on-Si substrate. The response of the detector to 10.6 pm radiation shows a first resonance for an
antenna length between 1.0 and 2.5 um. A subsequent zero and a second attenuated resonance are observed as the
antenna length increases. Similar behavior is observed for illumination at 3.39 pm, with a first resonance occurring at a
length shorter than 1 um. The results permit evaluation of an effective dielectric permittivity and shows the effect of the
surface impedance of the metal on the propagation of current-wave on the antenna. The resonance behavior is further
studied by changing the irradiation conditions of the detectors. Air-side and substrate-side illumination exhibit identical
resonant antenna lengths, but different efficiencies of power collection. The antenna patterns as a function of incident
angle have also been measured at 10.6 pm, showing a transition from a primary broadside lobe to the development of
side lobes for longer antennas. Finally, an antenna response is measured at visible frequencies. Our measurements point
out similarities, as well as differences, between infrared antennas and their counterparts at microwave frequencies, and
provide insights useful for the design optimization of planar infrared antennas. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Infrared antennas are used to collect incident
power and apply it as an alternating signal at THz
frequencies to a detector with dimensions much
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smaller than the wavelength. The separation of the
power collection and sensing functions of the de-
tector permits optimization of both functions
independently. This concept leads to numerous
possible combinations of shapes and materials for
both the sensor and its antenna. The types of
submicron-sized sensors include thermal devices
like microbolometers [1,2] or thermocouples [3],
and nonlinear junctions such as metal-oxide—
metal (MOM) diodes [4,5], Josephson junctions
[6,7] and Schottky diodes [8]. The small size of the
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detector is essential to obtain a fast response and
low-noise room-temperature operation [9]. In the
case of the nonlinear junctions, the small size also
permits maintenance of the nonlinear /- char-
acteristics up to extremely high frequencies for
applications as THz mixers. Many planar-antenna
designs are feasible and can be tailored according
to the application: dipole [4], bow-tie [3,5], spiral
[1,5], log-periodic [3], slot-antenna [10], and mi-
crostrip patches [2]. Infrared antenna-coupled de-
tectors also find applications in thermal imaging,
as ultrafast polarization-sensitive detectors [11]
and as low-noise heterodyne detectors. The design
of infrared antennas requires to take into ac-
count effects that can be neglected at microwave
frequencies. Resonance features are altered be-
cause the propagation of THz-frequency antenna
current-waves 1is affected by the large high-
frequency complex surface impedance of the met-
al. In this study, we use Nb microbolometers
coupled to dipole antennas of several lengths to
investigate the resonances of infrared dipole an-
tennas on a SiO,-on-Si substrate.

The study of the response of the detectors with
different antenna lengths at fixed wavelengths in
the atmospheric windows (8-12 and 3-5 pm) per-
mits determination of the resonances of planar
metallic structure in the infrared. The results help
us to determine the role of the underlying substrate
and the high-frequency propagation of the antenna
currents on the metallic dipole arms. These obser-
vations yield guidelines for the fabrication of fu-
ture infrared antennas.

2. Structures and fabrication

Fig. 1 shows an electron microscope photo-
graph of the type of devices used in this study. The
entire structure is defined with electron-beam li-
thography. The arms of the dipole antenna and the
dc leads are both made of Au in one lithographic
step. We fabricated antennas with 30 different
lengths between 0.7 and 20 um. The width of the
antenna is approximately 200 nm for all the de-
vices and the gap between the two arms is 400 nm.
The thickness of the Au layer is 100 nm.

Fig. 1. Electron micrograph of an antenna-coupled Nb bolo-
meter.

The sensor at the feed of the antenna is a sput-
tered 0.8 um x 0.3 um Nb patch with a thickness
of 70 nm. The choice of a Nb patch as the bolo-
metric sensor permits us to obtain highly homog-
enous and reproducible devices because of the
relative ease of fabrication compared to nonlinear
contacts. The bulk dc conductivity of Nb is six
to seven times lower than that of Au. Not sur-
prisingly, our thin-film Nb patches have even
lower conductivity and form a load resistance that
is approximately impedance-matched to the an-
tennas. The average dc resistance of the devices is
around 140 Q.

The substrate is a 380-pm-thick high-resistivity
Si wafer (p =~ 3 kQcm). Both sides were polished,
and then coated with 200 nm of thermally grown
SiO, for thermal and electrical isolation. The spec-
tral properties of the substrate were measured with
a Fourier-transform infrared (FTIR) spectrometer
and yielded a power transmission through both
surfaces of 67% at 3.39 um and 52% at 10.6 um.

