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Millimeter-Wave Response of All Metal-Organic
Deposited YBCO Transition Edge Bolometer
Rana Nazifi, Roya Mohajeri, Zeynab Alipour, S. Iman Mirzaei, Mehdi Ahmadi-Boroujeni, M.A.Vesaghi,
J.-C. Grivel, Mehdi Fardmanesh, Senior Member, IEEE

Abstract—We report on the response of a monolithic high Tc
transition-edge bolometer to about 3-mm-wave for the first time.
The detector structure consisting of 400 nm YBa2 Cu3 O7−x
(YBCO) film on buffered Yttria Stabilized Zirconia substrate
without any coupled antenna, shows bolometric type responsivity
to the 3-mm-waves radiation at its transition temperature. The
YBCO thin film and Ce0.9 La0.1 O2 buffer layer are both
fabricated by the metal-organic deposition method. The meander
line pattern of the bolometer is designed for obtaining maximum
absorption and responsivity possible when the polarized radiation
of the source is aligned with the pattern. Meander lines are
50 micrometers wide and 1.5 mm long. We have measured
amplitude and phase of the response versus modulation frequency
of the detector to the linearly polarized 95 GHz source, and the
detector was biased at 5 distinct temperatures at the transition
corresponding to five different electrical conductivities of the
YBCO film. When the meander lines of the device are parallel to
the incident beam polarization, the YBCO pattern is speculated to
act as a dissipative antenna resulting in higher absorption leading
to high magnitude of the response as observed. The results from
the measured phase of the response versus modulation frequency
are also in agreement with the discussed absorbed mechanism.
The absorption of the YBCO pattern is also measured to depend
on the electrical conductivity of the YBCO film and our results
show that there is an optimum electrical conductivity for having
maximum absorption for this detector. Simulation results for
this structure confirm the experiments showing that at electrical
conductivity value of 1.33 × 105 S/m we have the maximum
absorption for our device. These observations promise design of
versatile THz and millimeter-wave detectors with potentials for
applications in medical and security imaging.
Index Terms—Bolometer, superconducting devices, YBCO,
millimeter wave, terahertz (THz), detector.

