Refractive-index and element-spacing effects on the
spectral behavior of infrared frequency-selective surfaces
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Transmission and reflection characteristics of inductive-mesh frequency-selective surfaces were mea-

sured in the 4—12-pm range.

Specific issues investigated include the effect of interelement spacing on

the location and width of the resonance and the influence of superstrate and substrate refractive indices

on the spectral response of the structure.

OCIS codes: 260.3060.

1. Introduction

A periodic array consisting of conducting-patch or
aperture elements' is known as a frequency-
selective surface (FSS). Depending on the details of
the element configuration, the F'SS can be designed to
exhibit high transmittance or high reflectance at spe-
cific wavelengths. Several element geometries have
been proposed, including crossed dipoles,*? Jerusa-
lem crosses,®7 tripoles,® and loops.-1® Most of the
reported results have been in the millimeter-wave
and far-infrared (IR) region. Bandpass array filters
for the 3—-12-cm ! (0.83-3-mm) band were reported
by Timusk and Richards.!® Low-pass filtering in
submillimeter astronomy with capacitive square
grids was proposed by Whitcomb and Keene.’2 To-
maselli et al. 13 investigated arrays of cross-shaped
elements for far-IR bandpass filters for the 30—80-
cm ! band. With continuing advancements in li-
thography, smaller element dimensions have been
achieved, allowing for the fabrication of FSS’s with
response in the IR portion of the spectrum. Results
have been reported for resonant arrays of crosses at
7-9 pm, 6.5 pm,’ and 1.5 pm.16

In this paper we analyze dipole-patch IR FSS’s
with resonant responses at wavelengths between 4
and 14 pm. Our investigation centers on two spe-
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cific issues: (i) the effect of interelement spacing on
the location and width of the resonance and (ii) the
influence of superstrate and substrate refractive in-
dices on the resonance wavelength.

2. Fabrication

The substrates for our FSS’s were n-doped Si wafers
of 5-Q cm resistivity and 380-pwm thickness. Some
arrays investigated were fabricated directly on top of
the Si substrate, and some were deposited on top of a
thermally grown, 0.25-pm layer of SiO,. A two-
layer PMMA/P(MMA-MAA) copolymer resist was
used [PMMA is poly(methyl methacrylate)], exposed
by a focused electron beam (e-beam ) from a Cam-
bridge Instruments EBMF-2 pattern generator.
The optimum dose was ~480 wC/cm? The resist
was developed in a 1:3 solution of methyl isobutyl
ketone and isopropanol. A 30-nm film of aluminum
was then deposited by e-beam evaporation. A tape-
assisted lift-off procedure was used to remove the
unexposed resist, followed by an ultrasound-assisted
agitation in methylene chloride. An additional step
was performed for some of the arrays studied: dep-
osition of a 1-wm overcoat layer of rf-sputtered Si on
top of the metallic patches. The along-arm length of
the patches L, and the spacing between elements D,
= D, were varied in our study (Table 1). In each
case, the cross-arm dimension of the patches L, ~
0.13 pm and the overall array dimensions were 5
mm X 5 mm. We also varied the configuration in-
volving the media above and below the F'SS and the
coupling between the patches (Table 1).

3. Spectral Measurement Procedure

The spectral reflection and transmission of our IR
FSS’s were measured at normal incidence over the
4-14-pm band with a Perkin—-Elmer 1710 IR Fourier



Table 1. Geometrical Dimensions of the Arrays Studied
Physical Length Edge-to-Edge spacing
Name* L, (pm) D, =D, (pm)

Coupled dipole array on SiO,—Si substrate (air-Si0,, coupled, 1.6) 1.6 1.32
Coupled dipole array on Si substrate (air-Si, coupled, 0.8) 0.8 1

(air—Si, coupled, 1.6) 1.6 1.32

(air—Si, coupled, 2) 2 1.7
Isolated dipole array on Si substrate (air-Si, coupled, 0.8) 0.8 1

(air-Si, coupled, 1.7) 1.7 1
Coupled dipole Si—array—Si (Si-Si, coupled, 0.8) 0.8 1

(Si-Si, coupled, 1.6) 1.6 1.32

(Si-Si, coupled, 2) 2 1.7

“Substrate configuration, array configuration, dipole length L, (wm).

tranﬁform spectrometer at a spectral resolution of 4
cm .