3. Experimental method

The measurement of the resonance of antennas
is usually performed by varying the frequency of
the incident radiation. At infrared frequencies, this
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approach would require a source tunable over a
wide range and a frequency-independent optical
train. In addition, the materials used in the fabri-
cation of the devices would need to have truly
wavelength-independent properties over a wide
range in order not to alter the results. To overcome
these difficulties, we used an alternate approach.
We compared the responses of microbolometers
coupled to antennas of several different lengths
to infrared radiation at specific wavelengths. To
minimize effects such as variation of bolometer
resistance caused by the fabrication process, all the
devices tested were located on the same wafer and
consequently fabricated under strictly identical
conditions. The chips were mounted on chip car-
riers permitting illumination in two configurations:
one directly from the air side, and another through
the substrate.

The main study was carried out using CO,-laser
emission at 10.59 pm (10P (18)). The laser beam
was focused by an F/1 optical train, resulting in an
almost diffraction-limited spot with a 1/e* radius
of 12 ym and an irradiance of approximately 1000
W/cm? at focus. The polarization was linear and
was rotated by means of a half-wave plate. The
bolometer under test was biased at 100 mV and
placed at the focus of the laser beam. The position
of the device was adjusted for best response using
motorized stages with submicron accuracy. The
laser beam was modulated with a chopper at a
frequency of 2.5 kHz and the modulated signal
produced by the bolometer was read with a lock-in
amplifier after a 10x preamplification. For each
device, we measured at normal incidence the re-
sponse V| to radiation polarized along the dipole
arm, and the response ¥, for the cross-polariza-

tion. The residual variation of resistance among
bolometers was removed from the measured sig-
nals by normalization to a device resistance of 140
Q, taking into account the proportionality of the
signal voltage to the resistance of the bolometer.

The use of the tightly focused F/1 radiation
was advantageous for the illumination-through-
the-substrate configuration. Because of the large
divergence of the beam, power reflected at the
back-side of the 380-um-thick Si substrate pro-
duced only negligible irradiance contributions on
the detector. This avoided interference effects
caused by multiple reflections in the Si substrate,
which have been observed in larger F/# systems
[5]. However, for the antenna pattern measure-
ments as a function of the angle of incidence from
the air side, the optics was changed to an F/2
system to reduce the effect of the convolution of
the antenna pattern with the angular distribution
of the focused light cone. In the case of air-side
illumination, the large bond pads situated on both
sides of the antenna reflected most of the radiation
before entering the substrate, so that interferences
were not observed, even with the higher F/#.

The optical train was built according to the
same principles for the other wavelengths used in
this study. An IR HeNe laser was operated at 3.39
um, and a visible HeNe laser at 632.8 nm. The
main difference was in the focusing conditions. At
3.39 um, the spot at the focus of the F/1 system
was not diffraction-limited due to a poorer beam
quality of the laser. In the visible, an F/4 setup
was chosen to obtain a focal spot with a radius of
about 3 pm, so that the measured antennas with
L <6 pum were completely illuminated when
placed in the focus of the beam.

Table 1

Illumination conditions and measured signals at the three wavelengths used in the study®
Wave- Beam Focusing Radius at Approximate Maximum Irradiance respon- Polariza-
length power optics focus irradiance signal AV sivity at maximum tion ratio
0 (mW) (nm) (W/em?) (nv) (RV/(W/em?)) Vinax / Vinin
10.59 um 5 F/1 12 1000 413 0.41 15
3.39 um <0.5 F/1 ~8 <220 28 0.13 5
632.8 nm ~2.5 F/4 3 7900 450 0.06 3

#The irradiance responsivity and polarization ratios are given for the maximum signals measured. The results in the infrared (first
two rows) are for substrate-side illumination, whereas the results in the visible (last row) are for air-side illumination.
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The irradiance conditions at the different
wavelengths are summarized in the first columns
of Table 1.

