Figure 3 Response of the suspended coaxial transmission line. [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

The different impedances needed for the suspended coaxial
transmission line can be achieved by varying the size of the centre
conductor [15]; here, the size of the outer conductor is ﬁxed. The
centre conductor of the resulting suspended coaxial transmission
line is shown in Figure 2(a), with the cross-sections of the 50⍀ line
and the stubs shown in Figure 2(b). The input and output of the
suspended transmission line, as shown in Figure 1, consist of 50⍀
sections of transmission line.
For the coaxial assembly shown in Figure 1, layer 3 is 1-mm thick,
and layers 2 and 4 are 2.25-mm thick. The complete device has an
enclosed overall dimension of 45 ⫻ 20 ⫻ 5.5 mm. The ﬁve layers
were clamped together for the experimental results given as follows.
3. RESULTS

The response of the suspended coaxial transmission line is shown
in Figure 3; good agreement between theory and experiment is
obtained. The transmission line was designed to work up to 13
GHz in a TEM mode; beyond this frequency, higher modes propagate through the structure, thus leading to a dispersive coaxial
line. The suspended coaxial transmission line presented has lowloss transmission, and a usable frequency range from 5 to 13 GHz.
The simulations were done according to [16]. The deviation of S 11
from the simulations at the higher frequencies is probably due to a
slight layer misalignment.
4. CONCLUSION

The layered air-ﬁlled coaxial cable discussed in this paper is a
compact transmission line suitable for manufacture using micromachining technologies. The cable has been successfully demonstrated at the X-band, showing a low-loss wideband cable made
out of ﬁve conducting layers. It is important to note that the
structure allows the possibility of integrating other 3D structures
made out of planar machined layers, such as ﬁlters, coupling
structures, phase shifters, antennas, and delay lines.
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ABSTRACT: A bandpass ﬁlter resonating at ⬃1.4 m and based on a
dual-frequency-selective surface design is fabricated and characterized
on a silicon substrate. The ﬁlter consists of square apertures arranged
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in a square lattice and separated by magnesium-ﬂuoride dielectric layers. Simulations indicate minimal change in spectral reﬂectance versus
overlay misalignment. The measured reﬂectance shows almost zero minima and a sharp roll-off. © 2004 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 43: 95–98, 2004; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.20387
Key words: arrays; bandpass ﬁlters; multilayer frequency-selective surfaces; electron-beam lithography; periodic structures
Figure 1 Schematic of the dual-FSS design
1. INTRODUCTION

Multiple-layer frequency-selective surfaces (FSSs) stacked on top
of each other can provide bandpass-ﬁlter characteristics that exhibit a ﬂatter resonance and faster roll-off than single-layer structures [1]. The resonance between the multiple FSS can potentially
reduce the reﬂection coefﬁcient close to zero. Also, the FSS stack
can be designed to provide a reduction in the change of bandwidth
versus angle of incidence. An application of multiple FSS bandpass ﬁlters relates to the design of thermophotovoltaic (TPV) cells
[2]. Thermophotovoltaic systems convert infrared radiation from a
heat source into electricity using a low-bandgap semiconductor
thermophotovoltaic cell. The radiation that can be absorbed has
energy greater than that of the energy gap E g of the semiconductor.
FSSs can be used to improve the efﬁciency (output power versus
incident photons) of a TPV system by placing it between the
source and the TPV cell. The FSS reﬂects the radiations with a
wavelength larger than the bandgap and transmits those with a
wavelength just shorter than the bandgap wavelength with minimal
absorption and reﬂection.
In this paper, a dual FSS layer ﬁlter resonating at ⬃1.4 m is
presented. The effect of overlay misalignment between the FSS
layers is studied, and the ﬁlter is characterized by measuring its
reﬂectance spectrum for TE and TM excitations.

