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Abstract

Free standing metal screens have long been used as band pass filters in the infrared (IR) wavelength region. One adjusts the screens’
periodicity constant, its opening-to-periodicity aspect ratio and its thickness to achieve desired infrared transmission properties. Here we
concentrate on thick screens in the near IR wavelength region (1-2 pm). In addition to experiments and simulations we have considered
the role of screen imperfection on its transmission characteristics. Uneven surfaces, inclined and sometimes rough walls of the screen and
waveguide channels may be the result of thick-film lithography which is used in the process for screen manufacturing. Understanding

these effects is crucial to applications of these filters in the entire IR region.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Free standing metal screens have been studied in the
long [1,2] and short [3] wavelength regions. Transmittances
of screens with various aspect ratios (opening-to-periodic-
ity ratio) have been investigated from the visible to the
THz spectral regions. Resonances of the screens may be
interpreted in terms of surface plasmons/waves [4-7] and
waveguide modes [8,9]. Surface plasmons terminology is
commonly used when complex refractive index parameters
are employed [10] whereas surface waves terminology is
used when surface impedance boundary conditions [11]
are applied.
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Free standing metal screens have been traditionally used
by the astrophysical community in the longer wavelength
region; [1] applications in the short wavelength region
though, have been limited by the manufacturing screen
process. Thick screens, with ratio of thickness-to-lattice
periodicity larger than unity, tend to portray inclined or
curved walls, rounding of the ends of the openings and
unevenness of the screen surfaces. In this paper we report
on transmittance properties of free standing Au screens
for the 1-2 pm wavelength region with waveguide channels
which are arranged in square and hexagonal lattices. Vari-
ations in the screen features may be in the range of tens or
even hundreds of nanometers despite the best lithographi-
cal tools used and their impact on their transmittance char-
acteristics should therefore be considered. In addition to
study ideal screens we analyzed imperfect ones by use of
coupled wave model [8,9]. We obtained agreement between
the model and experimental data and attributed the
difference between simulations and experimental data to
random (inhomogeneous) screen imperfections.
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2. Experiments

Inductive metal screens are shown in Fig. la and b.
Two sets of metal screens were made of gold: square
shaped waveguide channels with rectangular symmetry
and hexagonal waveguide channels with hexagonal symme-
try. The periodicity constant g was aimed at 1.3 pm and the
thickness of the waveguide channels at 2.3 pm. Experimen-
tal values for the periodicity constant g and the waveguide
channels’ thickness values ¢ and the opening dimension D;
and D, on either side of the screen are given in Table 1. The
screens were placed on another metal frame which had
openings of 50 um, wire size of 5um and thickness of
2.3 um. The overall sample area was 6-10 mm”. Samples
were prepared by use of 100 KeV e-beam lithography and
electro deposition without a seed layer. Heavily n-doped
silicon wafers with a specific resistively of 0.01-0.02 Q-cm
were used as substrates for the freestanding metal LIGA-
based structures. Each substrate was coated with 3 um
positive electron-beam resist (PMMA-950 K with 11% sol-
ids in Anisole). After exposure and spray-development for
2.5min in a 1:1 methylisobutylketone:isopropylic alcohol
(MIBK:IPA) mixture, a descum step, aim at removing
residual resist layers from the substrate, was performed.
The native silicon oxide was removed by use of 5% HF

Fig. 1. (a) Rectangular periodic structure with square shaped waveguide
channels; the periodicity constant is g and the waveguide opening D. (b)
Hexagonal structure with hexagonal shaped waveguide channels; the
periodicity constant is g and the waveguide opening D.

solution prior to the electroforming stage. Ti contact
clamps were used as contacts for the electro deposition pro-
cess. The contact potential difference between the titanium
and the n-doped silicon was almost ohmic due to the small
relative electron work function of titanium (with the excep-
tion aluminum, a Schottky-contact with n-doped silicon is
typically developed, which upon application of cathodic
potential for the plating process, becomes reverse biased).
Initial high-nucleation density was achieved by using cur-
rent density of 0.8 A/dm? for the first 5 s; tests with lower
current densities did not result in a homogenous layer for-
mation. To ensure stability of the electrolyte, the pH of the
plating solution was kept between 8 and 9. After resist
stripping, the deposited structures were released by simple
anisotropic etching in 30% KOH for 5 min at near room
temperature.