4. Experimental results
4.1. Length study at 10.6 um

We measured the response of antenna-coupled
bolometers to 10.6 pm radiation incident from the
substrate side for 30 lengths L (full length) of the
dipole between 0.7 and 20 pm. For all the antenna
lengths tested, the maximum signal V},,x was ob-
tained for the polarization parallel to the antenna
axis and the minimum signal V., for the cross-
polarization, i.e. V| = Vpa and V. = Vyin. Ratios
Vinax/ Vmin between the co- and cross-polarized
signals up to 15 were observed. The polarization-
dependent signal AV = V.« — Vi as a function of
full length L is plotted in Fig. 2. Each point cor-
responds to the average of four devices with the
same antenna length, the error bars indicating the
measured standard deviation for each data point.
The signal Vi, for perpendicular polarization is
mainly of thermal origin and is not shown because
it is small and independent of the antenna length.
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Fig. 2. Polarization-dependent response AV of the bolometers
as a function of the antenna length L at 10.6 pm (average and
standard deviation for four devices at each point).

The measured curve exhibits a first resonance
for short antennas with a length L shorter than 2.5
um. This first resonance is not well defined in our
measurement for several reasons. A precise deter-
mination of the resonance at these short lengths
would require smaller increments in the fabricated
lengths L and smaller standard deviation in the
measurements. In addition, the size of the bolo-
meter patch compared to the length of the antenna
and the presence of the large bond pads likely
modifies the behavior of the antennas for the
shortest lengths fabricated. Past the first reso-
nance, the curve of Fig. 2 exhibits a first minimum
for L ~ 5 pm and a second maximum for L =~ 7.5
um. The magnitude of the second maximum is
about one third that of the first resonance, and is
broadened on the long-L side. For lengths longer
than this second resonance, the curve exhibits a
slow decay, with no clearly distinguishable oscil-
lating structure within the standard deviation of
our measurements.

The resonances of the curve are certainly
broadened by the use of focused light, since the
illumination occurs not only at normal incidence,
but over a distribution of angles determined by the
F/1 focusing optics.

4.2. Interpretation of the results at 10.6 um

The interpretation of the resonant lengths in
terms of the free-space wavelength of the inci-
dent radiation is not straightforward because of
the presence of the layered substrate. Since the
location and structure of the first antenna reso-
nance have not been determined with precision,
our interpretation will be based on the observa-
tion made on the curve of Fig. 2 past the first
resonance.

We first consider the mechanism by which an
antenna signal is produced in our devices. The
predominant process leading to the rise in tem-
perature of the microbolometer is the dissipation
of antenna currents in the Nb. The heat produced
generates a signal by changing the resistance of the
device. This signal is dependent on the power
collected and consequently on the polarization
used and on the collection efficiency of the an-
tenna. Other mechanisms, such as the absorption
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of optical power in the substrate, generate signals
nearly independent of polarization. These other
mechanisms are not considered here since they do
not contribute to the polarization-dependent part
of the signal AV.

The way our device operates corresponds to
sensing the power of the alternate current dissi-
pated in the middle portion of an excited gold
wire. The bolometer, which is essentially a piece of
metal with a higher resistivity located in the middle
of the Au antenna, is considered only a small
perturbation with no significant effect. Hence, we
consider our antennas as thin receiving antennas
excited by a plane wave with the electric field
parallel to the antenna. The distribution of current
and charge along such a conductor in free space is
given in [12]. The shortest length that exhibits zero
current in the center of the ideal receiving antenna
corresponds to a full length L of 24 of the incident
radiation. In our measurement at a wavelength of
10.6 um (Fig. 2), the first minimum of the response
for L =~ 5.0 um represents one of the most distin-
guishing characteristics of the curve. We interpret
this first minimum as corresponding to the 2/ null
of the current distribution at the center point of
the ideal antenna. The measured width of the first
resonance is broad enough to contain the reso-
nances of structures with current distributions
exhibiting 1/2, A and 31/2 characteristics.

For transmission lines, the propagation of cur-
rents on a planar metallic structure on top of a
substrate is described with the help of an “effective
permittivity” eg. The propagation is then ap-
proximated as if the metallic structure were fully
immersed in a medium with permittivity e, (or
index of refraction n.y) that defines an effective
wavelength Aegr = Ao/ (8eff)1/ 2= /negr. This effec-
tive permittivity & is dependent on the dielectric
permittivity of the different materials involved, on
the geometry of the structure, and on the fre-
quency of the propagating currents. At low fre-
quencies, in the quasi-static domain, &g is close to
the average between the permittivity of the sub-
strate and the permittivity of vacuum. As the fre-
quency increases, the effective permittivity also
increases. The high-frequency asymptotic value
of e 1s given by the permittivity of the substrate
[13]. The transition from one domain to the other

is relatively steep and the inflection point de-
pends on the geometry and size of the structure
relative to the free-space wavelength of interest.
Since the wavelength is comparable to the size of
our antennas, we expect an effective index with a
magnitude between the quasi-static value and the
high-frequency limit.

