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Abstract—We report on the development of room tempera-
ture THz bolometers made from semiconducting PrBa Cu O
(PBCO) thin films on MgO substrate. PBCO thin films show a high
temperature coefficient of resistance ( –2%/K) at low
resistivity values cm in comparison to other semi-
conducting materials like amorphous silicon or vanadium oxide.
A low resistivity enables efficient coupling to an integrated planar
antenna required to couple THz radiation to micrometer sized
detector elements. A detailed electrical characterization as well as
radiation measurements at 0.65 THz of the 70–100 nm thick PBCO
film microbridges embedded into log-spiral planar antennas have
been performed. An electrical responsivity up to V/W
and a noise equivalent power of W Hz
at a modulation frequency of 10 kHz limited by the measurement
setup have been achieved.

Index Terms—Submillimeter wave measurements, THz bolome-
ters, wideband antennas.

I. INTRODUCTION

T HE field of imaging applications at infrared (IR) fre-
quencies was pushed remarkably during the last decades

due to the outstanding progress in the development of inte-
grated radiation sensors. Existing semiconductor technologies
allow reliable fabrication of micro-bolometer arrays for the
development of IR multi-pixel systems. Excellent results at
mid-IR wavelengths have been achieved for micro-bolome-
ters made from [1], a-Si [2], a-YBCO [3] or SiGe
[4], [5] because of their high temperature coefficient of re-
sistance –5%/K. Such devices
consist of free-standing membranes with a lateral size up to

m . Radiation is directly absorbed in the membrane
which is weakly coupled to the heat sink. The weak thermal
coupling combined with the high of the above-men-
tioned detector materials results in a responsivity up to several
kV/W [1]–[5]. Disadvantages of membrane structures are the
complex fabrication process and a long (ms range) detector
response time. At the transition from the infrared to the THz
frequency range, an additional problem becomes obvious:
The wavelengths become comparable or even larger than the

geometrical dimensions of absorber elements, which results in
a low radiation absorption.

A proven concept to realize a high radiation absorption over
a wide frequency range is the use of planar antennas. There is a
variety of antenna designs like dipoles, double-slot or spiral an-
tennas specified for particular applications [6]. Most of these an-
tennas exhibit an impedance in the order of ,
depending on the particular geometry and on the microwave
properties of the substrate. However, the impedance of semi-
conducting bolometers is extremely high k M
which results in high reflection losses at the interface between
antenna and detector due to the significant impedance mismatch.
To overcome this problem, thin metal films have been deployed
for the realization of antenna-coupled bolometric detectors. Due
to the low resistivity of metals it is possible to achieve very
good matching of the detector impedance to the impedance of
the antenna.

There are two different types of antenna-coupled bolome-
ters: Free-standing bridges and substrate-supported detectors.
Comparable to the membrane structures of the IR bolometers,
free-standing bridges are thermally weakly coupled to the heat
sink which results in a high responsivity, but also in a slower de-
tector response time than for substrate-supported devices. Fur-
thermore, free-standing structures require a complex fabrica-
tion process and can be mechanically unstable. Substrate-sup-
ported detectors are easier to fabricate and very robust. Due to
the stronger thermal coupling to the heat sink, such detectors
have a shorter response time. However, a consequence is a lower
responsivity in comparison to free-standing structures [7], [8].
Successful fabrication and operation have been demonstrated
for antenna-coupled bolometers made from Nb [7], [9] and Bi
[8]. Recent progress has also been reported on detectors made
from YBCO showing metallic temperature dependence at room
temperature [10]. Whereas metal films give the possibility for
excellent impedance matching, their –0.3%/K is
much smaller than that of semiconductors [8].

Therefore it is desirable to combine the advantages of both
semiconductors (high for high responsivity) and metals
(low resistivity for antenna impedance matching) for the de-
velopment of fast and sensitive THz detectors which moreover
have an ultra-broad radiation bandwidth.

In this paper we focus on the investigation of substrate-sup-
ported bolometers. We have investigated thin semiconducting
PrBa Cu O (PBCO) films as a possible candidate for THz
detection at room temperature. PBCO is usually used as a
buffer layer for lattice matching between superconducting

Cu O layer and non-perovskite substrates [11]. Due



to its semiconducting nature, PBCO exhibits a high temperature
coefficient of resistance which was found to be 1–2%/K for
our films. This value is about one order of magnitude higher
in comparison to that of metals. Furthermore, the resistivity of
PBCO cm is much lower than that of
other semiconductors resulting in a significant reduction of the
impedance in comparison to a-Si or devices of the same
dimensions. Hence, it is possible to integrate PBCO detectors
into planar antennas without the disadvantage of high reflection
losses.

