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Future far-infrared (IR) observatories require compact and cost efficient optical linear variable bandpass filters
(LVBFs) to define their instrument spectral bands. We have designed novel far-IR LVBFs, to our knowledge, that
consist of metal-mesh bandpass filters comprising a gold film with cross-slots of varying sizes along a silicon (Si)
substrate with anti-reflection (AR) coatings. We present our work on the simulated and measured transmission of
non-AR coated and AR coated LVBFs for bandpass peaks from wavelengths of 24 to 36 µm with a resolving power
(R = λ0/1λ) of R ≈ 6 for non-AR coated LVBFs and R ≈ 4 for AR coated LVBFs. We also present a method to
decrease the effects of out-of-band high-frequency transmission exhibited by metal-mesh filters by depositing a
thin layer of hydrogenated amorphous silicon (a-Si:H) on the metal-mesh of the LVBF. We have fabricated and
measured the LVBFs at room temperature and cryogenic temperatures (5 K). We measure a high peak transmission
of∼80%− 90% for the AR coated LVBF at 5 K and demonstrate that the a-Si:H LVBF is a promising method to
address out-of-band high-frequency transmission. © 2024 Optica Publishing Group. All rights, including for text and data

mining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.

https://doi.org/10.1364/AO.534805

1. INTRODUCTION

The proposed far-infrared (IR) sub-orbital observatory the
Balloon Experiment for Galactic Infrared Science (BEGINS)
will utilize a cryogenic instrument to map the spectral energy
distributions (SEDs) of interstellar dust in the vicinity of high-
mass stars to measure electromagnetic radiation fields and dust
properties in a variety of environments [1]. These observations
require optical filters to define the instrument bands with a
specific resolving power (or spectral resolution) R = λ0/1λ,
where λ0 is the bandpass peak wavelength. Our goal is to define
the instrument bands of BEGINS with linear variable bandpass
filters (LVBFs) at the focal plane of the instruments (Fig. 1).
LVBFs are filters with bandpasses that vary linearly along their
length. They are crucial for many applications that range from
astronomy to pharmaceutical analysis to imaging sensors for
piloted aircrafts, to name a few [2–5]. The LVBFs on BEGINS
will enable hyperspectral imaging from 25 to 65 µm with a
lower limit resolving power of R= 7.5. This resolving power is
significant, because at R≥ 7.5 the effects of dust grain size and
radiation field intensity from 25 to 65 µm can be separated [1].

Fig. 1. Left: a schematic showing how a continuous LVBF is placed
in an imaging optical system to create a spectral mapper. The LVBF is
placed directly in front of the focal plane array. Right: a schematic of the
spectral transmission for the LVBF. The bandpass central wavelength
λ0 varies linearly along the filter length and the resolving power (R)
stays constant.

This will allow astronomers to confirm theoretical work on the
predicted shapes of SEDs within this spectral region.

The LVBFs will be comprised of metal-mesh bandpass filters.
Metal-mesh filters have been studied for far-IR instruments
since the first publication by Ulrich [6]. They were chosen for
their simple fabrication scheme, cost efficiency, and compact-
ness. The simplest form consists of a single layer of metal-mesh
that can be free-standing or deposited on a substrate. The mesh
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Fig. 2. Figures not to scale. Left: a schematic showing how the
cross-slot geometry scales linearly with increasing bandpass wavelength
along the filter. The gray represents the gold film and the blue rep-
resents the bare Si. Right: a cross-sectional view of the filter. The AR
coatings linearly increase in thickness by λ0/4

√
εAR along the length of

the filter.

consists of a periodic structure, the geometry of which deter-
mines whether the filter is a low-pass, high-pass, or bandpass
filter. The LVBFs for BEGINS will be comprised of thin film
gold with cross-slot dimensions scaled linearly in all dimensions
along the length of a silicon (Si) substrate (Fig. 2). A cross-slot
geometry has both inductive and capacitive properties that
make it self-resonant, leading to a bandpass response [7–9].
Its response can be easily tailored by changing the cross-slot
dimensions, which include its cross-length, cross-width, and
periodicity (or the distance from the center of one cross to the
other, also referred to as the cross-pitch) [7]. The bandpass
peak wavelength increases along the length of the LVBF, while
preserving the resolving power, by linearly scaling the cross-slot
dimensions. The cross-slot dimensions and their effect on the
shape of the bandpass and its peak wavelength are discussed
in further detail in Section 2. Gold was chosen because it has
a low resistivity, which minimizes ohmic losses and allows for
high transmission. We use high-resistivity float zone Si wafers
for low dielectric loss. To reduce the reflective losses at the
vacuum-Si interfaces, Parylene-C anti-reflection (AR) coatings
are deposited on both sides of the filter. The AR coatings lin-
early increase in thickness by λ0/4

√
εAR along the length of the

filter, where εAR is the relative permittivity of the AR coating.
Parylene-C is a thermoplastic polymer that is commonly used
in the far-IR spectral region as an AR coating due to its good
adhesion, mechanical stability, minimal molecular out-gassing,
and low water absorption. It has also proven to be cryogenically
robust, withstanding repeated cooling cycles [10]. We present
the results of a non-AR coated and an AR coated LVBF.