For our infrared antennas, the interpretation of
the first zero as the 24 resonance defines an ap-
parent wavelength 4,,, ~ 2.5 um for incident 10.6
pm radiation. This value of Z,,, is 20% shorter
than the high-frequency asymptotic limit Zefr min =
Asi = 3.1 um. This result can be qualitatively ex-
plained by considering the role of the complex
surface impedance of the metal Zg = Rg + iX5 at
high frequencies as described in [14]. The surface
resistance Rg causes an attenuation of current
waves on the metal, and the surface inductance Xy
induces a change in the propagation constant. This
change is equivalent to a shortening of the wave-
length of the propagating current wave. The effect
of the surface reactance is negligible at low fre-
quencies, but becomes more important as the fre-
quency increases. At infrared frequencies, the
surface reactance of Au has a higher magnitude
than its surface resistance.

In the following, we estimate the shortening of
the effective wavelength caused by surface reac-
tance on our antennas illuminated with 28.3 THz
radiation (10.6 um free-space wavelength). Start-
ing from the optical properties of Au tabulated in
[15] for infrared frequencies, we determine the
complex conductivity of the metal at 28.3 THz
with the help of the linking equations given in [16].
The complex surface impedance Zs can then be
estimated [17] as follows:

Zs = Rs +1Xg = (iwﬂo/o)l/za (1)

where o is the angular frequency, u, is the mag-
netic permeability of vacuum and ¢ is the complex
conductivity of the metal at 28.3 THz, with real
part or =2.6 x 10° Q'm ' and imaginary part
o1 = 7.3 x 10° Q'm™". This yields for Au a value
of Rs=0.92 Q and X5 =528 Q at 28.3 THz.
Approximating the antenna as a transmission line,
a first-order approximation of the change in
propagation constant Af is given by [14]
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Xq
AR~ o=
pror, @)

where o is the attenuation constant of current
waves on the metal expressed in inverse length
units.

The approximate determination of the current-
wave attenuation constant o« is based on our ob-
servation of the curve of Fig. 2. The flat curve for
large antenna length (Fig. 2 for L > 10 pm) indi-
cates that the longest measured antennas resemble
an infinitely long antenna. We can consequently
estimate the attenuation o by estimating the dis-
tance L, over which the power of a current wave
has fallen to 1/¢e? of its original value according to

e =1/ or al =1. (3)

This distance L, also corresponds to the length
where the oscillations in the resonance curve dis-
appear. We consequently estimate o ~ 0.1 pm™' for
L, ~ 10 pm.

The ratio Xs/Rg calculated from Eq. (1) is
around 5.7 at a frequency of 28.3 THz, so that the
change of propagation constant Af and conse-
quent shortening of the effective wavelength can be
estimated according to Eq. (2). We can further
write

ﬁmeasured = 27‘5//1‘&13}) = ﬁeff + AB = 2n/;hcff + Aﬁ
(4)

Introducing the measured value of the effective
wavelength /., =~ 2.5 um, we estimate an effective
wavelength equal to Aer =~ 3.25 um. This value is
slightly longer than the wavelength /g of the in-
cident radiation in the Si substrate. The effective
wavelength of the current waves is consequently a
wavelength located between the quasi-static value
and the asymptotic high-frequency value. The
apparent wavelength is shorter than the effective
wavelength because of surface-impedance effects
[14]. A more precise computer simulation of the
structure is in progress and is expected to charac-
terize the effective index with more accuracy.

The relatively high attenuation of antenna
currents on our structures is the primary cause of
the broadening and smoothing of the resonances
observed. In addition, illumination over an angu-

lar range around normal incidence resulting from
the F'/1 optics also contributes to this behavior.

4.3. Substrate-side versus air-side illumination

An antenna at an interface of two dielectrics
radiates most of its energy on the side with the
higher permittivity [18]. Reciprocally, an antenna
on a substrate will collect radiation incident from
the substrate side more efficiently than radiation
incident from the air side.