I. I NTRODUCTION
UPERCONDUCTING transition-edge bolometer (TEB)
are known for high detectivity, high speed, and no limitation in the wavelength of radiation they can detect. Since the
discovery of superconductors, many groups have been working
on increasing the sensitivity and wavelength detection range of
the low Tc and high Tc superconducting bolometers [1]–[4].
From the wide wavelength range of these detectors, THz range
with many applications from bioimaging to cosmic microwave
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background radiation detection, have attracted much attention
to the superconducting bolometers [4]–[6].
The low reflectivity of the high Tc superconductor
YBa2 Cu3 O7−x (YBCO) at optical and near-infrared range
makes them a good monolithic broadband detector for this
range [7], [8]. At longer wavelengths when the photon energy
becomes smaller than the superconducting gap, YBCO becomes mainly reflective [9], [10], and an antenna or absorbing
layer is necessary to couple the radiation power to the YBCO
detecting element. For millimeter and sub-millimeter wave detection, many groups have worked on antenna-coupled micro
and nano bolometers, mostly with low Tc superconductors
[11], [12]. Recently, Kuzmin et al. reported an antennacoupled, voltage biased transition edge sensor for 1-6 THz
[13], where the superconducting material is 5 nm-thin NbN,
and the operating temperature of the device is 4.2 K. Also,
Hammer et al. [14] reported a THz detector based on spiral
antenna coupled YBCO microbolometer with responsivity of
190 V/W across the frequency range of 330 GHz to 1.63 THz.
Log-spiral [15], [16], slot antenna [11], and sinuous antenna
[17] are different types of antennas which are mostly used in
this era. Although, antenna-coupled structures show very high
sensitivity, they have many steps in the fabrication process that
make them complicated and expensive to fabricate.
In the present work, we propose a new bolometer design for
the millimeter-wave detection, fabricated entirely by metalorganic deposition (MOD) growth technique. This device
benefits coupling with the incident radiation due to its meander
line pattern without any coupled antenna. This new design
is promising for low cost fabrication of large area single
pixel and arrays of this type of detectors. These economical
detectors that work at temperatures above the liquid nitrogen
temperature are good candidates for medical and security
imaging applications. Here, we report the measured response
of a designed YBCO TEB biased at its transition temperature
of about 88 K illuminated by 95 GHz radiation. The effect
of YBCO thin film electrical conductivity on the detector
response is also investigated.
II. FABRICATION AND MEASUREMENT
The device is made of 400 nm thick epitaxial YBCO layer
grown on crystalline Yttria Stabilized Zirconia (YSZ) substrate
by MOD method explained elsewhere [18]. We chose the YSZ
substrate since it has the lowest thermal conductivity among
the substrates for YBCO films leading to higher responsivity
[18]. We have made some nano-scale roughness on the surface
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of the substrate with diamond nano-particles in order to obtain
higher thermal boundary resistance between the film and the
substrate as well as obtaining higher resistivity for the YBCO
film. AFM microscopy shows the root-mean-square of the
surface roughness equal to 2.7 nm. The voltage response of
the device is increased compared to the non-treated substrate,
due to an increase of the electrical resistance of the thin film
and the thermal barrier as expected. Also, the resistance of
the device is higher than the non-treated bolometer, so we
can easily choose 5 stable distinct bias conductivities of the
YBCO thin film at the transition temperature. As YSZ needs
a buffer layer for growing high quality YBCO on that, we
made a 20 nm thick Ce0.9 La0.1 O2 (CLO) film as the buffer
layer on the substrate before the deposition of the YBCO film
by the same MOD method. The pattern of the bolometer is
fabricated by standard photo lithography. The film is patterned
to a meander line shape consisting of 15 lines, each line 50
µm wide and 1.5 mm long with spacing of 50 µm. Bolometer
pattern is shown in Fig. 1 inset. A thin layer of gold film is
also deposited on the four contact pads to make low resistance
electrical contacts for the four-probe measurements.
We have used a TeraSense 95 GHz source with canonical horn antenna and maximum output power of 75 mW,
for illuminating the bolometer. The source produces linearly
polarized beam, and is modulated by a TTL signal for measurements versus modulation frequency. The measurements
are carried out in a liquid nitrogen dewar with sapphire
window, having high temperature stability in the range of mK
and low noise considerations. Resistance and response of the
fabricated bolometer are measured while the device is biased
by low noise constant bias current in a standard four-probe
configuration. Our measurement bandwidth is limited by the
source modulation capabilities. Regarding that, the 95 GHz
source used here has 8µs turn-on delay time; we have limited
our measurements in this work to 3 kHz starting from 0.2 Hz
modulation frequencies.
The meander line pattern of the bolometer, makes it polarization dependent for relatively-long wavelength radiation
used in this work. Indeed, we have measured the response
of the device for two orthogonal directions of the source
polarization relative to the direction of the meander lines of
the TEB pattern.These two measurements have been done in
the middle of superconducting transition where we have the
maximum slope of the R versus T diagram. To investigate
the effect of electrical conductivity of YBCO thin film on the
detector response (e.g. the absorption efficiency of the meander
line pattern, while it is parallel to the beam polarization) we
have measured the response of the device thermally biased at
5 different points over the Superconductor-Normal transition
region. By changing the thermal bias point of the device over
the transition, the electrical conductivity of the YBCO film is
altered, allowing measuring the radiation absorption efficiency
of the device structure.
III. R ESULTS AND DISCUSSION
According to the basic thermophysical model for the current
biased TEB detectors [19], [20] the voltage responsivity is
defined as:

Fig. 1:

Measured resistance versus biasing temperature (R-T ) of the fabricated Bolometer using four-probe technique for three different bias current.
The inset shows the optical microscope image of the fabricated bolometer.

rv =

ηIb
δV
=
dR/dT
δP
G(1 + iωτ )

(1)

where η is the ratio of the absorbed power to the irradiated
power, Ib is the bias current, G is the device total thermal conductance, τ = C/G is the time constant of the bolometer, and
C is the total heat capacity. Controlling thermal parameters
of these detectors can significantly improve their responsivity
[21]–[25]. Besides engineering the thermal parameters, the
optical properties of the device play an important role in the
absorption η and consequently, the responsivity of the device
for the target wavelength [26]–[28]. In this section we discuss
these affecting parameters on the response of our device.
The results of the four-probe measurement of the device
resistance indicates a relatively sharp transition for YBCO
film with a transition width '2 K as demonstrated in Fig.
1. Because of the intentionally applied roughness on the
substrate, the R-T measurement shows non-zero resistance
phase as a tail in the R-T curve at temperatures below 87
K which is not of concern in this paper. The resistance is
measured for three different bias currents showing the effect of
Joule heating of the device. The temperature rise in the YBCO
film due to the Joule heating is governed by the equation
RI 2
∆T = G(0)
with R the resistance of the film, I the bias
current and G(0) the dc thermal conductance of the system
[29]. This effect can lead to an unreal sharper transition in the
R versus T characterization at high bias currents. The shift in
the measured Tc−onset can be used to calculate G(0) of the
device. For our sample G(0) is calculated to be 3.3 mW/K.
As the results show, Ib = 464 µA results in considerable Joule
heating so that we have chosen Ib = 87 µA for the response
measurement that does not show a Joule heating effect but is
high enough to enable low noise measurements. The response
of the device radiated by 95 GHz source with the meander
lines of the pattern in parallel and perpendicular to the beam
polarization is measured as shown in Fig. 2. We will mostly
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Fig. 2: Amplitude and phase of response voltage of the fabricated bolometer
versus modulation frequency biased at Ib = 87 µA and Tb =88.3 K. Solid
and dotted lines belong to parallel and perpendicular cases respectively.