Although there are many advantages to metal-mesh filters,
they exhibit out-of-band transmission at frequencies greater (or
wavelengths shorter) than the bandpass peak, which we refer
to as higher-order side bands. They occur because the periodic
cross-slots act as a diffraction grating that diffracts a wave when
the lattice size (or periodicity) is electrically large. Therefore,
the frequency at which these higher-order side bands appear
depends on the size of the cross-pitch. A common method
used to suppress the high-frequency higher-order side bands is
stacked filters with polyimide in between the layers [9,11]. But
this leads to an overall decrease in the bandpass throughput due
to losses in the filter stack. It is also possible to filter them out
using a low-pass filter. However, with a cross-slot metal-mesh
LVBF the transmissions of the higher-order side bands of the
lower-frequency (longer-wavelength) bandpasses overlap with

the higher-frequency (shorter-wavelength) bandpasses along
the LVBF. In other words, the transmissions of higher-order
side bands and bandpasses on the LVBF will occur at the same
frequencies. Therefore, it is not possible to filter out the higher-
order side bands without also filtering out the bandpasses of
the LVBF. To address this issue we investigate a method to
increase the spectral distance between the bandpass peak and
first higher-order side band. We do this by depositing a thin
layer of hydrogenated amorphous silicon (a-Si:H) on the metal-
mesh layer. The addition of the a-Si:H with a high permittivity
compared to free space allows for the cross-pitch to be decreased,
resulting in higher-order side bands that are shifted further
away from the bandpass peak to higher frequencies. This occurs
because the capacitance of the metal-mesh changes when it is
immersed in the a-Si:H. In order to achieve the same bandpass
peak as before the addition of the a-Si:H, the cross-slot dimen-
sions must be decreased. If the higher-order side bands of each
bandpass peak are shifted far enough we can use a low-pass filter
and avoid filtering out the bandpasses.

In this paper, we present our work on the development and
measurement results of a prototype non-AR coated and AR
coated LVBF and an a-Si:H LVBF with targeted bandpasses that
vary from 24 to 36 µm. In Section 2 we discuss the filter design
and modeling scheme to simulate the transmission of the filter.
In Section 3 we describe the fabrication method and deviations
from design of the fabricated LVBF. In Section 4 we explain
the filter transmission measurement method. In Section 5 we
discuss the LVBF transmission measurements and compare the
measurements to simulations. In Section 6 we discuss the results
of our initial investigation on an a-Si:H LVBF. In the last section,
Section 7, we add concluding remarks and discuss future work
on the LVBFs.

2. FILTER DESIGN AND FILTER MODELING

The transmission profile of a metal-mesh bandpass filter is
similar to a Lorentzian and is determined by its cross-slot
dimensions: the cross-pitch (g ), the cross-length (K ), and the
cross-width (B) (Fig. 3) [7,8,12–14]. The bandpass peak scales
with K (the cross-length) and the bandwidth becomes small
as the ratios of g /K and g /B increase [7]. In order to predict
and model the metal-mesh bandpass filter performance we used
Ansys High Frequency Structure Simulator (HFSS) software
[15]. HFSS is a full-wave frequency domain electromagnetic
field solver based on the finite element method. It numerically
solves Maxwell’s equations across a specified frequency range
for a specified structure geometry, material configuration, and
boundary conditions. HFSS is used to extract S-parameters
and predict the transmission profiles of the metal-mesh filters.
Through symmetry, an array of uniform cross-slots in a gold
film on a Si substrate can be simulated by a single unit cell with
perfect electric ( EE ) and magnetic ( EH) field boundary conditions
[7,8]. The unit cell structure is shown in the left panel of Fig. 3.
Wave ports are used to excite and monitor the unit cell response
for a normally incident wave. A quarter of the unit cell mesh
geometry is simulated and layers representing vacuum, the
metal-mesh, and the substrate are incorporated in a filter stack
model. A wave port is equivalent to a semi-infinite waveguide
that supports the modes TE00 and TM00.
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Fig. 3. Left: 3D model of a HFSS unit cell simulation for an AR
coated metal-mesh bandpass filter. For illustration purposes, the
vacuum, Si substrate, and AR coating box heights are not to scale.
The cross-slot dimensions are defined by the periodicity (g ), the
cross-length (K ), and the cross-width (B). Right: the calculated
transmittance spectrum of a metal-mesh bandpass filter from HFSS
simulation results. The peak transmittance, resolving power, and
bandpass peak wavelength are set by the cross-slot dimensions.