3. Theoretical considerations

Surface waves, propagating on either screen’s surface
are coupled by waveguides modes, either propagating or
evanescent, in the screen’s waveguide channel. Taking x
and y coordinates in the plane of the screen and z for the
normal direction, waveguide modes are denoted by TE
(the electric field has no component in the z-direction)
and TM (the magnetic field has no component in the
z-direction). Typically, resonances in the screen are associ-
ated with incident beams as p-polarized (electrical vector in
the plane of incidence) and s-polarized (electrical vector
normal to the plane of incidence) [12]. Dispersion relations
dictate that the propagation constant of the surface wave k;
is related to the periodicity g and the propagation constant
of the incident beam ky by, (ky)" = kosin(0) + ¢2n/g and
(ksx)” = kosin(0) — ¢q2n/g, with ¢, integer. Resonance
occurs whenever the propagating surface wave becomes a
standing wave, thus, for normal incidence (6 =0), ks =
(ko))" + (ko)™ = 0. There are surface waves on either side
of the screen, coupled through the opening via waveguide
(either propagating or evanescent) modes [8,9]. For metals,
ks = ko(emeo/em + .90)1/ 2 with &, the dielectric constant of
metal and ¢y, the dielectric constant of air or a dielectric fill-
ing. For ideal metal, ¢,, < 0 and ks ~ ky. When the metal is
perforated and the holes are filled with a dielectric material,
the effective dielectric constant is &y = Amém + Agéq, With
Am, Ag, the areas occupied by the metal and dielectric,
respectively. Since ¢, < 0 and &4 is a relatively small posi-
tive number, e is also a large negative number which
implies kg ~ k¢ at normal incidence as well. The compound

Table 1
Periodicity constants, opening diameters and thickness of screens

g D, Di/g D, Da/g t ilg
S1 Square, rectangular 1.3 1 0.77 0.9 0.69 23 1.77
S2 Square, rectangular 1.28 1 0.78 0.8 0.63 2.3 1.80
H1 Hexagonal, hexagonal 1.24 1 0.81 0.7 0.56 2.3 1.85
H2 Hexagonal, hexagonal 1.28 0.7 0.55 0.5 0.39 2.3 1.80
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mode of the coupled surface wave and its resonances are
our focus of attention.

4. Experimental and simulated results

Transmittances through rectangular structures S1 and S2
(Fig. 2) portray a dominant peak at wavelength near 1.8 pm
and a number of smaller side peaks on the shorter wave-
length region. The hexagonal structure H1 has a dominant
peak at wavelength near 1.7 um. We used coupled surface
wave model and simulations with the Micro-Stripes pro-
gram to analyze these screens. Similarly to the experiments,
simulations have identified several side peaks which overlap
with the dominant peak: this was true for both rectangular
and hexagonal structures, shown in Fig. 3 for square shaped
screens. This is also in contrast to cross-shaped screens
where the side peaks are well separated from the main
one. These peaks are labeled o, 8, y and ¢ from the long
wavelengths down and are attributed to the longitudinal
resonances (Fig. 4). Thin screens exhibit only the zero-order
waveguide mode, o. As the thickness of the screen increases
the waveguide supports second- and third-order longitudi-
nal waveguide modes, f3, y, and ¢ as schematically shown
in Fig. 4. Experimental transmission spectra, however, for
both structures (Fig. 2) do not exhibit much of the
first- to third-order waveguide modes (f, y, and §). Our
hypothesis is that the difference between the simulated and
experimental spectra has its origin in homogeneous, yet, small
imperfections, which were introduced by the manufacturing
process to all screens features alike.

In order to include homogeneous sample imperfections
(namely, applied simultancously to each channel) we
repeated the simulations with various conductivity values
and effective geometrical features. For the hexagonal struc-
ture, simulations have shown little transmission difference
between round holes and hexagonal waveguide channels,
which may ease the comparison between our results and
those reported in the literature (Table 2).
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Fig. 2. Transmittance of square shaped waveguide channels in rectangular
structure (S1, S2) and hexagonal waveguide channels in hexagonal
structure (H1, H2). Periodicity constants and waveguide dimensions are
given in Table 1. The spectral features at 1.6 um are artifacts of the
spectrometer.
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Fig. 3. Simulations: waveguide modes in square-shaped sample with
rectangular structure as a function of normalized wavelength i/g for
various thickness values 7. (a) Ratio of thickness to periodicity constant #/
g=0.079 and 0.59; (b) /g = 1.18 and 1.97. For a definition of «, B, 7, and
0 modes, see Fig. 4.
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Fig. 4. Nodes of the compound mode as a function of thickness. Thin
screens exhibit no node. As the screen thickness increases the channel
supports more and more nodes.