Figures 1(a) and 1(b) show typical spectral trans-
mittance and reflectance data, respectively, for an IR
FSS, along with the spectral characteristics of the
substrate alone. It can be seen from these data that
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Fig. 1. Spectral (a) transmittance and (b) reflectance of the FSS

and of the substrate alone for array type (air—Si, coupled, 0.8).

the transmission and reflection of the IR FSS will
differ from that of the substrate even for wavelengths
away from the main resonance. The presence of Al
structures on top of the substrate lowers the trans-
mittance and increases the reflectance by a few per-
cent across the entire band, compared with the Si
substrate alone. It can also be seen that the specific
spectral features of the substrate (especially near 9
pm) tend to obscure the resonant response of the
dipole arrays. The absorption at 9 pm is caused by
a Si—O lattice vibration arising from oxygen occluded
during the crystal growth or from oxidation of the
substrate surface in contact with the atmosphere.1?

As shown in Fig. 2, we emphasize the resonant
nature of the spectral features by plotting a spectral
transmittance and reflectance of each FSS normal-
ized to those of the substrate:

T = TFSS/Tsubstrate7 (1)

R = RFSS/Rsubstrate- (2)

4. Interelement Spacing

One goal of our study was to investigate whether
there exists, for our choice of materials and geometry,
a resonance mode for the FSS that is feed coupled.

N
R, normalized reflectance

N
——— T, normalized transmittance

0.6 4————1—

T T
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wavelength in micrometers

Fig. 2. Spectral transmittance and reflectance of the FSS normal-
ized to the transmittance and reflectance, respectively, of the bare
substrate.
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Fig. 3. Scanning electron micrographs of (a) an isolated dipole
array and (b) a coupled dipole array.

Specifically, we fabricated two types of array config-
uration, as seen in Fig. 3. One FSS, “isolated,” is
composed of individual patch elements, of arm length
L,, with an equal edge-to-edge spacing (D, = D,) in
both directions. The other FSS, “coupled,” is com-
posed of the same size patches but arranged with a
very small interelement spacing (A, = 0.1 pm) in the
x direction for adjacent patches. The resulting pairs
of patches are spaced by the same edge-to-edge spac-
ing as in the previous FSS. These structures were
fabricated directly on the Si substrate for arm lengths
L,=0.8 pm and 1.6 pm. In Fig. 4 we compare the
normalized spectral transmittance of these FSS’s.
The locations of the resonances of the isolated and
coupled FSS’s are virtually identical and are consis-
tent with the dependence on arm length and refrac-
tive indices presented in Section 5. The patches for
the coupled FSS resonated nearly as independent
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Fig. 4. Comparison between isolated and coupled dipole array
transmittance response.

dipoles of length L. There was no significant reso-
nance noted for which the two closely spaced patches
behaved as two arms of a dipole antenna, coupled
through the sheet resistance in the enhanced-field
feed region between the arms.

The only difference noted in the normalized trans-
mittance was a slight shift of the resonance toward
shorter wavelengths for the coupled FSS, and a slight
broadening of the resonance. The wavelength shifts
are consistent with the fact that the resonance of a
dipole array is reached when the impedance of the
elements is purely resistive. In this case, X ,/{\) +
XtV = 0, where X 4N\) and X, ,+(\) represent the
self-reactance and the mutual reactance, respec-
tively. Near the resonance wavelength, X_{\) de-
creases as the wavelength increases and X, (\) is
negative.’® Thus adding the coupling term given by
the mutual reactance to the self-reactance results in
a shorter resonance wavelength for the coupled FSS
configuration. The slight broadening of the reso-
nance bandwidth for the coupled case, seen in the
data in Fig. 4, is consistent with the observation that
the half-power bandwidth increases with element
density.’® This density, being inversely propor-
tional to the average distance between the elements,
is clearly higher for the coupled F'SS configuration.

5. Refractive Index

To investigate the effect of substrate and superstrate
refractive indices on the resonance wavelength, we
fabricated IR FSS’s with three different cross-
sections as seen in Fig. 5. For the case 1 (air-SiO,)
configuration the Al patches of the F'SS are deposited
on top of the SiO, layer. For the case 2 (air—Si)
configuration the metal is directly deposited on top of
the Si substrate, and in the case 3 (Si—Si) configura-
tion the F'SS patches are buried inside a surrounding
medium of Si.

The free-space resonance wavelength \g ., of the
FSS is approximately determined by the length of the
dipole arm L,. For an isolated narrow patch in free
space, we find theoretically that

)\O,res = 2Lx (3)
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Fig.5. Configurations of the F'SS fabricated: case 1, dipole array
supported by a thin layer (2500 A) of SiO, on a Si substrate; case
2, dipole array supported by a Si substrate; case 3, dipole array
buried into the Si substrate.

