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Abstract—For improving the dynamic range and sensitivity at
high power load, we have integrated superconductor-insulator-
normal metal-insulator-superconductor (SINIS) bolometers with
a frequency selective surface (FSS)-based distributed absorber
formed by a series and parallel array consisting of 25 annular
antenna elements, each containing two SINIS bolometers. By using
a design with 50 bolometers, we reduce incident power load on
each bolometer, increase sensitivity and saturation power which
is important for ground-based and balloon-borne telescopes with
high background power loads. Our main detector pixel is optimized
for a frequency band centered at 345 GHz. The detectors are
matched to incoming telescope beam by a back-to-back horn with
a back reflector. Such a configuration improves both the efficiency
and the bandwidth of the receiver. Measured voltage responsivity
approaches 2∗109 V/W with an amplifier-limited voltage noise of
20 nV/Hz1/2, which corresponds to a NEP = 10–17 W/Hz1/2. The lin-
ear voltage response for incoming power is observed for absorbed
power of about 5 pW. The current responsivity for parallel array
is 2∗104 A/W and the shot noise limited intrinsic noise equivalent
power is NEP= 5∗10–18 W/Hz1/2. The noise equivalent temperature
difference is NETD= 100µK/Hz1/2 at 2.7-K background radiation
temperature.

Index Terms—Antenna arrays, bolometers, submillimeter wave
integrated circuits, superconducting devices.

I. INTRODUCTION

MANY balloon-borne and ground-based high-altitude ra-
dio telescopes like BOOMERANG [1], OLIMPO [2],

LSPE [3], as well as APEX [4] in Chile, BTA [5] in Russia,
and SUFFA [6] in Uzbekistan require both high sensitivity
and wide dynamic range to provide measurements with rather
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high background radiation power load. The superconductor-
insulator-normal metal-insulator-superconductor (SINIS) struc-
ture is generic for various superconducting devices, namely
electron coolers, thermometers, and bolometers. In the pioneer-
ing publication [7], NIS junctions were used for temperature
sensing of normal-metal absorber. Later theoretically [8] and
experimentally [9], it was demonstrated that SINIS structure can
provide electron cooling. For SINIS bolometers, one of specific
cases is the so-called cold electron bolometer [10] which com-
bines electron cooling and temperature sensing for normal-metal
absorber. Some collection of experimental results with single
antennas was presented in our earlier publication [11]. Such
operation mode with electron cooling has some controversial
features for sensitive receivers. Removing of hot electrons by
electron cooling is equivalent to increasing the heat sink from
absorber, increasing thermal conductivity G, which leads to
reducing of absorber temperature and voltage response. Thermal
fluctuation noise (aka phonon noise) arises from transferring
energy from absorber to the heat sink in quantized portions. For
the system in equilibrium Tabs = Tsink, the classical relation is
NEP2

th = 4kT2G. In the nonequilibrium electron–phonon sys-
tem with different electron and phonon temperatures, emission
and absorption of phonons are uncorrelated and gives two sepa-
rate noise terms. Cooling only electrons is not a real advantage
for bolometer, because the key parameter is this electron–phonon
related NEP2 = 10kΛΣ(T 6

e + T 6
p ), whereTp is phonon temper-

ature, Te is electron temperature,Λ is volume of absorber, andΣ
is material parameter. Cooling both electrons and phonons can
significantly improve NEP. Separate cooling of electrons with
heat sinking to superconducting electrodes unavoidably leads to
phonon temperature increase in the vicinity of absorber that in
turns get rise to NEP increase as T 6

p . The additional negative
factor is a shot noise of heat transfer, approximately given by
NEP2 = 4kT0P, in which P is cooling power, and electron shot
noise of dc bias NEP2