The cross-slot dimensions are initially calculated from the
desired bandpass peak wavelength (λ0). The cross-length,
parameter K is approximately λ0/2, where λ0 is the band-
pass peak wavelength in the medium, which in this case is Si
(nSi = 3.42) [13,14]. The estimated dimensions are then opti-
mized using simulations to achieve the desired resolving power
and maximum transmission. The metallization is modeled
as a 300 nm thick layer with an effective bulk conductivity of
3.33× 107 Siemens/m. The conductivity was determined
from room temperature DC resistivity measurements made at
Goddard Space Flight Center (GSFC) on previous filter samples
fabricated with 300 nm gold for this project. After fabrication
of the LVBFs, the actual room temperature conductivity of the
filters is determined from DC resistivity measurements and used
to properly determine the fabricated bandpass transmission
profile. The cryogenic bulk conductivity is calculated using the
measured DC residual resistivity ratio (RRR) of the metalliza-
tion, which is the ratio of the electrical resistance of a metal at
room temperature and 4.2 K. The Si in the model is defined as a
527 µm thick volume with a relative permittivity of εSi = 11.7,
which was determined through room temperature measure-
ments on a high-resistivity float zone Si wafer sample at GSFC.
Through simulations the Si dielectric loss was determined
to be negligible. There is ∼0.3 reflectance at each vacuum-Si
interface, so we implemented quarter-wave AR coatings on both
the metal-mesh side and on the back side of the filter to increase
transmission. Since we use Parylene-C for the AR-coatings,
the relative permittivity is set to εAR = 2.6 and a quarter-wave
layer is adopted for the thickness (= 3.72 µm for λ0 = 24 µm),
which provides a reasonable match between the silicon and vac-
uum [16]. Simulations without the AR coatings were performed
to determine the cross-slot dimensions for a bandpass peak at
24 µm. The dimensions were then scaled up to 36 µm to span
the full bandpass wavelength range of a LVBF that is 17 mm in
length. The simulation optimized cross-slot dimensions for the
bandpass peak at 24µm and scaled up cross-slot dimensions for
the bandpass peak at 36µm are listed in Table 1.

Table 1. Cross-Slot Dimensions for Bandpass Peaks
at 24 µm and 36 µm for a 17 mm Long LVBF

a

Parameter (µm) λ0 = 24 µm λ0 = 36 µm

g 6.17 9.25
K 4.95 7.43
B 0.80 1.20

aThe cross-slot dimensions for the bandpass peak at 24 µm were optimized
through simulations and scaled up to 36 µm to span the full bandpass wave-
length range of the LVBF.

3. FABRICATION

The LVBF was fabricated in a simple single layer process.
Double side polished (DSP) intrinsic float zone silicon wafers
(ρ > 20 k�-cm) were coated with a 5 nm thick titanium (Ti)
adhesion layer and 300 nm thick gold layer by electron beam
evaporation in the GSFC Detector Development Laboratory
(DDL). The cross-slots had minimum features of 0.8 µm,
which were lithographically patterned by a Heidelburg DWL
66+ direct write laser system and a single layer of S1805 resist.
The gold was etched by argon ion milling (4-Wave) and the
Ti was further etched by a combination of fluorine plasma
and hydrofluoric acid. Several filters were fabricated on a sin-
gle 100 mm silicon wafer. After etching, the photoresist was
removed by oxygen plasma and solvent cleaning. The filters were
then diced into 1 inch samples. The sheet resistance of the gold
was measured to be 2.94 µ�-cm at 300 K with a RRR–5. A few
of the LVBF samples were sent to HZO for the Parylene-C AR
coating deposition [17]. They developed a method to deposit a
coating with a gradient thickness across the filter. Their deposi-
tion method is described in the following subsection. This way
the thickness varies to approximately λ0/4 of the bandpass peak
across the filter.

Measurements of the cross-slots were made on a LVBF sample
after fabrication. The measurements were made at y = 3, 8.5,
and 12 mm and at positions x = 0, 3, 6, 9, 12, 15, and 17 mm,
where the bandpass varies along the x -axis. The left image in
Fig. 4 shows a scanning electron microscope (SEM) image of the
cross-slot at (x , y )= (9, 8.5)mm with an example of how the
measurements were made. The results of the measurements are
shown in the right panel of Fig. 4. The top plot shows that the
cross-widths deviated significantly from the design cross-widths
with average errors of 25% and of 20% in “B-x” and “B-y ”,
respectively. The bottom plot shows the measured cross-lengths
were similar in the horizontal (K -x ) and vertical (K -y ) direc-
tions and had an average error of 3% when compared to the
design cross-length. The SEM image in Fig. 4 shows rounding
of the inner and outer cross-corners, which was also seen in
other cross-slots across the filter. Measurements of the inner and
outer radii were made along one row of the filter at y = 8.5 mm
and x = 0, 3, 6, 9, 12, 15, and 17 mm. The measurement was
repeated four times at each x -position and averaged. On average
the inner radii were determined to be 470 nm± 110 nm and
the outer radii were 375± 54 nm.