4.1. Screens with rectangular symmetry

In Fig. 5 we provide comparison between simulations
for ideal screens with perfect waveguide channels and infi-
nite conductivity values and simulations for Au and Ni per-
fect screens (straight walled yet, with finite conductivity
values). The smaller conductivity values affect the intensity
of the zero-order waveguide modes more than the higher-
order ones. In Fig. 6 we considered Au screens with conical
shaped waveguide channels. Here, no reduction in the
intensity of the higher-order waveguide mode and suppres-
sion of the lower-order modes is noted. At the same time
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Table 2

Geometrical parameters, observed, cut-off and calculated transmittance wavelength

Jp=09g +0.22D

Observed Ae=1.71D
D g t WL cal. Cut-off

Ref. [13] Round 1400 1600 3000 1900 1748 2389.1
Ref. [16], #1 Round 168 226 153 230 240.36 286.7
Refs. [16,8] Hex 88 179 88 176 180.46 150.2

Ref. [14], 155 Round 111 164 70 172 172.02 189.4

Ref. [14], 215 Round 77 118 55 122 123.14 131.4

Ref. [14], 275 Round 52 92 55 93 94.24 88.7

Ref. [14], 355 Round 37 72 52 70 72.94 63.1

Ref. [15] Round 8 12 Not aval. 11 12.56 13.7

Ref. [15] Round 5 7.5 Not aval. 7.5 7.85 8.5

Ref. [15] Round 1.7 2.55 Not aval. 2.8 2.669 2.9

Ref. [15] Round 1.2 1.8 Not aval. 2 1.884 2.0

Hl hex 1 1.24 2.3 1.7 1.336 1.7

Ref. [15] Round 0.9 1.35 Not aval. 1.6 1.413 1.5

Ref. [15] Round 0.6 0.9 Not aval. 1.05 0.942 1.0

Ref. [15] Round 0.35 0.525 Not aval. 0.7 0.5495 0.6

Ref. [15] Round 0.23 0.345 Not aval. 0.4 0.3611 0.4

Ac=141D

S1 Square 1 1.3 2.3 1.8 n.a. 1.41

D, diameter of opening; g, periodicity constant; 7, thickness; WL, observed peak wavelength; cal., calculated peak wavelength; cut-off, cut-off wavelength.
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Fig. 5. Simulated transmittances for square shaped structures with perfect
waveguide channels, D; = D, =1 pum and various conductivity values.
Light gray: ideal case (infinite conductivity). Dark gray: Au. Thin black:
Ni. Experimental data for screen S1: bold black.
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Fig. 6. Simulated transmittance for square shaped structure with conical
shaped waveguide channels made of Au. All dimensions are in microm-
eters and all having D, = 1. Light gray: D, =0.95. Dark gray: D, =0.9.
Thin black: D, =0.8. Light gray: D, = 0.7. Experimental data for screen
S1: bold black.

one finds that the peaks shift to shorter wavelengths for
smaller values of D,. A neck shaped waveguide channel
(Fig. 7) exhibited no reduction in the appearance of wave-
guide modes. It shifted the modes to the shorter wavelength
regime and accentuated the cut-off wavelength.

The above waveguide modifications have well defined
geometry and conductivity values. Yet, inspection of the
back-side of the rectangular latticed screens with an elec-
tron microscope revealed irregular metal surface with small
cylindrical features. We note that Fig. 7 indicates that only
a small neck is required to mimic a sharp wavelength cut-
off. A small cylinder at the back side of a neck-shaped
channel (D = D> =1 and D,, =0.95) and shown in inset
of Fig. 8, was added to the simulation structure in order

0.8 Dm b2
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Wavelength [um]

Fig. 7. Simulated transmittance for square shaped structure with neck
shaped waveguide channels, all dimensions are in micrometers. Light gray:
D=1, D,=0.9, D,=1. Dark gray: D; =0.95, D, =0.85, D, =0.95.
Thin black: Dy =1, D, = 0.85, D, = 1. Experimental data for screen S1:
bold black.
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Fig. 8. Simulated transmittance for square shaped structure with uneven
back surface represented by neck shaped waveguide channel with small
cylinders, all in micrometers. Neck shape: D; =1, D, =0.95, D,=1.
Cylinders: light gray: H= 0.3, R=0.5. Dark gray: H = 0.3, R =0.6. Thin
black: H=0.3, R=0.7. Experimental transmittance data for screen SI:
bold black.

to account for such uneven surface. Simulations were per-
formed for various radii R and heights H of the cylinders,
keeping the total length of the neck shaped channel and
cylinder height at 2.3 pm. As shown in Fig. 8, all simula-
tions exhibited reduction in the intensity of higher-order
waveguide modes, and a good agreement between the
experimental and simulated values for the zero-order mode
peak.

