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Abstract

A dual-dipole structure is demonstrated at 10.6 lm, which facilitates electronic cancellation of the non-antenna-coupled thermal
response of an infrared antenna-coupled bolometer. Structures of this type may also find utility in high-spatial-resolution measurement
of Stokes parameters of a beam of radiation.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The polarization response of an infrared antenna-cou-
pled thermal sensor is strongly affected by the thermal
and electrical characteristics of the surrounding structures,
such as the substrate, lead lines, and bondpads [1–5]. For
linearly polarized antennas such as dipoles, bowties, and
logperiodics, the co-polarized response is identified with
the antenna-coupled signal. The cross-polarized response
originates with the electromagnetic coupling of signal
extraction structures such as bondpads and leadlines, as
well as with the heating of the structural substrate by laser
irradiation or by Joule heating of the bolometer by the bias
circuitry. However, these additional effects also contribute
to the measured co-polarized signal, and a means to accu-
rately remove this portion is desirable. This is especially
true in the quantitative assessment of sensor-response
mechanisms, when there are a number of response modes
operating simultaneously [6].

In this contribution we demonstrate the operation of a
pair of infrared dipole antennas, which are aligned orthog-
onal to each other and whose electrical outputs are wired
so as to form a Wheatstone bridge. The combination of
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the geometrical arrangement of the antennas and their
internal and external electrical connections allows the co-
polarized response to be isolated as the measured signal.
Additionally, it is noted that for the case considered, this
recorded signal is directly proportional to the S1 Stokes
parameter [7].

We also discuss briefly some possible extensions of the
concept for measurement of additional Stokes parameters.
2. Experimental apparatus

As seen in Fig. 1, the experiment uses an orthogonal
arrangement of two antenna-coupled bolometers. Infrared
dipole A is oriented horizontally, and dipole B is vertical.
They share a common connection at the point labeled VG

in the diagram. The length of the dipole was chosen to
maximize response at a wavelength of 10.6 lm [8]. The
structure including substrate and bondpads was modeled
using Ansoft HFSS. As seen in Fig. 2, a full length of
1.55 lm was chosen as the point where the imaginary part
of the dipole impedance goes through a zero.

The devices were fabricated on a high resistivity (3–
6 kX cm) Silicon wafer using direct-write e-beam lithogra-
phy. The dipole antenna and bondpads are 75-nm-thick
e-beam evaporated gold with a 5 nm Titanium adhesion
layer, while the bolometer is 80 nm of e-beam evaporated
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Fig. 2. Real (dashed line) and imaginary (solid line) impedance for the
dipole and bondpads arrangement as a function of the length of the dipole.
The circles correspond to the values obtained from numerical modeling.
The vertical solid lines represent the range of the dipole lengths obtained
in the fabrication. The dashed vertical line corresponds with the zero-
crossing of the imaginary part of the impedance.

Fig. 3. Schematics of the on-chip and off-chip wiring of the devices. The
dipoles are arranged as part of a Wheatstone bridge. The output of the
bridge is externally balanced by using a variable gain, a, in one of the
amplifiers.

Fig. 1. Scanning electron micrograph of the on-chip arrangement of the
pair of orthogonal dipole antennas.
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nickel. The distance between the centers of the two orthog-
onal dipoles was varied (1.33, 1.78, and 2.05 lm in devices
1, 2, and 3, respectively), to examine any influence on the
overall behavior of the element. A smaller distance might
be expected to exhibit a higher electromagnetic crosstalk,
as the price paid for a more compact measurement aper-
ture. The bolometer DC resistance in each device was dif-
ferent because of lithographic differences. These
resistances were 40.3, 34.1, and 24.4 ohm, respectively for
the studied devices.

Fig. 3 shows that the interconnection between the two
antenna-coupled sensors, along with the external biasing
electronics, configures a Wheatstone bridge. The response
of each sensor consists of several contributions: a sub-
strate-heating thermal response that is not polarization
sensitive, residual electromagnetic crosstalk between the
antennas themselves and between the antennas and the
bondpads, and the dipole-antenna-coupled response, which
is the term that we want to extract. The Wheatstone bridge
arrangement is able to compensate the thermal response of
the elements. Any electromagnetic crosstalk will be the
same for both two antennas because of the geometrical
symmetry of the layout.