Since the transmission profile is sensitive to changes in the
cross-slot dimensions [14,18,19], modifications were made
to the simulations to determine how the bandpass peak would
shift. The modifications included simulating the transmission
profile of the cross-slot shown in the SEM image in Fig. 4 with
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Fig. 4. Left: SEM image of the cross-slot at (x , y )= (9, 8.5)mm.
Right: plots showing the results of the fabricated cross-slot dimensions
as a function of the LVBF position, where x = 0 mm corresponds to
the λshort bandpass peak at the beginning of the filter. The top plot
shows the measurements of the cross-width in the horizontal (B-x ) and
vertical (B-y ) directions. The bottom plot shows the measurements
of the cross-length in the horizontal (K -x ) and vertical (K -y ) direc-
tions. The solid lines in the plots are the targeted design dimensions.
Measurements were made at y = 3, 8.5, and 12 mm, which belong
to the same bandpass peak column at the specified x -position along
the length of the filter. The black markers are the average of the mea-
surements made at each location with error bars corresponding to the
standard deviation of the mean for the three measurements.

the measured gold resistivity of the filters (Rs = 2.94 µ�-cm).
Incorporating this perturbation shifted the simulated bandpass
peak from 24 µm to 23.82 µm. Therefore, based upon the real-
ized geometry the bandpass peak is expected to increase across
the filter from 23.82µm to 35.74µm.

A. Parylene-C AR Coating Deposition Description

The Parylene-C AR coating was deposited onto both sides of
the LVBF using a chemical vapor deposition polymerization
(CVDP) process. In this process all exposed surfaces will have
completely conformal coatings. To achieve the desired coating
gradient thicknesses, a series of double sided gradient coat-
ing (DSGC) fixtures was designed through an iterative rapid
prototyping process that evaluated the restrictive volume fea-
tures above a silicon die’s surface and the deposited Parylene-C
coating thickness [20].

The wafer-loaded fixtures, along with glass slide witness
coupons, were placed in a Parylene deposition chamber. The
Parylene-C precursor, commonly referred to as a dimer, was
loaded into the deposition system’s vaporizer furnace. The
dimer was sublimed under vacuum with a temperature ramp up
to 160◦C to form a Parylene vapor, which was pulled by vacuum
through a pyrolysis furnace heated to 620◦C, which cleaved the
dimer into two reactive monomers. The monomers travel to the
room temperature deposition chamber, where they coat every
exposed surface within the chamber to form the Parylene-C
polymer film with an overall growth rate of∼1 µm/hour. Half
of the final filters were coated with a Silane A-174 adhesion
promoter (AP) and half without it. This was done in case the
AP negatively affected the filter’s spectroscopic or imaging
performance, though by its nature, the Silane A-174 AP signifi-
cantly improved adhesion of the coating to the Si wafer. The
final set of coating runs was split into two sets with the first set
using Parylene-C precursor and no Silane A-174 AP and the

Fig. 5. Parylene-C AR coating thickness measurements at x = 3,
7, 11, and 15 mm. Black line: target thickness. The thickness linearly
increases by λ0/4

√
εAR along the length of the 17 mm LVBF. The

coatings on both sides of the LVBFs were measured and averaged.
Circles: measurements for filters without the Silane A-174 AP (Filter 1
and Filter 2). Squares: measurements for filters with the Silane A-174
AP (Filter 3 and Filter 4).

second set using Parylene-C precursor and Silane A-174 AP. The
thicknesses of the Parylene-C coating for these processes were
defined by the amount of Parylene-C precursor loaded in the
Parylene deposition system. The Parylene-C coating thickness
was then verified with a Filmetrics-F40-microscope-based
spectral reflectance measurement tool [21]. The coatings on
both sides of the LVBFs were measured and averaged. Figure 5
shows the results of the thickness measurements along the LVBF.
The circles represent measurements for filters without the Silane
A-174 AP (Filter 1 and Filter 2) and the squares represent the
measurements for filters with the Silane A-174 AP (Filter 3
and Filter 4). The LVBF results discussed in Section 5 are from
measurements made on Filter 4, which was close to the target
coating thickness.

4. FILTER MEASUREMENT DESCRIPTION

The transmission measurements were made using a Bruker
Optics–IFS 125HR, which is a high-resolution Fourier trans-
form infrared spectrometer (FTS). Measurements were made
at 5 K and at room temperature in a focused beam with a 2 mm
diameter illuminating aperture over a spectral range of 29 cm−1

to 648 cm−1, with a spectral resolution of 2 cm−1. The filters
were placed in a sample holder. A 2 mm aperture was placed in
front of the holder to control the beam size. The sample holder
with both the filter and an open aperture was attached to a rod
that moved through the optical path. First, a reference spectrum
was collected for the open aperture (without filter). Then, for
the linear variable filters the rod was moved down manually in
segments of 3 mm to measure the transmission of the varying
bandpasses along the filters. The transmission spectra were
then calculated by taking the ratio of the beam spectrum going
through the filter divided by the reference beam spectrum going
through the hole.