SIN = 2eIdc/(dI/dP )2.
Single SINIS bolometer can be saturated already at the power

level well below 1 pW. For increasing the dynamic range, we use
series and parallel arrays of such bolometers. In this article, we
develop our approach in the fabrication of distributed absorber
in the form of frequency-selective surface [12]–[14]. Each pair
of bolometers is integrated in a planar annular antenna, and as a
result, a 25 antenna-SINIS element array can cover a large area.
The beam pattern of such an array without phase coherence is
very broad. To match to a narrow output beam of telescope, the
natural solution is to use a back-to-back horn for each pixel.
This design is similar to the one used on the Planck satellite
instrument [15] and OLIMPO balloon telescope [2].
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Fig. 1. Single annular antenna and SINIS bolometer (top), schematic of SINIS
bolometer (bottom). Two parallel narrow lines in the inset correspond to normal
electrode and provide resistance of absorber about 20 Ω.

II. ANNULAR ANTENNA ARRAY WITH SINIS BOLOMETERS

We measured two types of annular antenna arrays designed for
350-GHz frequency band. SEM image of antenna and schematic
of SINIS bolometer are presented in Fig. 1. Two SINIS bolome-
ters are integrated in a single annular antenna. Choice of annular
antenna is advantageous compared to dipole or slot antennas
because it provides a lower sidelobes level and lower losses in the
substrate modes [12], [13]. Narrow diagonal wires are intended
for dc bias and readout. Such elements can be connected in series
or in parallel depending on the readout type. We use a bilayer of
Fe/Al as the normal metal for the absorber and superconducting
Al for the electrodes. The arrays with 25 single antennas were
connected in series for the first type of samples, and in parallel
for the second type. Such antennas connected in series provide
high output resistance that is optimal for current bias and voltage
readout. The asymptotic resistance of series array measured at
bath temperature of 280 mK is 50 kΩ and maximum dynamic
resistance is 4 MΩ. For voltage biased (current readout), we
fabricated a parallel array of 25 ring antennas; the normal state
resistance for this sample was 14 Ω which is three orders of
magnitude less than the case when the detectors are connected
in series. For the current bias, the dynamic resistance at optimal
bias point with the largest voltage response is about 500 kΩ,
and for voltage bias with largest current response, the dynamic
resistance is around 10 Ω, so in the first case MOSFET and JFET
readout can provide good noise matching, and in the second case
SQUID or microwave readout is optimal.

Fig. 2. Schematic view of back-to-back horn with dielectric substrate, antenna
array and counter-reflector.

III. BACK-TO-BACK HORN WITH DIELECTRIC SUBSTRATE AND

COUNTER-REFLECTOR AS INTEGRATING CAVITY

For microwave modeling of planar antenna array, it looks
attractive to assume a single unit cell that is arranged in the
infinite array. Calculations are often limited to X and Y polarized
incident plane waves corresponding to Ex and Ey modes. In
CST frequency-domain mode, one can model the system using
periodic excitation, which makes the calculation fast, but it does
not correspond to more complicated real electrodynamics. In
such a simplified modeling, the array of uncorrelated absorbers
is substituted by a phased array. As a result, the bandwidth and
the beam pattern can be different than the actual performance of
this kind of distributed absorber. Here, we consider a model of
an integrating cavity that describes more accurately the back-to-
back horn with thick substrate and a counter-reflector at some
distance from it.

Integrating sphere or cavity is a simple solution for focusing
a beam upon the detector. It is a well-developed technique for
FIR, mid-IR and NIR bands, and such devices are commercially
available from several companies; see, e.g., [16]. Optical design
serves well if the integrated detector is homogeneous. When the
source is moved, the focused beam will see a different portion
of source. The main reasons for using integrating spheres are
following: uniform beam pattern for the detector with inho-
mogeneous beam, isotropic detection even for a detector with
preferred directions, reduction of polarization effects from beam
and detector, realizing of the whole beampattern of detector
including side lobes and back lobes.