Both bolometers (A and B) are biased using the same
voltage, Vbias and resistors of equal value, RA = RB. The
DC resistances of the individual bolometers are slightly dif-
ferent, which unbalances the Wheatstone bridge, even
when it is not illuminated. The voltage signals VA, VB

obtained from the bridge are fed to two independent ampli-
fiers. The gain of one amplifier is variable (a), which allows
the output of the bridge to be externally balanced, yielding
a differential voltage, Vout = 10 · (aVA � VB). A dual-
channel lock-in amplifier operating in differential mode is
used to measure Vout, at a chopping frequency of
2.5 kHz. This configuration allows cancellation of the
cross-polarized response of the antenna. The remaining sig-
nal will be the dipole-antenna-coupled portion of the
response, which should be proportional to the projection
of the electric field along the dipole direction.

The light source used for the characterization of the
devices is a CO2 laser emitting at 10.6 lm. The Gaussian
full width of the spot at the plane of the antennas is
150 lm ± 20 lm, illuminating the antenna pair quasi-uni-
formly. The polarization of the laser is linear with an azi-
muth angle h, which can be rotated using a k/2 wave
plate. An incident beam polarized in the horizontal direc-
tion is defined as h = 0�. The total power falling on the
devices is adjustable. A reference detector is placed in a
separate optical channel to allow calibration of laser-power
fluctuations. The differential voltage signal obtained from
the detectors, Vout, is normalized to the reference laser
power, P, to produce the responsivity Rout=Vout/P, having
dimensions of [V/W]. To balance the Wheatstone bridge,
the polarization of the incident light is set to 45�. Then
the gain a of the variable amplifier is adjusted in order to
cancel the differential signal.
3. Results and discussion

We measured the three pairs of orthogonal dipoles, for
which the distance between the centers of the dipoles was
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noted above. The responsivity Rout, vs. h is expected to fol-
low the polarization angle, h, as a harmonic function, and
is plotted in Fig. 4 for the three devices. Device #3 has been
illuminated at half the power (50 mW) of devices #1 and
#2 (100 mW). The differences in resistance between the
three result in the observed magnitude difference of Rout.
The distance between the centers of the dipoles does not
seem to produce a noticeable effect on the measured
response of the dipole pair, since the variations of the dis-
tance remain in the sub-wavelength range.

The variation of Rout with respect to the azimuth angle
can be modeled as

Rout ¼ R0 cos½2ðh� h0Þ� �Roffset; ð1Þ

where R0 accounts for the amplitude of Rout, h0 represents
a small shift due to angular misalignments and angular
positioning errors in the polarization elements, and Roffset

represents a constant residual level. This Roffset should be
as small as possible and can be minimized by properly bal-
ancing the outputs of the Wheatstone bridge. The values of
these parameters that best fit the experimental data are
shown in Table 1. The value of the correlation coefficient
Fig. 4. Variation of Rout as a function of the azimuth of the linearly
polarized light illuminating the device. The power level for devices #1
(diamonds) and #2 (squares) is double than for device #3 (circles).

Table 1
Parameters of the fitting of the responsivity vs angle (Eq. (1))

Device R0 Roffset h0 (deg) Correlation coefficient

#1 37.4 �1.1 �1.84 0.9920
#2 39.6 2.1 0.31 0.9994
#3 8.6 0.0 0.00 0.9993

Table 2
Experimental values of the responsivities used in Eqs. (2) and (3)

Device Rhor;max Rhor;min Rver;max

#1 79.4 ± 0.4 47.6 ± 0.3 84.9 ± 0.
#2 83.3 ± 0.2 31.6 ± 0.3 68.3 ± 0.
#3 33.5 ± 0.3 22.1 ± 0.1 30.4 ± 0.
[9] shows how well the experimental data fits the model ex-
pressed in Eq. (1).

