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INTRODUCTION

At present, microbolometers cooled down to
ultralow temperatures (

 

T

 

 < 1 K) are finding increasing
use in astrophysical studies (radiometry at frequencies
over 100 GHz). To prevent the overheating of cryogenic
receiving devices from external thermal radiation, it is
necessary to use cooled band-pass filters. In cryostats
with pumped-out 

 

3

 

He vapors and a temperature of
~300 mK, the background infrared (IR) room-tempera-
ture radiation should be attenuated by more than three
orders of magnitude, and in dilution cryostats with a
base temperature of ~30 mK, by more than four orders
of magnitude. It is impossible to achieve this attenua-
tion with one filter. In practice, band-pass filters are
installed on available radiation screens of a cryostat at

 

T

 

 = 100 and 4 K and 300 and 100 mK. In this case, it is
desirable to minimize the introduced attenuation at the
signal frequency. Simultaneously, these filters should
form operating spectral bands specified by observation
aims, since, in contrast to receiver–mixers, bolometers
do not naturally have intermediate-frequency filters.

As band-pass filters, resonance metal-grid filters [1]
or interference filters based on them [2] are often used
at frequencies from hundreds of gigahertz to units of
terahertz. Grids are flat periodic structures made of
metal on a dielectric substrate or without it. They are
sometimes called frequency-selective surfaces (FSSs).

The application area of these filters has been lately
expanded to the IR and visible spectrum regions in a

hundreds-of-terahertz frequency band [3]. This expan-
sion is largely related to the replacement of the technol-
ogy. The grid filters initially manufactured on the
equipment of the opticomechanical industry and vac-
uum electronics [4, 5] were later replaced by grids of
more complex shapes [6–9] created by micro- and
nanostructure technologies, which became more acces-
sible.

DESIGN AND MANUFACTURE OF FILTERS

While designing the filters, we used more easy-to-
manufacture 

 

thin

 

 grids, the sheet thickness of which is
much smaller than resonance wavelength 

 

λ

 

0

 

. These fil-
ters are scaled well; i.e., when the period is changed,
the spectral characteristic remains unchanged under
variations of the scale of wavelengths in proportion to
the period. 

 

Inductive

 

 grids with holes in the form of
crosses were selected for the band-pass filters (Fig. 1).

According to the terminology of Ulrich [1], the
grids, the openings of which are connected by conduc-
tive links, are inductive. These grids can be both on a
dielectric and without it (

 

free-standing grids

 

) in con-
trast to grids with insulated openings (capacitive),
which always need substrates. The selection of cross
parameters 

 

L

 

 and 

 

W

 

 (see Fig. 1) allows one to obtain a
filter with required quality factor 

 

Q

 

= 

 

λ

 

0

 

/(

 

λ

 

1

 

 – 

 

λ

 

2

 

)

 

, where

 

λ

 

1

 

 and 

 

λ

 

2

 

 are two wavelengths corresponding to a 50%
transmission from the maximum (–3 dB). The reason-
able selection of the parameters also allows one to
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Abstract

 

—Grid band-pass filters for 300-, 450-, 600-, and 750-GHz central frequencies are designed and man-
ufactured. Copper and aluminum foil and foil-clad fluoroplastic filters were made by chemical and ionic etching
methods, and an aluminum film sputtered on a kapton film was formed by the lift-off lithography method.
A gold layer was electrolytically applied on copper grid filters. Characteristics of the filters were measured in
the millimeter, submillimeter, and infrared (IR) ranges. Foil filters demonstrate better characteristics at lower
frequencies, while filters with sputtered films have better characteristics at upper frequencies. The smallest
transmission loss was 0.13 dB. For a stage consisting of four filters, this loss was 0.9 dB. The IR radiation atten-
uation in a 2.5- to 25-

 

µ

 

m wavelength region was no less than 11 dB per filter.
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obtain a passband without an absorption line (the so-
called Wood anomaly) at the wavelength equal to the
period (

 

λ

 

 = 

 

P

 

). In this respect, cross openings are more
preferable than square or circular, which are typical of
the former technologies.

In the first approximation, the band-pass character-
istic of the grid filter is described by the Ulrich theory
[1], according to which a grid hole is considered a dia-
phragm in a waveguide and described as a parallel
oscillatory 

 

LC

 

 circuit brought into a transmission line
with characteristic impedance 

 

Z

 

0

 

 equal to the wave
impedance of the free space. This approximation has
sense in a single-mode region of the waveguide and,
hence, is not applicable to waves that are both too long
and too short (

 

λ 

 

>> 

 

P

 

 and 

 

λ 

 

<< 

 

P

 

).
The ohmic loss is described by resistance 

 

R

 

 con-
nected to the circuit in series with 

 

L

 

. For foil grids, the
order of 

 

R

 

 magnitude is close to the surface metal resis-
tance determined by the thickness of the skin layer at
frequency 

 

f

 

0

 

 = 

 

c

 

/

 

λ

 

0

 

. Since, for good conductors, 

 

R

 

 << 

 

Z

 

0

 

,
quality factor 

 

Q

 

 is determined by the ratio 

 

Z

 

0

 

/2

 

π

 

f

 

0

 

L

 

 and
does not almost depend on 

 

R

 

. Hence, when scaling the
grids, it is possible to neglect the ohmic losses.