Integrating cavity is a highly reflective enclosure placed in
close proximity to detector so that the reflected beam enters the
cavity, bounces around the highly reflective diffuse surface of
walls and finally impinges upon the detector. The main function
is spatial integration of the detector beam. The initial beam of
detector falling on the cavity surface is scattered in all directions.
The detector finally views the integrating sphere with a large
solid angle. In order to improve the isotropy of the detection,
the sensing element can be placed not in the line of sight for
incoming beam. A well-designed sphere will collect all available
sidelobes in 2π steradians. The schematic of integrating cavity
is presented in Fig. 2. Schematic and photograph of two types
of sample holders are presented in Fig. 3.

The integrating cavity throughput is higher because the beam
falling on the detector is increased by the multiple reflections of
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Fig. 3. Schematic picture of sample illumination and photographs of sample
holders: (a) from the substrate side and (b) from the antenna side.

the light. The cavity enhances the detected signal by collecting
the beam and reflecting it around until it illuminates the detector.
The factor of this gain is called the sphere multiplier (M) which
is a function of the wall reflectance (ρw), and ratio of the area
of the input window of sphere to its total area (f = Aw/As)

M = ρw/[1− ρw (1 − f)]

and for ρw = 1 it is justAs/Aw. In a practical design, the area of
the input window is kept around 5%, wall reflectance is between
95% and 99% and resulting sphere gain is about 10–30.

Integrating spheres can be more efficient than an optical
system with an equivalent detector position but have a lower
throughput than the direct imaging optics. The reduced through-
put can be compensated by the use of the high sensitivity cooled
detectors.

Flux density inside the integrating sphere is M times larger
than direct illumination. If distributed absorber is perfectly
matched to the incoming beam, then power is absorbed even
without the integrating cavity. If in some frequency range the
detector is more reflective, inside the cavity its multiplier will
compensate for such mismatch and finally, after several reflec-
tions most of the power will be absorbed even for mismatched
loads. As a result, using the integrating cavity makes the spectral
response much more uniform and the bandwidth of the incident
radiation is now determined by the input quasioptical filter rather
than by the detector.

Another important parameter is the factor of losses which is
determined not only by the reflectance of surface, but also by
losses in on-chip wirings and dc/signal connection lines. The
main rule of thumb for integrating spheres is that no more 5%
of the sphere surface area is consumed by port openings. In the
case of distributed absorber mounted inside back-to-back horn,
it makes better matching compared to our measurements of the
same samples with immersion sapphire lenses.

IV. DESIGN AND SIMULATION

We studied two illumination configurations: incident beam
through the Si substrate [see Fig. 3(a)] [2] and when antenna side
of the wafer is facing the incident beam [see Fig. 3(b)]. In the
first configuration (a), the substrate thickness was approximately
λ∗/2 and the distance to counter-reflector about λ/4, in which λ

is free-space wavelength, and λ∗ is wavelength in dielectric.
The resulting bandwidth is about 20 GHz and performance is

Fig. 4. Unit cells of investigated samples. (a) Standard type, when incoming
radiation illuminates array through the Si substrate with antireflection coating.
(b) Antenna side of wafer is facing the radiation. (c) Results of modeling.

rather sensitive to the tolerance of both distances. The qualitative
description of the drawback of such a configuration is that
a half-wavelength dielectric plate is transparent to radiation;
signal passes through the substrate, reflects from the backshort,
and finally is absorbed by the pixel. In our experiments, we tested
several thicknesses of Si substrate: 380, 280, 130, and 65 μm
(approximately 3λ∗/2, 2λ∗/2, λ∗/2, and λ∗/4, in which λ∗ is the
wavelength in dielectric), and found out that the half-wavelength
case is not the best. According to our measurements, the most
efficient configuration [see Fig. 3(b)] is the case when the planar
antenna array is facing the radiation, substrate is λ∗/4 thick and
its back side is covered with thick Au film which functions
as a backshort. In this case, the position of reflector is exactly
65μm= λ∗/4 and together with the back-to-back horn we obtain
a very close resemblance to an integrating cavity. As a result,
we have improved matching efficiency, spectral bandwidth, and
its uniformity.