5. FILTER MEASUREMENT VS SIMULATIONS:
RESULTS AND DISCUSSION

Room temperature (300 K) and cryogenic temperature (5 K)
FTS measurements were made of two different LVBF samples.
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Fig. 6. FTS measured transmission spectra of LVBF at x = 3, 6, 9,
12, and 15 mm. Left: measurements of the non-AR coated LVBF at
300 K (dotted lines) and 5 K (dashed lines). Right: measurements of
the AR coated LVBF at 300 K (dotted lines) and 5 K (dashed lines).

One sample was non-AR coated and the other was AR coated on
both sides with Parylene-C. Figure 6 shows the measured trans-
mission across the LVBF at locations x = 3, 6, 9, 12, 15 mm
with error bars of ±1.25 mm. The error bars are derived from
the finite aperture size and the uncertainty in the location of the
aperture, which is 0.5 mm. In cooling from 300 K to 5 K, the
non-AR (and AR) coated samples increase in peak transmission
by∼10% (∼17%), whereas the model simulations, performed
as described in Section 2, predict an increase of 7% (10%)
for these sample configurations. The addition of AR coatings
increases the peak transmission by 35% at 300 K and 42% at
5 K, whereas simulations predict an increase in peak transmis-
sion of 38% at 300 K and 41% at 5 K. The measurements are
in agreement with simulations for the increase in transmission
when the filters are cooled and AR coated.

Another feature to note in the measurements are the higher-
order side bands seen at frequencies higher than the bandpass
peaks in Fig. 6. The location of the higher-order side band
frequency cutoffs, where the transmission is nearly zero in the
plot, can be predicted using Floquet’s Theorem [22]. For a 2D
structure these solutions are referred to as transverse electric
(TEmn) or transverse magnetic (TMmn) modes. For a normal
incident plane wave the modes have frequency cutoffs that are
determined by the following equation [22]:

fc ,mn =
c

2π
√
εr

√(
2πm

g x

)2

+

(
2πn
g y

)2

, (1)

where c is the speed of light, εr is the relative permittivity of the
medium, which in our case is Si, and g x and g y are the cross-
pitch in the x and y directions. This equation is only valid and
used for the non-AR coated filters that we compared to experi-
mental measurements. A modified equation would be required
for the AR coated and a-Si:H LVBFs, since their relative permit-
tivity also needs to be considered. Since the transmission was
only measured up to 19 THz only one higher-order side band is
shown for each bandpass after the frequency cutoff for Floquet
modes TE10/01 and TM10/01. The frequency cutoffs for the
non-AR coated sample are expected to be 9.9 THz, 10.6 THz,
11.7 THz, 12.7 THz, and 14.0 THz for each measured band-
pass peak. There is excellent agreement between predicted and
measured cutoff frequencies, which suggests that the fabricated
cross-pitch is consistent with the design cross-pitch. Figure 6
Right shows that the addition of the AR coating causes the
higher-order side bands to increase in transmission but fraction-
ally less than the increase in transmission of the bandpass peak,

Fig. 7. Plots of the wavelength of the bandpass peak as a function of
the LVBF position, where x = 0 mm corresponds to theλshort bandpass
peak at the beginning of the filter. The error bars are derived from the
finite aperture size and the uncertainty in the location of the aperture.
Left: non-AR coated LVBF sample. Black line: expected fabricated
bandpass peak wavelengths. Purple dots: bandpass peak wavelengths
for the 300 K measurements. Red dots: bandpass peak wavelengths
for the 5 K measurements. Right: AR coated LVBF sample. Black
line: expected fabricated bandpass peak wavelengths. Purple dia-
monds: bandpass peak wavelengths for the 300 K measurements. Red
diamonds: bandpass peak wavelengths for the 5 K measurements.

where the quarter-wave AR coating is more effective. As men-
tioned in Section 1, the out-of-band transmission is undesirable
because the transmission of the higher-order side bands of the
lower-frequency bandpasses overlaps with the higher-frequency
bandpasses. We discuss a first attempt to address this problem in
Section 6.

We also compared the expected wavelengths of the bandpass
peaks to the measured wavelengths of the bandpass peaks along
the length of the LVBF. Figure 7 shows how the measured and
expected wavelengths of the bandpass peaks vary along the filter
for the non-AR coated and AR coated LVBF. The error bars take
into account the 0.5 mm tolerance in the sample holder location
and the 2 mm aperture. In the non-AR coated measurements
there is an average difference of 0.9 µm at 300 K and 0.6 µm
at 5 K between the measured and expected bandpass peak
wavelengths. The AR coated measurements are more similar at
300 K and 5 K with an average difference of 1.2 µm between
the measured and expected bandpass peak wavelengths. The
slightly larger deviation in comparison to the non-AR coated
sample could be due to fabrication variations in the cross-slot
features. This should not be a problem for the BEGINS LVBF,
since there is 5% design tolerance in the BEGINS bandpass peak
wavelength.