II. ANTENNA DESIGN AND RESULTS OF SIMULATION

Planar antennas exist in different geometries and have been
used successfully for a multitude of terahertz detectors like su-
perconducting hot-electron bolometer mixers [12], photocon-
ductive switches [13], Schottky diode detectors [14]. Since in
many cases a wide radiation bandwidth is required, ultra-wide-
band concepts like angular antennas or self-similar antennas
are commonly used [6]. In our case a logarithmic spiral an-
tenna was deployed. The antenna consists of two spiral-shaped
arms which are connected by the detector bridge in the center
of the structure. The advantage of this antenna type is a nearly
frequency independent real impedance whereas the imaginary
part is approximately zero. The antenna was designed to cover
a frequency range from 0.2 to 2.5 THz. The layout of the an-
tenna is shown in Fig. 1. The electromagnetic properties of the
planar antenna on a magnesium oxide (MgO) substrate (thick-
ness m, permittivity ) were analyzed
by numerical simulations [15]. The spiral antenna has a cir-
cular polarization, the mean value of the antenna impedance
is approximately . For an estimation of the cou-
pling efficiency between antenna and detector we have assumed
an rf-impedance of the detector element which is equivalent to
the dc-resistance, in our case ranging from 80 to 220 (see
Section III). The dependence of the simulated reflection param-
eter on frequency is shown in Fig. 2 for both boundary
values of the detector impedance. According to the nearly fre-
quency independent input impedance of the spiral antenna, the
reflection parameter exhibits a flat characteristic for frequencies
above the lower cut-off value THz . From these sim-
ulations the coupling efficiency between planar antenna and de-
tector can be calculated as

(1)

in our case ranging from to . For
comparison, the coupling efficiency between the antenna and a

bolometer with a resistance of 27 k (see [1]) results in a
coupling efficiency as low as 0.9%.

The radiation properties of the planar antenna combined with
a 12 mm-diameter extended hemispherical silicon lens

, with an extension length of 1.7 mm, were analyzed by
calculation of the diffraction integral according to [16]. The use
of a lens improves radiation coupling by focusing the incident
beam to the planar feed antenna. Furthermore, the propagation
of leaky substrate modes is suppressed. The calculated direc-
tivity is dBi and the radiation coupling efficiency be-
tween the lens antenna and a Gaussian beam at 0.65 THz, with

(a) (b)

Fig. 1. (a) Layout of the logarithmic spiral antenna. (b) SEM image of the
inner part of a fabricated device. The dark parts show the MgO substrate, the
bright parts indicate the gold metallization of the antenna. At the center part the
rectangular detector bridge is visible.

Fig. 2. Simulated reflection parameter of the planar antenna for a detector
impedance of (solid) and (dashed). The curves
show a flat frequency characteristic within the design bandwidth due to the
nearly constant antenna input impedance.

a beam waist of mm (see Section IV-B), was deter-
mined to .

III. DEVICE TECHNOLOGY AND FABRICATION

The PBCO thin films were made by pulsed laser deposition
(PLD) technique. The PBCO films were grown on both-side
polished magnesium oxide substrates (MgO shows low dielec-
tric losses). After mounting of the substrate on the heater, the
chamber was pumped down to a base pressure of 5 10 mbar.
The PBCO films with a thickness of 70–100 nm were deposited
at a heater temperature of 830 C and an oxygen pressure of

O mbar with a deposition rate of 0.7 nm/s. After an-
nealing in 900 mbar oxygen, the films were cooled down to
room-temperature. Then, a Au layer with a thickness of 140 nm
was grown in situ also with pulsed laser deposition at a pressure
of 5 10 mbar. Details concerning the PLD technique used in
this work are described elsewhere and can be found in [11], [17].

The films were patterned using electron-beam lithography.
The detector widths and lengths were in the range of 2–6 m.
To reveal the detecting element, the Au was etched using a

-wetetchant. The antenna and coplanar readout line was
etched by Ar ion milling. The detector bridges showed a dc-re-
sistance between 80 and 220 , depending on film thickness and
lateral dimensions.



Fig. 3. Temperature dependence of detector resistance (symbols). The solid
line is an exponential fit. The dashed curve is the corresponding temperature
coefficient of resistance.