bandpass ﬁlter for overlaying misalignments. The reﬂectance for
different misalignments along the x-axis was calculated for a TE
excitation at 7° off-normal incidence and plotted in Figure 2(a).
The measurements (given in section 4) were also made using a
SOPRA GESP-5 ellipsometer at 7° off-normal incidence, operating in a photometry mode. The ﬁlters were assumed to consist of
square apertures 440 nm in size and spaced 880-nm apart. Misalignment between the two layers is expected during lithography
and a 100 –160-nm variation is expected. A 60-nm misalignment
represents a good case, whereas the 300 nm misalignment represents a worst-case scenario. There is minimal variation in the
response for misalignments between 0 to 300 nm, and misalignment during fabrication should have minimal effect on the ﬁlter
performance.
Simulations were done for the same misalignment along different axes. A 100-nm misalignment along the x-axis ( ⫽ 0°) and
along  ⫽ 45° was considered [Fig. 2(b)]. Again, there was
minimal change in the spectral reﬂectance, except for the small

2. BANDPASS FILTER MODELING

The ﬁlter is modeled using the code FSDA_PRISM, as described
in [3–5]. This code is based on a hybrid ﬁnite-element/boundaryintegral (FE/BI) method for calculating the scattering by FSSs. It
can also handle multiple commensurate and noncommensurate
FSS layers. The ﬁlter consists of square apertures arranged in a
periodic lattice. Ideally, the squares should have a linear width
equal to about /2 and be separated by , where  is the desired
resonant wavelength. However, they must be scaled down if the
ﬁlter is fabricated on top of a higher-index substrate. It is known
that the metal thickness affects the response and our simulations
take into account the effect of ﬁnite thickness and conductivity of
the metal layer used to deﬁne the apertures [6]. The metal layer
was deﬁned as a dielectric layer within the ﬁnite-element region,
with real and imaginary dielectric constants calculated from the
refractive index from measurements available in the literature [7].
The schematic of the dual-FSS ﬁlter design is shown in Figure
1. Multiple MgF2 layers are deposited on a silicon substrate and
the FSSs are sandwiched between the dielectric layers. For our
case, the FSS ﬁlter consists of square apertures arranged in a
square lattice. It is deﬁned on top of a dielectric layer, which has
a lower refractive index than silicon. The dielectric material was
assumed to be present inside and on top of the square apertures,
with features scaled down by a factor of ⬃1.4 as compared to a
factor ⬎ 3 for a silicon substrate alone. The resultant dimensions
are larger than those written directly on top of the silicon substrate
and are thus easier to fabricate. In this design, square apertures of
width equal to 440 nm with a spacing of 880 nm are required.
The simulations were done with a perfect electric conductor
(PEC) to check the sensitivity of the spectral reﬂectance of the

96

Figure 2 Simulated TE reﬂectance for an ideal dual-FSS bandpass ﬁlter
for (a) different misalignments along the x-axis and (b) a 100-nm misalignment along different axes.
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Figure 4 Measured reﬂectance of the dual-FSS bandpass ﬁlter for TE
(R s ) and TM (R p ) excitations at 7° off-normal incidence

Figure 3 FSS apertures arranged in a square lattice: (a) bottom layer; (b)
top layer

change in the local maximum near resonance. Clearly, in this
design, a small misalignment did not affect the ﬁlter response
appreciably. This lack of sensitivity reduces the alignment requirements during fabrication. For other cases, the simulations need to
be performed in order to see the effect of misalignment.
3. FILTER FABRICATION

The ﬁlter was patterned using a bilayer resist consisting of 495K/
950K PMMA. The pattern was written at 10-KeV acceleration
voltage and an aperture of 30 m, thus giving a beam current of
⬃200 pA. The working distance was set at 8 mm with a step size
of 20 nm. The dosage was ﬁxed at 100 C/cm2 and the writeﬁeld
was 100 m2. The overall array size was ⬃800 ⫻ 800 m2 and
some stitching errors were observed. A 40-nm-thick layer of
aluminum was used to deﬁne the apertures. The ﬁnal FSS dimensions were 435 ⫻ 435 nm and 460 ⫻ 485 nm for the bottom and
top FSS arrays (see Fig. 3).