Differences in the bandpass peak wavelengths between the
5 K and 300 K measurements are also observed. There is an aver-
age difference of 0.7 µm between the 5 K and 300 K non-AR
coated measured bandpass peak wavelengths and an average dif-
ference of 0.2 µm between 5 K and 300 K AR coated measured
bandpass peak wavelengths. When the material is cooled there
are multiple changes occurring to the LVBF, such as the resistiv-
ity of the gold decreasing, thermal contraction of the materials,
and changes in the relative permittivity of the Si and AR coat-
ings. Of these the thermal contraction of the materials and
changes in the relative permittivity would affect the bandpass
peak wavelength. However, thermal contractions of the materi-
als would be negligible and not affect the bandpass peak. The Si
relative permittivity changes from 11.7 to ∼11.6 when cooled
[23], which would also not significantly change the bandpass
peak wavelength. We also expect the changes in the AR coating
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Fig. 8. Left: dots and diamonds: FTS measured peak transmittance
as a function of the LVBF position, where x = 0 mm corresponds to
the λshort bandpass peak at the beginning of the filter. Black squares:
simulated peak transmittance for the LVBF at 5 K with AR coatings
at x = 3 mm and 15 mm. Corresponding legend found on right side.
Right: dots and diamonds: measured resolving power as a function of
the LVBF position, where x = 0 mm corresponds to theλshort bandpass
peak at the beginning of the filter. Black squares: simulated resolving
power for the LVBF at 5 K with AR coatings at x = 3 mm and 15 mm.

relative permittivity to be minimal. Another factor that would
cause a difference in the bandpass peak wavelengths between 5 K
and 300 K is the initial placement of the sample holder. If the
sample holder was not returned to the same initial location for
the 5 K measurements after the 300 K measurements were made
then the bandpass peaks recorded would be at different locations
on the LVBF. To verify that the initial placement of the sample
holder is the main issue we plan to make measurements at one
location on the LVBF at 300 K then at 5 K. This will eliminate
moving the sample holder.

Finally, we discuss the results of the peak transmission and
resolving power of the bandpasses along the LVBF. It is impor-
tant to achieve high peak transmission, such that the filters do
not limit the amount of power received by the detectors. Figure 8
shows how the measured peak transmission and resolving power
vary along the filter. The red and purple markers represent the
peak transmission and resolving power from measurements.
The resolving power was determined by R = λ0

1λFWHM
, where λ0

is the bandpass peak wavelength and1λFWHM is the full-width
at half maximum of the bandpass peak. For all measurements
the peak transmission increases along the length of the filter and
the resolving power decreases. Simulations of the fabricated
filter’s cross-slot dimensions shown in Fig. 4 at x = 3 mm and
15 mm were performed for an AR coated filter at 5 K (black
squares in Fig. 8), to determine if the simulated resolving power
and peak transmission follow the same trend as the measure-
ments. The simulated peak transmission was in good agreement
with the measured peak transmission. The simulations show
that the resolving power decreases by ∼1 from x = 3 mm to
x = 15 mm on the LVBF. The decrease in resolving power along
the length of the filter is in good agreement with the decrease
shown in the measured resolving power. At both 300 K and 5 K
the resolving power of the AR coated sample varies from ∼4.5
to 3.5 along the length of the filter, and for the non-AR coated
sample it varies from∼6 to 5. Ideally the resolving power would
stay constant for a very thin perfect conductor sheet. However,
since there are resistive losses and the gold has a finite thickness
the resolving power is wavelength dependent in the far-IR (THz
frequencies) causing it to decrease as the bandpass peak increases
in wavelength along the LVBF. Therefore, only scaling the cross-
slot dimensions along the length of the filter does not ensure a
constant resolving power.

The measured resolving power is on average ∼0.3 less than
the simulated resolving power. One reason this occurs is because
the varying bandpasses within the 2 mm FTS aperture decrease
the resolving power, whereas the simulation assumes a uniform
bandpass. The decrease in resolving power due to the aperture
can be estimated by integrating over the product of the aperture
and the bandpasses within the aperture. Performing this calcu-
lation over a 2 mm aperture estimates that the resolving power
should only degrade by ∼0.15. Therefore, the aperture size
partially contributes to the decrease in the measured resolving
power. Other contributions may include the aperture not placed
directly at the beam focus of the FTS, other deviations between
the design and fabricated cross-slot dimensions that were not
imaged, and the estimated relative permittivity of the Parylene-
C AR coating used in the simulations differing from that of the
Parylene-C deposited on the filters. The AR coating changes the
effective capacitance of the LVBF, which affects the resolving
power. We did not obtain an empirical value of the Parylene-C
relative permittivity from HZO to confirm with simulations if
the difference was significant enough to change the resolving
power.