A better approximation of the resonance is obtained
when we consider the finite cross-arm width L,. In
this case a single narrow strip exhibits a resonance at

approximately??
Nores = 2.1L(1 + L,/2L,). 4)

Equations (3) and (4) above apply for patches in free
space. For patches with a refractive index n, above
and n, below, the actual resonance wavelength is
modified by the effective index n.g of the two-layer
medium
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Fig. 6. Ratio of the calculated wavelength of resonance with re-
spect to the measured wavelength of resonance with Eq. (3) and
Eq. (4), respectively, as a function of measured wavelength of
resonance.
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Fig. 7. Spectral transmittance of a dipole array on a SiO, layer
[type (air—SiO,), coupled, 1.6)], on a Si substrate [type (air-Si,
coupled, 1.6)], and buried in Si [type (Si—Si, coupled, 1.6)].

where n 4 is given by

Nefr = [(n12 + n22)/2]1/2_ (6)

We observe that Eq. (6) is symmetric in n; and n,,
which is proved by the fact that the wavelength of

Table 2. Theoretical and Experimental Values of the Resonant Wavelength for the Arrays Fabricated

Nres Mmeasured

res

Mees = 2.1L,(1 + L, /2L )0 Nrew = 2.1L 1004

Name® Mg (wm) (wm) (pm)
(air-Si0,, coupled, 1.6) 1.23 4.63 4.31 3.94
(air—Si, coupled, 0.8) 2.52 4.64 4.61 4.00
(air—Si, coupled, 1.6) 2.52 8.75 8.84 8.06
(air-Si, coupled, 2) 2.52 10.62 10.95 10.08
(air-Si, isolated, 0.8) 2.52 5.00 4.61 4.00
(air-Si, isolated, 1.7) 2.52 9.30 9.37 8.57
(Si-Si, coupled, 0.8) 3.42 6.90 6.25 5.47
(Si-Si, coupled, 1.6) 3.42 11.0 12.0 10.94
(Si-Si, coupled, 2) 3.42 14.0 14.87 13.68

“Substrate configuration, array configuration, dipole length L, (um).
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resonance in the transmission spectra is experimen-
tally seen to be independent of the direction of the
incident radiation. This is perhaps surprising in view
of Brewitt-Taylors results20 that compare the ampli-
tude of antenna patterns for di})oles on a dielectric
half-space and find a factor of €2 for the proportion-
ality, equivalent to ~40 for an air-Si interface. His
theory, though, assumed wavelengths larger than 30
pm and was applied for loaded antennas, which is
different from our case.

Using an approximate index of 3.42 for Si and 1.37
for SiO, (Ref. 21) at the particular resonant wave-
lengths, in Egs. (3) and (4), we obtained the values for
the wavelength of resonance in Table 2. We observe
that Eq. (4) gives a better approximation of the wave-
length of resonance for wavelengths smaller than 11
pm (Fig. 6).

The presence of the substrate in the vicinity of the
array plays an important role in the spectral re-
sponse of the array. In Fig. 7 we present transmis-
sion data for the same array in three different
substrate configurations: on a SiO,, layer [type (air—
Si0,, coupled, 1.6)], on a Si substrate [type (air—Si,
coupled, 1.6)], and buried in Si [type(Si—Si, coupled,
1.6)]. As the effective index of refraction increases,
the wavelength of resonance (the minimum in the
transmission data) shifts toward longer values in
agreement with Eq. (4).

6. Conclusions

Frequency-selective surfaces have been fabricated by
e-beam lithography in several configurations. Mea-
surements of spectral reflection and transmission
have demonstrated resonant behavior at different
wavelengths in the 4-12-pm range. The presence of
the superstrate and substrate media shifts the reso-
nance wavelength of the FSS compared with the
value calculated in air. The scaling factor is the
effective index, calculated as the square root of the
average dielectric permittivity. Higher effective in-
dices shift the resonance toward longer wavelengths.
The resonance wavelength is independent of the illu-
mination direction, as required by the fact that the
effective index is symmetric in the superstrate and
substrate indices. The primary resonance mecha-
nism of the FSS’s is the resonance of the individual
metallic patches. There is no discernible resonance
arising from a feed-coupled configuration, even for a
0.1-pwm interelement spacing. For the FSS’s with
these closely spaced elements, we did however ob-
serve a shift of the resonance toward shorter wave-
lengths and a slight broadening of the resonance
behavior.
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