interaction of the two ﬁlters. This interaction is controlled by the
thickness of the middle layer, and the design can be optimized to
improve the ﬂatness. We also observe that the reﬂection minima
are close to zero, thus showing that the design is well matched at
resonance. Overall, the bandwidth is ⬃25% and ⬃20% for TE and
TM excitations, respectively. Nulls are observed at the shorter
wavelengths and are due to the presence of grating modes. There
is a null on the longer side of the resonance, but this can be
removed by changing the thickness of the middle and top MgF2
layer.
The initial simulation for the ﬁlter structure was done with the
MgF2 layer thicknesses speciﬁed in Figure 1. The actual feature
sizes were used and a perfect overlay between the ﬁlters was
assumed. The simulation was done for a TE excitation (see Fig. 5)
and the angle of incidence was ﬁxed at 7° off-normal. The results
for a PEC are also shown for comparison. Overall, the measurements are in reasonable agreement with the simulations up to  ⬇
1.7 m. For larger , the discrepancy between the simulation and
measured data becomes larger. The PEC FSS resonates at a shorter
wavelength and has better isolation.
We investigated the possible causes for the discrepancy at
larger wavelengths. The variations in the dielectric constant  or
the thickness of the magnesium ﬂuoride layers were considered.
The dielectric constant of the magnesium ﬂuoride layer was measured
using ellipsometry. The refractive index was found to be ⬃1.39 and
almost constant in the wavelength of interest. This is close to the value
(n ⫽ 1.4) used in the simulation. Measurement of the dielectric layer

4. MEASUREMENTS

The reﬂectance of the ﬁlter was measured using a SOPRA GESP-5
Spectroscopic Ellipsometer in a photometer mode. The response
for TE (R s ) and TM (R p ) excitations at 7° off-normal incidence
were measured. For these measurements, we used a photomultiplier for the 0.5– 0.9-m wavelength range and then switched over
to an extended InGaAs photodetector for the 0.9 –2-m wavelength range. The reference was an aluminum coating on a silicon
wafer. The measurements were calibrated using a ⬃2-m SiO2
layer, also on a silicon wafer.
The spectral response shows slightly different behavior for TE
and TM excitations (Fig. 4) and this is due to the slightly offnormal beam incidence (at normal incidence the response for both
excitations would be identical). As designed, the spectrum shows
a broad resonance between 1.3–1.5 m with sharp roll-off. There
is also a local maximum between the two minima; this is due to the

Figure 5 Simulated and measured responses of the dual-FSS ﬁlter for
TE excitation at 7° off-normal incidence
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thickness for the fabricated ﬁlter using ellipsometry indicated that it
was ⬃8% thinner than the nominal case. Differences between the
desired and actual thickness of the deposited layer could arise if the
e-beam evaporator used for deposition is not calibrated well. The
evaporator was calibrated using a dektak, and it is possible that the
dektak was off by a few percent. Simulation with the aluminum layer
and assuming that all layers were thinner by the same amount showed
much better agreement with the measured result (see Fig. 6). This is
true, especially for larger wavelengths where the disagreement was
larger when the nominal case (Fig. 1) was assumed. It is possible that
each layer varied from its nominal thickness rather randomly, and this
could be another reason for the remaining differences between measured and calculated data. The PEC FSS simulation indicates a resonance at shorter wavelengths. Also, the PEC FSS has a better roll-off,
but slightly higher reﬂection minima. Further, the local maximum
between the two minima near the resonance is more pronounced for
the TM excitations. This is damped in the measured data and the
simulation with the metal layer. Nevertheless, the overall trend in the
PEC simulation data follows that of the measured data.
This effect of the variation of layer thickness on the reﬂectance
spectrum was conﬁrmed by doing a sensitivity study. For ease of
computation, the thicknesses of the layers were changed by the same
fraction (see Fig. 7). The cases studied had ⫺10%, ⫺5%, and 5%
variation for all the layers, as compared to the nominal case shown in
Figure 1. The change in thickness affects the interaction between the
two ﬁlters and in turn inﬂuences the local maxima between the two
resonant minima. The agreement between simulation and measure-

Figure 7 Simulated and measured responses of the dual-FSS ﬁlter with
different dielectric layer thicknesses for TE excitation at 7° off-normal
incidence

ments is better for the case of ⫺10%. The simulations conﬁrmed the
fact that the variation in layer thickness was the reason for the
discrepancy observed during the initial simulation.
5. CONCLUSION

A near-infrared bandpass ﬁlter based on a dual-frequency-selective
surface has been demonstrated. The simulations have shown that
the design is not as sensitive to dimension variations, as a result of
fabrication tolerances and misalignments. Measured reﬂectance
data have also shown the desirable sharp roll-off and almost zero
minima at the edges of the operational band, which agree well with
the simulations once the effects due to ﬁnite metal thickness and
conductivity are incorporated.
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