Using the signals obtained from the devices, it is possible
to obtain an experimental value of the normalized S1

Stokes parameter. Following the definition of the S1 Stokes
parameter in terms of the electric field amplitudes,
S1 = jExj2 � jEyj2, we see that the output obtained from
the lock-in amplifier working in differential mode, Vout, is
directly proportional to S1. Also, since Rout contains a nor-
malization to the total power of the beam, and considering
the definition of the Stokes parameter S0 = jExj2 + jEyj2,
we find that Rout is proportional to the normalized
s1 = S1/S0 parameter. The value of the amplitude R0 in
Eq. (1) can be seen as the proportionality constant between
Rout and s1 (assuming that Roffset can be cancelled by
proper adjustment of the Wheatstone bridge). This value
can be alternatively obtained directly from the measure-
ments of the individual elements of the pair. Table 2 shows
the maximum and minimum values of the measured nor-
malized quantity obtained individually for the horizontally
and vertically oriented dipoles. The minimum value is
assumed to be caused by the thermal response of the
device. These values are not equal for both elements in a
given dipole pair due to slight variations in the impedance
of the elements resulting from fabrication tolerances.
Rver;min R0;exp Roffset;exp

2 42.9 ± 0.2 36.9 ± 0.5 �0.4 ± 0.5
1 43.4 ± 0.1 38.3 ± 0.4 1.6 ± 0.4
2 25.3 ± 0.2 8.3 ± 0.4 0.1 ± 0.4

Fig. 5. Plot of the normalized Stokes parameter S1 obtained from the
measurements vs. the theoretically calculated S1 parameter. A total of 138
measurements are shown as circles. The linear fitting of these values is
shown as a dashed line.
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We have evaluated the amplitude R0;exp from the exper-
imental measurements given in Table 2 as the average of
the pure polarized responses obtained for linearly polarized
light oriented at 0� (horizontal) and 90� (vertical) as,

R0;exp ¼
1

2
½ðRhor;max �Rver;minÞ þ ðRver;max �Rhor;minÞ�: ð2Þ

This amplitude is the proportionality factor that it is neces-
sary to transform the values of Rout into s1. The value of
Roffset is also obtained from this table as

Roffset;exp ¼
1

2
½ðRhor;max �Rver;minÞ � ðRver;max �Rhor;minÞ�:

ð3Þ
Both R0;exp and Roffset; exp are expressed in the last column
of Table 2 along with the error calculated from the exper-
imental data.

Fig. 5 shows the value of s1 evaluated from the measure-
ments vs. the expected value as analytically calculated from
the polarization state illuminating the devices. The linear
fitting shows a correlation factor of 0.9999. The poorest
experimental evaluation of s1 appears around s1 = 0, which
correspond to values of the signal close to zero. This is due
to the noise level of the devices and external electronics,
and the uncertainties associated with the balancing of the
Wheatstone bridge.

4. Conclusions

The use of two orthogonal optical dipole antennas
which are electrically connected to form a Wheatstone
bridge has been demonstrated experimentally. The depen-
dence of the functional form of the response of the devices
with the distance between the bolometer has been shown to
be negligible for the cases studied. The advantage of the
orthogonal dipole arrangement is the cancellation of the
cross-polarization response of an individual dipole
antenna, which is mainly caused by the excitation of a
polarization independent thermal response. The output of
the device has been processed to obtain the s1 parameter
for a linearly polarized incident beam in the infrared.

From previous studies [3] the spatial extent of the
antenna-coupled response is very closely associated with
the resonant structures. Because of the inherent cancella-
tion of the cross-polarized response, it is expected that
the spatial response of this device should be even smaller
than the one of a single dipole antenna, allowing high spa-
tial resolution measurements.

Possible extensions of this work include the setting of
another couple of orthogonal dipoles oriented at 45 with
respect to the horizontal direction to determine the third
Stoke parameter s2 [7,10]. The integration of a k/4 wave-
plate [11] properly oriented with respect to the dipoles
may be used to determine the fourth Stokes parameter,
s3. Alternatively, if spiral antennas are similarly arranged
and connected as the dipoles shown in this paper, s3 could
be determined experimentally. All these measurements
would also take advantage of the high spatial resolution
associated with the use of infrared antennas.
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