4.2. Screens with hexagonal symmetry

Similar results were obtained for hexagonal shaped
screens (Figs. 9 and 10). The higher-order waveguide
modes were only little affected by the various geometries
of the waveguide channels and so were the results with var-
ious conductivities values (Fig. 11). We have not consid-
ered here cylindrical shape features as for the rectangular
cases since such imperfection were not found upon inspec-
tion with the electron microscope.
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Fig. 9. Simulated transmittance for hexagonal shaped structure (Au) with
cone shaped waveguide channels, all in micrometers. All D; =1, Light
gray: D, =0.95. Dark gray: D, =0.9. Thin black: D, =0.8. Dark gray:
0.7. Experimental transmittance data for screen H1: bold black.
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Fig. 10. Simulated transmittance for hexagonal shaped structure with
neck shaped waveguide channel channels, all in micrometers. Light gray:
D=1, D, =095, D,=1. Dark gray, D1 =1, D, =0.9, D, = 1. Thin
black: D, =1, D,,=0.8, D, =1. Light gray: D, =1, D, =0.7, D, =1.
Experimental transmittance data for screen H1: bold black.
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Fig. 11. Simulated transmittances for different conductivities of hexagonal
shaped structure with straight waveguide channels D; = D, = 1 um. Light
gray: no loss. Dark gray: Au. Thin black: Ni. Experimental transmittance
data for screen H1: bold black.

5. Discussion

The transmission spectra of thick free standing screens
exhibit one dominant peak A, with steep transmission
reduction at longer wavelength in addition to side peaks
on the shorter wavelength range. Similar peak spectra have
been reported in the past for many hexagonal structures as
we discuss below. The steep cut-off at the long wavelengths
was assigned to the cut-off wavelength /. of a single wave-
guide [13]: by definition, 4. > /,. Studies of 4, and /. for
screens in the visible to the mm wavelength region reveal
that the relation A, > A, does not hold for some experi-
ments with hexagonal structures, [14] and is not held true
for square shaped screens. Our simulations reveal that
the peak transmission wavelength mainly depends on the
periodicity constant (Fig. 12) with little dependence on
the opening of the waveguide channels. It is exhibited for
hexagonal structures by an empirical relationship:
/p=0.9g +0.22D. The latter is derived from the experi-
mental data of Table 2 and Refs. [14,15]. It is plotted in
Fig. 13 for values of waveguide openings obeying the
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Fig. 12. Simulations of resonance wavelength for screens with fixed
periodicity constant g = 20 um. (a) Square shaped screens, as a function of
screen opening D = 18-6 pm. (b) Hexagonal shaped screens, as a function
of screen opening D = 18-6 um.
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Fig. 13. Hexagonal structure: transmission wavelength as a function of
periodicity constant with D =0.7g. Black: empirical formula,
Ap=0.9g+0.22D = 1.054g. Gray: experimental data.

relationship, D = 0.7g. We note that the empirical relation-
ship for A, describes well the position of the main peak for
many octaves of wavelengths. The dependence of the peak
wavelength on the waveguide opening when both normal-
ized by the periodicity constant g, 4,/g = 0.9+ 0.22D/g,
appears to be small yet, linear for all data of Table 2
(Fig. 14), as well.

1.1

1.06

1.02

0.98

Wavelength/g

0.94

0.9
0 0.2 0.4 0.6 0.8 1

Dig

Fig. 14. Peak wavelength divided by the periodicity constant (PWL/g) as
a function of channel opening divided by the periodicity constant (D/g) for
hexagonal screens. The empirical graph is (PWL/g) = 0.9 + 0.22(D/g).