The CST Studio Suite numerical simulation results for unit
cells of investigated samples are shown in Fig. 4. Two SINIS
bolometers are integrated in annular antenna. We used dis-
crete ports for the resistance of absorber (40 Ω) and a lumped
element for bolometer’s capacitance (25 fF). The outer and
inner diameters of the ring antenna are 300 and 256μm. In
the presented model, the substrate thicknesses used are 280 μm
[see Fig. 4(a)] and 65μm [see Fig. 4(b)]. The perfect electric
conductor boundary was used for backshort modeling in both
cases. In experiment, the backshort is made of an aluminum
foil or thick gold film. Frequency-domain solver and “unit cell”
boundaries were used for simulation. In the case when incident
radiation illuminates the array through the Si substrate [see
Fig. 4(a)], we use λ∗/4 antireflection coating for improving
sensitivity and uniformity of the spectral response. The simu-
lation results are shown in Fig. 4(c). The absorption efficiency
of 50% or more is achieved. Changing the size of array elements
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Fig. 5. (a) Array of annular antennas. (b) Back side of wafer with 36 caves
each 3 mm in diameter, 250-µm-deep etched in 3 in Si wafer. (c) SEM images
of annular antenna and SINIS bolometer.

causes a shift in the resonance frequency. The main conclusion
from these simulations is that illumination from the antenna
side and counter-reflector from the back side of substrate are
advantageous for uniformity and efficiency of spectral response.
In practice, we cannot account for all parasitic reflections and
losses inside the cavity with substrate and calculate the full
system performance with back-to-back horn. The simulation
results are used for the first approximation of the investigated
structure.

V. FABRICATION

Fabrication of antenna array includes just two layers: first
layer consisting of antennas, wires, and contact pads, and second
with SINIS bolometers. The first layer is patterned by laser
lithography and electron-beam deposition of a trilayer metal
(10 nm Ti/100 nm Au/20 nm Pd) on the Si substrate. Bolome-
ters are deposited in second layer using shadow evaporation
technology. First, the normal metal bilayer of (1.2 nm Fe/14
nm Al) is deposited followed by Al oxidation at a pressure of
10 Torr. This bilayer is nonsuperconducting due to the magnetic
proximity effect, and it can be oxidized to form a tunnel barrier.
Subsequently, Al superconducting electrode 60+70 nm thick
was evaporated at angles ±45°.

The samples with four different substrate thicknesses were
fabricated and investigated. Dry Silicon plasma etching was used
to achieve necessary substrate thicknesses of 65 and 127μm. The
substrates are thinned on the side opposite to the antenna array.
For the other samples, with substrate thicknesses of 280 and
380 μm, we used 2 and 3 in substrates of standard thicknesses.
In case when the antenna side of wafer is facing the radiation,
the opposite side is covered by thick gold layer which functions
as a backshort. The fabricated samples are shown in Fig. 5.

Fig. 6. Schematics of optical response measurements with cold blackbody
source inside cryostat and photograph of such setup inside cryostat. One can
see three blackbody sources (BB1, BB2, BB3) and three band-pass filters at the
bottom right panel.

Fig. 7. Responsivity dependence on power for single bolometer in the series
array measured at 100 mK with cryogenic blackbody source.

VI. OPTICAL AND SPECTRAL RESPONSE MEASUREMENTS

Quasistatic optical response to incoming radiation was mea-
sured in a dilution cryostat [17] using cold blackbody radiation
source made of NiCr film on silicon or sapphire substrates.
The radiation source was equipped with a thermometer; it was
heated by dc current and mounted on the 2.7 K stage. Schematic
of optical response measurements, blackbody, and filter photo-
graph is shown in Fig. 6. Between such source and back-to-back
horn with the sample, we placed a double band-pass filter at
the same temperature as sample holder. The results of such
optical responsivity measurements are shown in Fig. 7. In an
additional experiment, the blackbody source was outside the
cryostat switching between hot and cold load at temperatures
300 and 77 K.