We compared directly the response of the an-
tenna-coupled detectors to the two types of illu-
mination. A group of bolometers with antenna
lengths L from 0.7 to 11 pm were first illuminated
through the substrate and then from the air side.
Illumination was at normal incidence and a
wavelength of 10.6 pm. The antenna responses AV
of the devices are plotted for both illumination
types in Fig. 3 as a function of the antenna length.
Comparison of the two curves yields the following
observations. First, the locations of the resonances
are identical for both illuminations although the
dielectric wavelengths of both incident beams (in
air and Si/SiO,) are different. This confirms that
the resonances are effectively determined by the
propagation of antenna currents described with
the help of an effective dielectric constant for the
metallic structure on the substrate. Secondly, the
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Fig. 3. Direct comparison of bolometer antenna response at
10.6 pm wavelength for air-side and substrate-side illumination
as a function of the antenna length L.
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signals are higher for substrate side illumination
by a factor 2.1 £+ 0.3 for the full range of antenna
lengths. Considering that only 52% of the power is
transmitted through our substrate at 10.6 um, we
estimate that coupling of power to the antenna
from the substrate side is at least four times more
efficient than from the air side.

It is likely that the efficiency of coupling from
the substrate side is even more than four times the
efficiency of coupling from the air side. In our
present configuration, the signal measured for air-
side illumination is enhanced by coupling of power
to the antenna that occurs also from the substrate
side after reflection at the first SiO,/Si interface in
the substrate [19].

4.4. Antenna patterns

The response of microbolometers as a function
of the angle of incidence was measured for four
different antenna lengths: 1.2, 2.5, 4.6 and 7.5 pm.
The first two lengths are within the first resonance,
whereas the third and fourth lengths are close to
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the first zero and the second resonance, respec-
tively. The antenna pattern measurements were
performed for angles between normal incidence
and 72° in the E-plane, defined as the plane per-
pendicular to the substrate that contains the dipole
antenna. The devices were illuminated from the air
side. After each increment of the incidence an-
gle, the device was realigned and the signal was
measured for both s- and p-polarizations. The
optics used for these measurements was F/2, to
reduce the effect of convolution with an angular
window that would result from the use of a lower
F/#. The upper angle limit was set by space lim-
itations between the focusing lens and the chip
holder.

The dependence of the antenna signals AV on
the angle of incidence for the lengths given above
are shown in Fig. 4. All the patterns are normal-
ized to one since we are interested in the shape of
the pattern. The actual response magnitude of
each device can be found by normalizing the re-
sponse at normal incidence according to the data
shown in Fig. 2.
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Fig. 4. Polarization-dependent signal AV as a function of the angle of incidence in the E-plane for devices with the antenna length L:

(a)L=12pum, (b) L=2.5 pm, (c) L=4.6 pm and (d) L = 7.5 pm.
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For the shortest antenna length that corre-
sponds roughly to the A/2 resonance (L = 1.2 um,
Fig. 4a) we observe only a major lobe with a
maximum at normal incidence. This major lobe is
broad, and starts to separate into two side-lobes as
the length increases (L = 2.5 um, Fig. 4b). The
pattern for the length that corresponds to a “24”
current distribution (L = 4.6 um, Fig. 4c) shows
clearly two side lobes with a sharp minimum for
normal incidence. As the length is further in-
creased, the center of the pattern increases again,
suggesting the emergence of a broadened main
lobe (L = 7.5 um, Fig. 4d).

The results presented here show that infrared
antennas possess receiving patterns that are
strongly dependent on the geometry of the an-
tenna. A qualitative agreement can be found with
the expected single lobe for short antennas (for
example 1/2) and a double-lobe structure for the 21
antenna. Several characteristics of our devices and
measurements are likely to explain the broad ma-
jor lobes observed and the location of the side
lobes at large angles. First, the slowing of the
current-wave propagation by the surface reactance
of the metal results in the modification of the pat-
tern and a reduction of the main lobe [14]. The
receiving pattern will be also changed by the
presence of the substrate. Finally, a broadening of
the pattern is caused by the convolution by an
angular window introduced by the focusing of the
beam.

Contrary to the antenna signal AV, the polar-
ization-independent part of the signal Vi, does
not exhibits a dependence on the antenna length.
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Fig. 5. Polarization-independent signal V;,, as a function of
the angle of incidence in the E-plane for an antenna length of
L=25pum.

For the four lengths investigated, we measured
dependence of the signal Vy,;, that closely follows a
cosine of the angle of incidence, as represented in
Fig. 5 for L =2.5 um. This cosine dependence
approximates the decrease in projected area of the
detector as it is tilted.