The role of the ohmic losses for metal-film grids on
substrates is much more significant owing to the fact
that the metal thickness of these grids is not as large as
that of foils. Grids on polymer substrates cannot be
annealed, and, hence, measured values 

 

R

 

 are much
larger than those determined from formulas for a solid
metal, even when the metal film is several times thicker
than the skin layer. Owing to the ohmic losses, the max-
imum of the pass-band curve differs from unity. Losses
of these filters decrease on cooling, but, in this case, the
quality factor of the filter slightly increases.

To calculate the spectra of the grid filters, commer-
cial packages of electromagnetic simulation programs
are widely used (such as Microstrip from Sonnet Co.,
HFSS from Ansoft Co., and others). In spite of the fact
that these programs are complex, expensive, and
require significant computational resources, the com-
parison of the calculation and experiment shows (see,
e.g., [10]) that the accuracy of these calculations is
lower than that expected while scaling the grids.

There are analytic expressions for the resonance
wavelength of the grid filters with crossed holes (see,
e.g., [10]). According to the theoretical calculation as a
part of the simple dipole interaction model,

 

λ

 

0

 

 = 2

 

L

 

 – 

 

W

 

, (1)

 

while the approximation [10] of the electromagnetic
simulation results under the A. Golden (Chicago Uni-
versity) program gives

 

λ

 

0

 

 = 2

 

L

 

 – 1.35

 

W

 

 + 0.2

 

B

 

, (2)

 

where 

 

B

 

 = 

 

P

 

 – 

 

L

 

 is the width of the jump between ends
of crossed holes.

The analysis of the experimentally measured data
[6, 10–14] on grids with various cross parameters has

shown that there is a significant deviation of the depen-
dence 

 

λ

 

0

 

(

 

L

 

, 

 

B

 

, 

 

W

 

)

 

 from the exceeding the difference
between (1) and (2). Based on the analysis results, it is
possible to conclude that, when 

 

L

 

 > 0.6

 

P

 

, it is possible
to use the following half-wave dipole approximation
with an accuracy of ~5% for grids without substrates:

 

λ

 

0

 

 = 

 

c

 

/

 

f

 

0

 

 = 2

 

L

 

. (3)

 

A higher accuracy can be obtained by scaling mea-
sured grids, data on which can be taken from references
or obtained on pilot samples.

Quality factor 

 

Q

 

 depends on relative sizes of the
cross (

 

P 

 

: 

 

L 

 

: 

 

W

 

). In particular, when 

 

P 

 

: 

 

L 

 

: 

 

W

 

 = 10 :
8 : 1, 

 

Q

 

 = 2.6, and, for other parameters, it may reach

 

~10

 

 [11].

We used expression (3) for 

 

f

 

0

 

 = 300, 450, 600, and
750 GHz, and masks of pilot samples were made with
a ratio of the period, length, and width 

 

P 

 

: 

 

L 

 

: 

 

W

 

 = 10 :
8 : 1.

The maxima of spectral characteristics may differ
from 

 

f

 

0

 

 due to not only an inaccuracy of expression (3).
In the absence of a substrate, one has to make grids
thicker. In this case, the grid thickness becomes impor-
tant. In particular, the grid geometry differs from the
mask. The grids on a substrate usually have a submi-
cron thickness, and their geometry corresponds to the
mask with a high accuracy. However, it is necessary to
take into account the influence of the substrate, in par-
ticular the difference of the wavelength in a dielectric
from that in vacuum. If the grid is completely sub-
merged into the dielectric, as it is sometimes done for

interference filters, then 

 

λ

 

e

 

ff

 

 = 

 

, where 

 

ε

 

 is the per-λ0/ ε

 

P

L

W

 

Fig. 1.

 

 Drawing of the unit cell of the band-pass filter.
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mittivity. For a one-sided substrate, λeff = , 1 <
εeff < (ε + 1)/2. In this case, εeff ≈ (ε + 1)/2 is already at
dielectric thickness t = 0.1λ0 [6]. The reflection from
the substrate surface and its interference with the reflec-
tion from the grid on the second surface also affects the
spectral characteristic.