For spectral response measurements, we use a 230–380 GHz
backward wave oscillator (BWO) illuminating the input aperture
of a back-to-back horn via the cryostat’s optical window and
three neutral density filters (NDFs) with transmission below
–10 dB placed at radiation shields 100, 3, and 0.3 K temperature
stages. NDF were fabricated from a NiCr film with a sheet re-
sistance of 350 Ω/square on a thin KAPTON film. Two channels



TARASOV et al.: ARRAYS OF ANNULAR ANTENNAS WITH SINIS BOLOMETERS 2300106

Fig. 8. Schematics and photograph of the spectral measurements with BWO
source, chopper as a beam switch, and a pyroelectric detector in reference
channel. NDF is a home-made NDF with –10 dB transmission; ZITEX and
Fluorogold are commercial IR filters.

Fig. 9. Spectral response for sample illuminated from the antenna side and
from the substrate side.

were measured simultaneously by a lock-in amplifier, one for
signal from the bolometer, and another from a pyroelectric detec-
tor which monitored the level of the incoming power. Schematic
image and photograph of the spectral response measurements
are presented in Fig. 8. For comparing the level of the received
signal in both samples (illuminating from substrate and when
antenna side of wafer is facing to the radiation), the experiment
was performed in one measurement cycle. The spectral response
is presented in Fig. 9.

VII. DISCUSSION

For a practical background power load level, the equiva-
lent electron temperature of bolometers in our experiments is
higher than 230 mK even when the phonon temperature is below
100 mK. In the case of strong overheating of the absorber, the
dynamics is different from that expected for the equilibrium
case. In this case, we do not see strong variations of responsivity
dV/dP on the incoming signal power and observe dynamic range
over 30 dB. In the case when there is no strong overheating
both by background power and by signal power itself, the
variations of absorber temperature can be described with high

accuracy by electron–phonon interaction by standard relation
Psig =

∑
ν(T 5

e − T 5
0 ), where

∑
= 3 · 109 W ·m−3 ·K−5 is a

material parameter similar to the AlMn alloy [18], ν is absorber
volume, Te is electron temperature, and T0 is phonon temper-
ature. In this case, the electron–phonon thermal conductivity
Gep = dP/dTe = 5

∑
νT 4

e , this corresponds to voltage respon-
sivity

S =
dV

dP
=

dV

dT
· dT
dP

=
dV

dT

1

G
=

dV

dT
· 1

5
∑

νT 4
. (1)

If we assume the maximum for temperature response from
[19] for aluminum NIS junctions as dV /dT = VΔ/TeTe =
4 mV/K for ideal case and dV/dT = 20 k/e = 2 mV/K for prac-
tical cases, then for a single SINIS bolometer with absorber vol-
ume of ν = 2 · 10−20 m3, the responsivity is S = 5 · 106/T 4.
This corresponds to 1.2 · 1010 V/W for an electron temperature
0.1 K. For an array comprising of 50 such bolometers, the
absorber volume is 50 times as much and responsivity estimation
drops down to 2.4 108 V/W. Even if we avoid overheating by
stray background power, still, the absorption of a high signal
will bring significant increase in the electron temperature which
will directly affect the responsivity according to [19]

Smax
ν =

4k

e

1

(
∑

ν)0.2
1

P 0.8
. (2)

The important feature of this formula is that it does not
contain phonon temperature of bolometer; actually, it depends
on electron temperature which is determined by absorbed power
of the signal. For the current responsivity, the dependence on
electron temperature is even clearer; in the first approximation
[19], it is Si = e/(2kTe).