4.5. Measurements at 3.39 um

Measurement of the signal AV as a function of
the antenna length L was also performed at a
wavelength of 3.39 um (frequency of 88.5 THz),
for antenna lengths L between 0.7 um and 10 pm.
The maximum signals were obtained for each de-
vice when the polarization was parallel to the an-
tenna, and polarization ratios Viux/Vmin Up to 5
were measured for devices with the shortest an-
tenna, when illuminated through the substrate.
The antenna signal AV as a function of L is plotted
in Fig. 6. The shape of the curve closely resembles
that measured at 10.6 pum (Fig. 2). The first reso-
nance is suggested by the high response of the
bolometer that has the shortest antenna. It is fol-
lowed by a minimum for L ~ 2.2 pm, and by a
second maximum with amplitude around 1/3 of
the first maximum for L ~ 3.5 pm. This second
maximum is again broadened on the side of longer
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Fig. 6. Polarization-dependent signal AV as a function of the
antenna length L at a wavelength of 3.39 um. The curve is
measured for illumination through the substrate at normal in-
cidence.
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antennas. Past this second resonance, the curve
shows a slow decay without further notable oscil-
lations.

In order to identify the resonances, we proceed
at 3.39 pm as we did at 10.6 um. The first mini-
mum of the antenna response as a function of the
length L is interpreted as the 24 anti-resonance
that exhibits a zero of the current distribution in
the middle of the receiving antenna. This inter-
pretation yields an apparent wavelength /,,, ~ 1.1
um.

The scaling of the resonances between radiation
at 10.6 ym and 3.39 um gives rise to some ques-
tions. The ratio of the free-space wavelengths is 3.1
whereas the ratio of the apparent wavelengths is
only around 2.3. Since Si has the same index of
refraction to the third significant digit at the two
wavelengths considered [20], it is unlikely that an
effect in Si is the cause of the unexpected result. On
the contrary, the thin isolating SiO, layer of our
substrate possesses significantly different values of
its index of refraction at the two wavelengths
considered. The index of refraction ng;o, is around
1.4 at 3.39 um and around 2.2 at 10.6 pm [20]. The
influence of the SiO, layer on the effective index
will consequently distort the expected scaling in
the direction observed, i.e. a longer than expected
resonant length at 3.39 um because of a smaller
effective index.

Consequently, we interpret the distorted scaling
as the emergence of an effect that was neglected in
the previous considerations at 10.6 um. The 0.2-
pum-thick SiO; layer on the top of our Si substrate
influences the effective index of refraction ngy that
describes propagation on our antenna structure.
The combination of two facts makes the effect
more apparent at 3.39 pm than at 10.6 pm. First,
the layer is thicker compared to the wavelength at
higher frequencies (it has an optical thickness
corresponding to more than 8% of the incident
3.39 pum free-space wavelength). Secondly, the
index difference between Si and SiO, is larger at
3.39 um than at 10.6 um. Initial computer mod-
eling of the structures confirms that a layer as
thin as our SiO, layer influences the equivalent
index of the substrate, and that the effect becomes
more pronounced as the thickness of the layer
increases.

In the following, we estimate the influence of
the SiO, layer by taking into account the short-
ening of the wavelength by substrate reactance
similarly as in Section 4.2. We first calculate the
complex impedance of Au at 88.5 THz according
to Eq. (1) based on the optical properties given in
[15]. The ratio X5/Rs increases with frequency and
reaches 13.2 at 88 THz. The attenuation constant
is then estimated according to Eq. (3) for a length
L. = 6 pm yielding « ~ 0.17 um~'. Using Egs. (2),
(4) and the measured apparent wavelength A,,, ~
1.1 pm, we estimate the effective wavelength to
Aer &= 1.8 pm. The equivalent index of refraction of
the two-layer substrate is then estimated to be
around ner = Ao/ Aerr = 1.9. This value is situated
between the indices of refraction of the two
materials involved at the frequency considered
(nSi 2343, nsio, = 1.41 at 88.5 THZ) A more
precise characterization of the equivalent index of
refraction of our two-layer substrate will be the
subject of future research.