Filters of several types were manufactured by meth-
ods of chemical etching of a copper foil 50 µm thick, an
aluminum foil 20 µm thick, foil-clad fluoroplastic with

λ0/ εeff

a 35-µm copper foil thickness and a 0.8-mm fluoroplas-
tic substrate thickness, by chemical and ionic etching of
an aluminized mylar, and thermal sputtering of an alu-
minum film 0.4 µm thick. An electrolytic gold layer
coating was used to eliminate the copper foil oxidation.

The pattern was formed by the contact optical
lithography method, illuminating an S1813 photoresist
through one of chromium photomasks made by the
electronic lithography. Upon the development, the cop-
per was etched in a hydrogen peroxide- and hydrochlo-
ric acid-based solution and the aluminum was etched in
an orthophosphoric acid-based solution or their ion
etching was performed in the CAIBE Oxford Ionfab
setup. Figure 2 shows a photograph of one manufac-
tured filter.

MEASUREMENT RESULTS

Characteristics of the filters were measured by the
Epsilon spectrometer (IOFAN design) based on a back-
ward-wave tube (BWT) in a 120- to 380-GHz region,
by a Beckman IR-720M Fourier-transform spectrome-
ter in a 200-GHz to 1.5-THz region, and by a Shimadzu
IR-460 spectrometer in a 2.5- to 25-µm IR wave range.
Examples of spectral characteristics of the filters are
given in Figs. 3 and 4.

Foil filters have demonstrated better characteristics
at lower frequencies f0, and filters sputtered on a Mylar
20 µm thick or kapton 40 µm thick have shown better
characteristics at higher frequencies. The lowest loss

Fig. 2. Microphotograph of the 300-GHz filter made of a
foiled fluoroplastic by chemical etching with the further
electrolytic gold covering. The cross length L = 500 µm.
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Fig. 3. Transmission spectra of the 300-GHz filters made of an aluminum foil: (1) one filter with a peak transmission of 0.96,
(2) three filters with a peak transmission of 0.81, and (1) four filters with a peak transmission of 0.71.
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values at the transmission maximum were 0.13 dB for
the foil filters. For a stage (set) of four filters, the losses
were 0.9 dB. For a stage of four filters separated by fil-
tered paper sheets, the losses at the center were 1.5 dB;
in this case, a specific behavior related to the Fabry–
Perot resonance was observed at band ends. When the
resonator is exactly adjusted and tuned, it is possible to
significantly improve the quality factor of the filter
stage.

Filters on a thick fluoroplastic layer have additional
losses at a 1-dB level due to reflections from two air–
substrate interfaces. Filters based on an aluminum film
0.4 µm thick, sputtered on kapton, had losses up to 5 dB
at the central frequency. This can be attributed to resis-
tive losses both in a thin aluminum film and a chro-
mium sublayer 5 nm thick applied for improving adhe-
sion. The losses measured in a photomask, which is a
chromium film on a glass substrate, were 20 dB at the
central frequency, visually illustrating the role of resis-
tive losses in the filter material.

As was noted above, operation of cryogenic bolom-
eters is only possible at a strong suppression of the
background IR radiation. For this purpose, special cold
disabling filters (for example, fluorogold) are used. The
attenuation of the IR background by a band-pass filter
outside its working band reduces requirements for dis-
abling filters. The band-pass spectra of the grid filters in
the 2.5- to 25-µm IR wavelength range are shown in
Fig. 5. Deep transmission minima at 6 and 13 µm relate
to reflections and absorptions in the Mylar film, on
which this filter is based. The filters can be efficiently
staged in the IR wave range in contrast to the submilli-
meter range, since the mutual darkening of holes of
subsequent grids leads to the fact the total transmission
is much smaller than products of transmissions of sin-
gle filters. In our spectrometer, the signal transmitted
through two filters was below the noise level, i.e., the
attenuation exceeded 20 dB.

The radiation power density at T = 300 K may reach
46 mW/cm2; when the window area is 5 cm2, the com-
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Fig. 4. Transmission spectrum of the copper filter on a
Mylar film.
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Fig. 5. Transmission spectra in a 2.5- to 25-µm range for filters: (1) on Mylar; (2) 300-GHz filter on an aluminum foil with widened
(due to etching) holes.
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plete power through the window may be 220 mW.
A HELIOX standard cryostat from the Oxford Instru-
ments Co. with 3He vapor pumping has a cooling power
of ~100 µW at 300 mK so that the attenuation of the
background radiation should be no less than 33 dB,
reached by placing three grid filters. A TRITON dilu-
tion cryostat from the same company with a cooling
power of 20 µW per 100 mK requires that four filters be
already installed. In this case, the thermal radiation
power of the room temperature in a 60-GHz bandwidth
must be kT∆f = 300 pW, setting a supersensitive bolom-
eter to a saturation region. However, for a space back-
ground radiation temperature of 2.7 K, the power of the
satellite- or balloon-carried receiver in the bandwidth
will be already smaller than 3 pW, falling within a
dynamic range of the superconducting cold-electron
bolometer [15].
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