6. HYDROGENATED AMORPHOUS SILICON
LVBF

In this section we present our results on the a-Si:H LVBF, where
a 1 µm thick layer of a-Si:H was deposited on a 17 mm long
LVBF for target bandpass peaks from wavelengths of 24 to
36 µm. The purpose of this investigation was to determine if
the addition of the a-Si:H shifted the undesired out-of-band
transmission (or higher-order side bands) exhibited by metal-
mesh filters away from the bandpass peak. If the higher-order
side bands of each bandpass peak are shifted far enough they
can be filtered out with a low-pass filter without filtering out the
bandpasses required for the LVBF. This sample was fabricated at
Jet Propulsion Laboratory and made with aluminum rather than
gold. We describe the fabrication method and the measurement
results, compare the results to the LVBF discussed above, and
compare measurements to simulation.

A. Fabrication

The a-Si:H LVBF was fabricated on a high-resistivity DSP sili-
con wafer. The wafer was etched in a vapor phase hydroflouric
etch tool to remove the native oxide and introduced into the load
locked ultrahigh-vacuum deposition system. The aluminum
layer was direct current magnetron sputtered from a 6 inch high-
purity planar target to a thickness of 500 nm. The cross-slots
were patterned using a deep ultraviolet (DUV) (248 nm) stepper
and etched using chlorine chemistry in an inductively coupled
plasma (ICP) etcher. The sheet resistance of the aluminum was
not measured but previous measurements from JPL indicate
that sheet resistance is expected to be 3.70 µ�-cm at 300 K.
The a-Si:H was deposited in an inductively coupled plasma
enhanced chemical vapor deposition (ICP-PECVD) system
to a thickness of about 1 µm. For this set of filters the bandpass
increased every 170 µm. Table 2 shows the design cross-slot
dimensions for the bandpass peak at 24 µm and at 36 µm. The
addition of the a-Si:H allowed for the cross-pitch to be decreased
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Table 2. Cross-Slot Dimensions for Bandpass Peaks
at 24 µm and 36 µm for a 17 mm Long a-Si:H LVBF

a

Parameter (µm) λ0 = 24 µm λ0 = 36 µm

g 4.32 6.48
K 3.58 5.38
B 0.80 1.20

aThe cross-slot dimensions for the bandpass peak at 24 µm were optimized
through simulations and scaled up to 36 µm to span the full bandpass wave-
length range of the a-Si:H LVBF.

Fig. 9. Plots showing the results of the fabricated cross-slot dimen-
sions as a function of the a-Si:H LVBF position, where x = 0 mm
corresponds to the λshort bandpass peak at the beginning of the filter.
Measurements were made along one row of the filter at x = 0.342,
1.342, 2.342, 3.342, 4.342, 5.342, 6.342, 7.342, and 8.342 mm.
Left: the measurements of the cross-width in the horizontal (B-x ) and
vertical (B-y ) directions. Right: measurements of the cross-length
in the vertical direction. The solid lines in the plots are the design
dimensions.

by a factor of 0.70 when compared to the cross-pitch of the
LVBF without the a-Si:H (Table 1). The decrease in cross-pitch
should result in higher-order side bands that are shifted further
away from the bandpass peak.

Measurements of the cross-slots were made on half of an
a-Si:H LVBF sample after fabrication along one row of the filter
at x = 0.342, 1.342, 2.342, 3.342, 4.342, 5.342, 6.342, 7.342,
and 8.342 mm. The results of the measurements are shown in
Fig. 9. The left plot shows that the cross-widths deviated from
design by an average error of 4%. The cross-lengths shown in the
right plot were similar to the design dimensions with an aver-
age error of 1%. The SEM images of the cross-slots displayed
rounding in the outer and inner corners of the cross-slots with an
estimated radius of a quarter of the cross-width. The deviations
from the design cross-slot dimensions will result in bandpass
peaks that differ from the design bandpass peaks of 24 to 36µm.

B. Filter Measurement vs Simulations: Results and
Discussion

Measurements on a non-AR coated a-Si:H LVBF were per-
formed in the same manner described in Section 4. The left plot
in Fig. 10 shows the FTS measured transmission along the filter
at 300 K and 5 K. The peak transmission is ∼30% at 300 K
and∼40%− 45% at 5 K, which is comparable to the non-AR
coated LVBF peak transmission shown in Fig. 6. The spectral
distance between the bandpass peak to the TE01/10/TM01/10

frequency cutoff is an average of 7.1 µm over all measured
bandpasses. The addition of the a-Si:H increases the distance
by 2.4 µm when compared to the LVBF discussed in the pre-
vious section. It also makes the bandpass peak transmission