Now, we can compare responsivity for a single bolometer and
a series array of bolometers illuminated by a single-mode horn
for the same blackbody radiation temperature. Initial parame-
ters are the following: absorber volume for single bolometer
ν = 0.02 μm3, background radiation power P1 = 1 pW for a sin-
gle mode which corresponds to Tbb = 5 K in our bandwidth of
20 GHz. The observed overheating of absorber is Te = 0.43 K.
For one bolometer, the responsivity should be S1 = 2∗108 V/W
and the output voltage response Vout1 = S1P1 = 200 μV. As an
example, if the power load is reduced by factor of 10 down to
0.1 pW, this leads to single bolometer responsivity increase up
to 2.6∗109 V/W due to the gain factor of G = (P1/P2)0.8 = 6.3.
In our single annular antenna, we have two bolometers,
absorbed signal power in each is 0.5 pW, overheating to
Te = 0.38 K (not Te = 0.43 K), voltage responsivity of two
bolometers in parallel is approximately the same as for one
bolometer S= 1.3∗108 V/W, not twice as low as one can suppose
due to twice as low power absorbed in bolometer.

For the array with n = 50 bolometers in the integrating cavity
with the same single-mode input waveguide, the signal power
for one bolometer is P1/50 = P/50 times as low compared to
full power P, but antennas are connected in series and output
signal is Gser = 25 times as much (two bolometers in parallel
in each ring). For one bolometer in the array, the responsivity
S1/50=S1G50 will be G50= (50)0.8 =23 times as high compared
to the full power load responsivity of single bolometer S1, but
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the signal power is 50 times as low, and sum signal on the series
array

Vout = (S1 ∗G50) (P/n)Gser = (S1P ) ∗ 11. (3)

As a result, in the high signal power limited case, we can get 11
times as much voltage response of series array compared to the
single bolometer for the same signal power. In the background
limited case, the higher dynamic range can be achieved, but with
the price of lower responsivity and higher NEP. All practical
cases are background limited; the background power is >1 pW
while the signal power is three orders of magnitude lower. Until
the signal power is below the background level, the responsivity
is unchanged and the dynamic range D is determined by ratio of
this background power to the NEP at this power load

D =
Pbg

NEP
=

Pbg ∗ Sv

Vn
=

2k

e ∗ Vn

(
Pbg

Σν

)0.2

. (4)

In our case for Pbg = 1 pW, Vn = 20 nV/Hz1/2, and
ν = 2∗10–20 m3 for a single bolometer, we get D = 3.8∗103

or 35 dB. For the array of 50 bolometers, D slowly decreases as
volume ν0.2∼ (50)0.2 = 2.2. As soon as signal level exceeds the
level of background power load, the responsivity decreases as
P0.8 and the output signal decreases too. In our case, this happens
already at blackbody temperature over 5 K and further increase
of blackbody temperature to 10 K leads to heating power increase
up to 5 pW and three times decline of responsivity.

VIII. CONCLUSION

For improving the dynamic range and sensitivity of SINIS
bolometers, we fabricated array consisting of 25 annular an-
tennas each containing two SINIS bolometers optimized for a
frequency band centered at 345 GHz. Doing so, we reduced
the incident power load on each bolometer, and increased the
sensitivity and saturation power, which are important for ground-
based and balloon-borne telescopes with high background power
loads. The detectors are matched to incoming telescope beam by
three and five-mode back-to-back horns with a back reflector. We
have measured the arrays at temperatures down to 80 mK. Opti-
cal responsivity was measured in the 350 GHz band with a vari-
able temperature cold blackbody radiation source and bandpass
filters. Spectral bandwidth in the 240–380 GHz range was mea-
sured using a BWO source. The measured voltage responsivity
approaches 2 ∗ 109 V/W with an amplifier-limited voltage noise
of 20 nV/Hz1/2, which corresponds to NEP = 10–17 W/Hz1/2.
The linear voltage response for incoming power is observed for
absorbed power of about 5 pW. The current responsivity for
parallel array is 2∗104 A/W and the shot noise limited intrinsic
noise equivalent power is NEP = 5∗10–18 W/Hz1/2. The noise
equivalent temperature difference is NETD = 100 μK/Hz1/2 at
2.7-K background radiation temperature level, and is suitable for
measurements of anisotropy of cosmic microwave background
radiation.
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