focus on the parallel case through this paper. The sample is
biased at the middle of the transition at 88.3 K with dc current
bias of 87 µA. The measured value of the noise-equivalentpower at 110 Hz modulation frequency
has been obtained
√
to be about NEP ≈ 10−9 W/ Hz and the corresponding
responsivity to be rv ≈ 13 V/W which is comparable with the
values of the reported devices [14], [30]–[32]. This kind of
detectors has much potential for increase of the responsivity
up to two orders of magnitude by increasing the biasing current
and sharpening the superconducting transition width. Also,
the pattern design can be further improved to achieve higher
absorption.
We interpret that the measured response of the device
to 95 GHz is dominantly bolometric, and both the YSZ
substrate and YBCO film play the role of absorber. The
response versus modulation frequency curve (Fig. 2) has a
knee point at fknee =5 Hz for the given bias and radiation
parameters indicating that the thermal penetration length of
the temperature variations due to the modulation frequency
does not reach the substrate/cold-head interface of the dewar
for higher frequencies and the response is mainly governed by
the substrate and YBCO film and their interface properties and
parameters in this range. For modulation frequencies below the
knee frequency, the most dominant parameter that controls the
response of the bolometer is the substrate-cold-head thermal
conductance, Gsc . As expected, the knee frequency in the
response versus modulation frequency of this YSZ substrate
device is lower than that of the devices made on crystalline
LaAlO3 and SrTiO3 and MgO which have higher thermal
conductivity than that of YSZ [33]. In this region the bolometer can be modeled by a basic two-lumped-element R-C circuit
with R ' Rsc = G1sc and C ' Csubstrate . The f −1 behavior
of basic R-C model can be seen in the response amplitude
below the knee frequency.
Each meander line is 1.5 mm long that is half of the radiation
wavelength. We speculate that the meander lines partly act

as an antenna, interacting with the 95 GHz radiation, and
hence the amount of energy absorbed in the parallel direction
results in higher response in this configuration compared to
that of the perpendicular case. We have biased the device
in the superconducting transition temperature range, so we
have a superconducting gap approaching zero and many quasiparticles are present beside the Cooper pairs. Cooper pairs
and quasi-particles can interact with the 95 GHz radiation
equal to a photon energy of 0.4 meV. They intake the photon
energy and oscillate and hence reflect back some part of
the absorbed energy, and convert the remaining part of the
energy to phonons. When the direction of the meander lines
is perpendicular to the beam polarization, the antenna effect is
expected to decrease considerably and the measured response
decreases accordingly.
In order to examine the antenna based absorption effect of
the meander lines of the YBCO pattern, we have measured
the phase and amplitude of the response versus modulation
frequency of the device in five different bias temperatures
in the superconducting transition region equivalent to five
different conductivities of the YBCO film as shown in Fig.
3(a). The amplitude of the response at each bias point is
divided by the dR/dT of the film at that bias point to see
the effect of the absorption of the device, shown in Fig. 3 (b).
Experimental results show that there is an optimum electrical
conductivity (or resistivity) for the film to get maximum coupling with the incident radiation. At lower temperatures where
we approach a perfect conductor, the antenna is reflecting back
most of the absorbed energy. At higher temperatures where
the superconductivity disappears, the antenna does not absorb
much of the energy due to the lower intake of the incident
energy caused by relatively high resistivity. But, somewhere
in the middle of the transition where we have a medium lossy
conductor, the structure consisting of dielectric substrate and
YBCO antenna absorbs maximum energy and reflects back
the least. This maximum happens at R = 8700 Ω equivalent
to σ = 1.33 × 105 S/m in our measurements as shown in
Fig. 3(b). Similar effect in metamaterial based absorbers have
been reported previously [34], [35]. In these reports, variation
of the transmission spectrum of a meta-material structure with
respect to the electrical conductivity of the silicon part of the
meta-material unit cell is investigated. The results show that
transmission minima will shift and the minimum value will
change with changing the electrical conductivity of the silicon
elements in the device.
Variations of the phase of the response versus modulation
frequency is also shown in Fig. 3(b). At low modulation
frequencies we see that the phase of the response is decreased
by increasing temperature up to 89 K and the reason is
already reported to be due to the effect of superconductivity
transition on the substrate-cold-head conductance [36], [37].
At high modulation frequencies that the absorption of the
superconducting film effect compared to that of the substrate
becomes dominant, the phase is increased by increasing the
bias temperature. In this regime, at low temperature part of the
transition that Cooper pairs density is higher, we speculate
to also have an intrinsic absorption mechanism due to the
depairing of Cooper pairs that is fast resulting in lower phase
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Fig. 3:

a) Measured resistance and dR/dT versus temperature at bias current Ib = 87 µA when the detector is irradiated by the 95 GHz source with
f =1.137 kHz modulation frequency. Five temperature bias points used in plot (b) are shown in this figure. b) Amplitude of voltage response divided by
dR/dT (solid lines) and phase of voltage response (dashed line) measured versus modulation frequency for five distinct resistance of the YBCO film. c)
Measured response of the device, divided to the corresponding dR/dT versus temperature at modulation frequency f =313.3 Hz and bias current Ib = 87 µA.

lag. Based on this approach, by increasing the bias temperature
and having more normal electrons, our response becomes
more bolometric due to the antenna dissipative effect resulting
in higher phase lag. In another series of measurements we
have swept the temperature to snap the superconductivity
transition and we measured the response and resistance versus
temperature simultaneously. The response is divided by the
corresponding temperature dR/dT to study the absorption versus temperature at each radiation modulation frequency. The
resulting curve of this measurement for modulation frequency
of fm =313.3 Hz is shown in Fig. 3(c). These results also
reassert the existence of an optimum electrical conductivity
for having maximum absorption of the radiated beam in our
device.
The behavior of the absorption of our device is also further
simulated in CST Microwave Studio softwareversion 2016.00,
frequency domain solvers, to determine the absorption of this
structure for various electrical conductivities of the YBCO
film. Taking into consideration that our measurements and
simulations are done at the superconducting transition temperature and the carriers are considered to be a mixture of
Cooper pairs and quasi-particles [38], we have assumed a
regular (lossy) conductor for the YBCO film with of course
a correlated difference in the absorption due to the expected
depairing/pairing mechanism in the material. Also, the required optical parameters of the YSZ substrate are extracted
from ref. [39]. The simulations confirm experimental results
showing that at σ = 1.33 × 105 S/m we have the highest
absorption and the lowest absorption at σ = 3.66 × 105 S/m
(Fig. 4 left axis) for the radiation frequency frad =95 GHz.
Right axis of Fig. 4 indicates the experimental counterpart of

the absorption at each electrical conductivity for fm =313
Hz inherited from Fig.3(b) for comparison. In this device the
absorption maximum does not coincide with the maximum of
the dR/dT curve. Improving the absorption of the structure
by geometrical optimization and shifting the absorption peak
to the peak position of the dR/dT curve can improve the
maximum response of the device considerably, which is under
further investigation. Ongoing research would generate detectors with higher responsivity and relatively simple structures
with respect to the fabrication process and also with the
capability of fabrication in large areas for the millimeter
and sub-millimeter waves as a promising versatile THz and
millimeter-wave detector with potentials for applications in
medical and security imaging.
IV.

SUMMARY AND

C ONCLUSION

A monolithic meander line pattern YBCO TEB for 95 GHz
radiation frequency is designed, fabricated, and tested. The
device, shows high response to the radiated power in the
transition region of its YBCO film. Both amplitude and phase
of the response of the detector versus modulation frequency
is reported for bias temperature of 88.3 K being about the
middle of superconducting transition. The response of the
detector is measured to be higher when the meander lines are
parallel to the direction of the beam polarization. We speculate
that the YBCO film also acts as an antenna and absorbs the
radiant energy more effectively when the meander lines are in
parallel to the direction of the beam polarization. We have
measured the response of the device in five different bias
temperatures at the superconducting transition corresponding
to five different electrical conductivities of the YBCO film,
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Fig. 4:

Left axis (blue circles): simulation results for the absorption of the
detector structure irradiated by 95 GHz radiation. Right axis (red diamonds):
Voltage response over dR/dT measured at modulation frequency of f =313
Hz.

while the meander lines are parallel to the beam polarization.
The results of the normalized amplitude of the response to
the dR/dT of the film at the temperature bias points show
that there is an optimum conductivity for having the highest
absorption in the meander line patterned YBCO film. The
analysis of the measured phase of the response also is in
agreement with the discussed absorption mechanism. Finite
element modeling of the absorption in the detector structure
is also compatible with the experimental results showing
that there is an optimal conductivity for having maximum
absorption while this optimum conductivity does not coincide
with the maximum of dR/dT curve.
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