Fig. 10. Left: FTS measured transmission spectra of the a-Si:H
LVBF at x = 3, 6, 9, 12, and 15 mm. Measurements of the non-AR
coated LVBF at 300 K (dotted lines) and 5 K (dashed lines). Right: plot
of the wavelengths of the bandpass peaks as a function of the a-Si:H
LVBF position, where x = 0 mm corresponds to the λshort bandpass
peak at the beginning of the filter. The error bars are derived from the
finite aperture size and the uncertainty in the location of the aperture.
Black line: expected design bandpass peak wavelengths with cross-slot
corners of 50 nm radii. Blue line: expected bandpass peak wavelengths
with cross-slot corners with a radius of a quarter of the cross-width.
Orange line: expected bandpass peak wavelengths with cross-slot
corners with a radius of a quarter of the cross-width and εa-Si:H = 10.
Black dots: bandpass peak wavelengths of the 300 K measurements.

profile more symmetric, because the higher-order side bands are
shifted far enough that the first higher-order side band does not
interfere with the bandpass transmission on the high-frequency
side. The addition of the a-Si:H was successful in shifting the
higher-order side bands further from the bandpass peaks but
not at far as necessary. The first higher-order side band must
be shifted at least an octave away from the bandpass peak to
higher frequencies, in order to successfully filter them out with a
low-pass filter.

Although the addition of the a-Si:H shows initial promising
results the bandpass peak wavelength was not well predicted
by the simulations when compared to the measurements.
Simulations for the design cross-slot dimensions were per-
formed under the assumption that the a-Si:H was 1 µm thick
with a relative permittivity of εa-Si:H = 11.7. It was also assumed
that the cross-slot corners would be rounded with a radius of
50 nm. This would have resulted in the target bandpass peak
wavelengths from 24 to 36 µm as shown by the black line in
the right plot of Fig. 10. However, the measured bandpass peak
wavelengths along the filter vary from 20.7–30.3 µm (Fig. 10
Right black dots). The solid blue line shows the expected band-
pass peak wavelengths if the cross-slot dimensions are modified
to match the fabricated cross-slot dimensions. This includes
rounding of the cross-slot corners with a radius of a quarter of
the cross-width and the cross-slot dimension measurements
in Fig. 9. Including these modifications shifted the bandpass
peak to shorter wavelengths but not a significant amount to
match measurements. This suggests that the adopted relative
permittivity of the a-Si:H in simulation of the array geometry
was differed from the material employed.

Optical measurements made at JPL demonstrated that the
relative permittivity was closer to 10. The orange line shows
the simulation results with εa-Si:H = 10, rounding of the cross-
slot corners with a radius of a quarter of the cross-width and
the cross-slot dimension measurements in Fig. 9. This change
shifted the bandpass peak to shorter wavelengths but still not
enough to match measurement with an average difference of
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9%. The difference may still be due to variations in the cross-
slot along the filter that deviate from design, since only one
row of cross-slot dimensions was measured along the filter.
Further investigation is required of the a-Si:H and cross-slot
dimensions to better predict the bandpass peak wavelength and
overall transmission profile of the a-Si:H LVBF. The average
resolving power for the 300 K and 5 K measurements was found
to be R ≈ 3. If the εa-Si:H = 10, the simulations predict that
R= 4. The simulation also predicts that the measured peak
transmission is less than the simulated peak transmission by
∼10%. Further investigation of the dielectric properties of the
a-Si:H deposited on the LVBF is still required to understand the
differences between the simulations and measurements.

7. CONCLUSION AND FUTURE WORK

We have successfully fabricated and measured a non-AR coated
and AR coated LVBF and an a-Si:H LVBF as preliminary work
towards defining the instrument bands of BEGINS. We demon-
strated high peak transmission of ∼80%− 90 % for the AR
coated LVBF at cryogenic temperatures (5 K). Comparisons
between simulations and measurements show how the filter’s
response is sensitive to changes in the design cross-slot features
when fabricated [14,18,19]. Incorporating the changes in the
cross-slot features after fabrication allows us to better model our
measurements. For LVBFs this is more challenging since the
cross-slot dimensions are changing across the filter. The addi-
tion of a thin layer of a-Si:H deposited on the metal-mesh filter
did increase the spectral distance between the bandpass peak
and higher-order side bands but not enough to filter out with a
low-pass filter. Simulations of the a-Si:H LVBF did not match
measurements well because we need a better measurement of
the relative permittivity of the a-Si:H. Our next steps are to
fabricate prototype LVBFs with the resolving powers required
for BEGINS (R≥ 7.5), to further investigate the best method
to decrease the effects of the high-frequency higher-order side
bands, and investigate the dielectric properties of a-Si:H to
fabricate an a-Si:H LVBF with AR coatings. The resolving
power will be increased by using UV stepper lithography, which
will enable better control over the cross-slot dimensions and
narrower slots. The bandwidth decreases as the ratio of g /B
increases, so narrower slots lead to an increase in resolving
power. To suppress the higher-order side bands we will explore
mesh metallization on both sides of the Si substrate, which is
similar to stacking filters. Although this will decrease transmis-
sion, it will increase the resolving power. We will also explore
modifying the cross-slot geometry and other metal-mesh
geometries [24,25].
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