4.6. Measurements in the visible

Antenna response at visible frequencies has
been demonstrated in [21] with antenna-coupled
MOM diodes. In order to investigate the high-
frequency limit of operation of our antennas, we
also investigated the response of our bolometers
with different antenna lengths in the visible. For
this purpose, we used the radiation of a HeNe laser
at 632.8 nm. The lateral dimension of our antennas
(200 nm), the minimum size of antenna (700 nm)
and the increment in antenna length (about 500
nm) are clearly too high to obtain a resonance
measurement as at longer wavelengths. However,
the following observations indicate evidence of
antenna operation at visible frequencies. For all
the bolometers tested, with antenna lengths L be-
tween 0.7 and 6 pm, the highest responses are
obtained for the polarization strictly parallel to the
antenna. Polarization ratios Vix/Vmin up to 3 are
measured. When comparing these polarization
ratios with the ones measured in the infrared
(Table 1), one must keep in mind that in the visible
the devices were illuminated from the air side, Si
being opaque. In addition, the SiO, layer of the
substrate has a much smaller absorption in the
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Fig. 7. Polarization-dependent signal AV of the bolometers as a
function of the antenna length L at 632.8 nm. The points are
measured for air-side illumination at normal incidence.

visible than in the infrared, resulting in a weaker
unpolarized thermal response. The response of our
antenna-coupled bolometers to visible light ex-
hibits a higher polarization ratio than the response
of the MOM diodes from [21], because the large
low-frequency connections of our bolometers do
not exhibit a preferred polarization direction. In
the case of the MOM diodes, cross-polarized sig-
nals were enhanced by antenna responses from
connections to the diode.

The only recognizable pattern of the response
as a function of the antenna length in the visible is
a slow decay as the length increases (Fig. 7). The
highest antenna signal is measured for the shortest
antenna. Its magnitude is about 1.5 times the sig-
nal measured for the longest antennas. A relatively
slow decay past the two shortest antennas is ob-
served. This suggests that the longer antennas act
as infinite antennas and that an antenna response
of the bolometer structure itself is superimposed
on that of the Au structure. The length of the Nb
structure is 800 nm, comparable with the wave-
length of the visible incident radiation. Although
we obtain significant polarization dependence in
the visible, the results indicate that smaller struc-
tures are needed for an optimization of the re-
sponse.

5. Conclusions

We have measured the response of dipole-
antenna-coupled microbolometers as a function of
antenna length at three different wavelengths: 10.6,
3.39 um and 632.8 nm. Large antenna responses
and polarization ratios were measured at each
wavelength (Table 1).

Resonant lengths of receiving antennas have
been determined at the two infrared wavelengths
used in our study. The propagation constant
has been determined by identifying the first mini-
mum of the response as corresponding to a two-
apparent-wavelengths long dipole. The effective
wavelength for propagation of currents with THz
frequencies on the antenna can be determined by
an effective permittivity that is defined as for a
transmission line. The value of the effective per-
mittivity is located between the quasi-static ap-
proximation (average of the permittivity of air and
of the substrate) and the high-frequency asymp-
totic value (permittivity of the substrate). The
wavelength observed in the experiment is the ef-
fective wavelength further shortened by the sig-
nificant high-frequency surface reactance of the
metal. The complex surface impedance of the
metal can be alternatively taken into account by
the means of a complex conductivity of the metal.

The 1/2 resonance of the antenna thus occurs at
a very short antenna length. The behavior of the
curve for longer antennas suggests that the strong
attenuation of antenna currents at infrared fre-
quencies hinders the development of resonances
for lengths past four to five effective wavelengths.
Illumination through the substrate renders the
most efficient coupling, and does not change the
resonant lengths of the antennas.

Well-defined angular response patterns that can
be related to the antenna length have been mea-
sured for 10.6 pm incident radiation. We measured
a single broad lobe for the first resonant antenna
length, and two side lobes for the first minimum.
The antenna patterns are broadened and the side
lobes are located at larger angles than would be
expected for ideal dipoles in free space. This is
probably caused by the influence of the large sur-
face impedance of the metal and by the presence of
the substrate.
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Measurements of significant antenna-response
in the visible demonstrate that antenna operation
at even higher frequencies is possible. However, the
observed trends suggest that the efficiency of the
antennas decreases as the frequency increases
(Table 1). Operation of antennas in the visible will
require smaller structures with a similar aspect
ratio.

Antenna-coupled detectors show promise as
fast room-temperature polarization-sensitive sen-
sors. Our measurements show a way toward the
maximization of their responsivity by using proper
resonant lengths in the design. They also uncover
several aspects of the characteristics of the anten-
nas, dependent on the illumination conditions, that
need to be considered in the design of the sensors.
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