A difference between experimental and simulated data
is noted when considering the entire transmittance curve.
Higher-order modes are all but missing from the experi-
mental data. One may also note that simulations indicate
a higher-order peak-shift towards the shorter wavelengths
as the conical shape becomes more acute (Fig. 6). In addi-
tion, it seems that the necking of the waveguide accentu-
ate the cut-off wavelength (Fig. 7) though shifts the peak
intensities to the shorter wavelength region. These may be
attributed to two different effects: conical shapes eliminate
lower-order modes (such as the o mode) at the waveguide
end. A neck in the guide divides it into two sections, each
supporting a fewer modes in addition to suppressing
lower-order modes. Fig. 8 indicated that one requires
tempering with the geometrical structure at the screen
back in order to suppress the higher-order modes. We
chose the neck shape waveguide structure because it
retains the lower-order modes with sharp wavelength
cut-off. Only a small neck is required to retain the long
wavelength part of the transmission spectra while the
uneven back surface affects the short wavelength part.
However, as the back features become larger, the overall
transmittance is reduced and the quality of the filter is
compromised.

Our simulation method could not account for randomly
distributed differences in geometry and conductivity on a
waveguide-by-waveguide basis (defined here as inhomoge-
neous imperfections, which is in contrast to an overall
homogenous change for all waveguides). On the other
hand, our manufactured hexagonal shaped screens did
not exhibit noticeable surface irregularities — its high-order
mode transmittance was suppressed nonetheless. Experi-
mental study in the short wavelength region for hexagonal
structures, which were produced by a mechanical manufac-
turing process, exhibited one dominant peak in addition to
small side peaks, much like our hexagonal samples (Fig. 2)
[15]. Additional studies [14,16,17] revealed the effect of a
‘perfect’ versus ‘imperfect’ manufacturing process. Screens
produced by electroforming (the ‘imperfect” process) exhib-
ited one main transmission peak whereas, in the same spec-
tral region, the perfect process resulted in transmittance of
equal intensity multiple peaks (Fig. 15).
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Fig. 15. Comparison between ‘imperfect and ‘perfect’ screens. (a) Com-
mercially electroformed sample (‘imperfect’) Ni screen with g= 164,
D =111, t = 70. Black: experiment, gray: simulations. (b) A more ‘perfect’
screen made of brass with g =226, D = 168, ¢t = 153. Black: experiment,
gray: simulations. All dimensions in micrometers.

All of the above considerations require us to estimate
the degree of randomly distributed imperfections. Since
our model was found adequate from the near IR through
the very far IR wavelength region, [9] such estimate may
be obtained by comparing a scale-up of our hexagonal
samples with a hexagonal sample of round holes and peri-
odicity constant of g = 1600 um, originally designed for the
mm wavelength region. In Fig. 16 we compare experimen-
tal data for both screens while normalizing the dimensions
by the periodicity constant g. As can be seen by the figure,

1.0

0.8 -

Transmittance

0.0 L L L
1.0 1.2 1.4 1.6 1.8

Normalized Wavelength

Fig. 16. Comparison between experimental data from a (‘perfect’) brass
screen made in a machine shop and a scaled hexagonal sample of this
work. The wavelength was normalized accordingly, A/g. Gray: g = 1600,
D = 1400, 1 = 3000, and black: g = 1.3, D=1, t = 2.3. All dimensions are
in micrometers.

intensity of the high-order channel waveguide modes was
reduced for both samples. Mechanical accuracy in the
mm scale is on the order of 25 um or 1-2% of the screen
pitch g. This translates to variations of at least 15-25 nm
in our samples, much smaller than the propagating
wavelength.

6. Conclusions

We have studied inductive thick screens with various lat-
tice symmetries and openings. Experimentally we found
one major transmission peak whereas simulations exhibited
multiple peaks of similar intensity. We identified the peaks
by their longitudinal waveguide channel resonances and
concluded that the high-order waveguide modes have been
suppressed in the experiments. The major peak was well
accounted for by simulations and phenomenological
approach over many octaves of wavelengths. Attempts to
reconcile the difference between experiments and simula-
tions of the high-order modes by varying homogeneously
the waveguide geometry and surface conductivity were
not satisfying. Thus, we proved false our initial hypothesis
that the difference between the simulated and experimental
spectra had its origin in homogeneous yet small imperfec-
tions. As a consequence we deduced that inhomogeneous
imperfections (local random variations) are more impor-
tant than homogeneous variations (variations which
apply to all waveguides alike) in explaining the suppression
of higher-order transmission modes in thick inductive
screens.
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