IV. EXPERIMENTAL RESULTS

A. Electrical Characterization

An important characteristic of the detector performance is the
electrical responsivity . The responsivity relates the detector
output signal to the change of the RF-power that
is absorbed in the detector bridge. The responsivity depends on
the electrical parameters of a detector [18]:

(2)
Hereby, is the bias current, is the detector resistance
at the operating point, is the modulation frequency and

is the detector time constant. The effective thermal con-
ductance of the PBCO bolometer to the MgO substrate is
calculated to be , where is the
thermal conductance when no current is applied. The con-
tribution of diffusion cooling, i.e. cooling due to heat flow
along the film to the antenna leads, can be neglected because
the thermal conductivity of PBCO [19] is more than one
order of magnitude smaller compared to Nb room-temperature
devices, where thermal diffusion has to be taken into ac-
count. Furthermore, the cross-section of the diffusion channel
(width thickness of the detector bridge) is more than one
order of magnitude smaller than the cross-section of the phonon
cooling channel (width length of the detector bridge).

The temperature dependence of resistance of the fabricated
devices was investigated by a four probe measurement within
the temperature range of –295 K. Due to the semicon-
ducting properties of PBCO, the resistance exhibits an expo-
nential decay with increasing temperature (see Fig. 3). In con-
trast to metal bolometers, the value of PBCO depends
strongly on temperature. Because of the exponential decay of
the resistance curve, the temperature coefficient is negative and
the absolute values are decreasing with increasing temperature
(see Fig. 3). For the fabricated detectors, the temperature co-
efficient of resistance at room temperature was in the range

–1.3%/K, which is significantly higher in com-
parison to metals [8].

The thermal conductance can be determined from the heat
balance equation describing the behavior of a bolometer [20]:

(3)

where is the operation temperature of the bolometer, is the
temperature of the heat sink (here: ) and is the
thermal capacitance of the bolometer. The power level depends
on the absorbed radiation power and on the electrical power

of the applied dc bias current. For the static case
, (3) can be rewritten in the following way:

(4)

For the experimental characterization of the thermal conduc-
tance, a 1-GHz continuous wave signal was applied to the
detector from a synthesizer. Bias current and rf-signal were
combined with a bias-tee and coupled to the detector block by
a coaxial cable. For the determination of the thermal conduc-
tance of the bolometer according to (4) the dc resistance of
the bolometer was determined by a 2-wire resistance measure-
ment and the bolometer temperature was determined from the
previously acquired -characteristic. The dependence of
the thermal conductance on the detector area is shown
in Fig. 4. The values are in the range from 150 to 400
and somewhat higher than values reported for Nb and YBCO
bolometers (see Table I). A linear fit was applied to these data,
which results in a relation between thermal conductance and
detector area in the way W m .
According to this dependence, we have determined an average
value of the thermal boundary resistance of

cm K
W

(5)

A comparison with different detector types is shown in Table I.
The boundary resistance value of the PBCO bolometer is com-
parable to the value reported for the Nb technology. In order to
achieve a further reduction of the thermal conductance for
an improved detector responsivity, it is planned to increase the
thermal boundary resistance by introducing an insulating buffer
layer between the substrate and the PBCO film in the deposition
process. Additionally, the detector area will be reduced, com-
parable to the suggestion in [10]. In this context, it should be
mentioned that an increase of the detector response time has to
be taken into account as a consequence of the stronger thermal
decoupling of the PBCO bolometer from the substrate.

For the characterization of the electrical responsivity, the
measurement setup was extended by an additional rf-switch
that was included between synthesizer and bias-tee to modulate
the RF-signal. This enables the use of a lock-in amplifier
for recording the detector signals. We have analyzed the de-
pendence of responsivity on bias current for an RF-power
setting of 10 dBm. Absorption losses of cables, bias-tee and
RF-switch were taken into account as well as the operating
point dependent reflection losses due to impedance mismatch
between the detector and the 50 readout electronic circuitry.
The measured electrical responsivity of a 2 5 m detector
is shown in Fig. 5 by symbols. The responsivity shows a



TABLE I
OVERVIEW OF UNCOOLED ANTENNA-COUPLED SUBSTRATE-SUPPORTED BOLOMETERS

Fig. 4. Dependence of thermal conductance (symbols) on detector area .
The dashed line is a linear fit (see text for details).

Fig. 5. Dependence of electrical responsivity of the PBCO detector on bias
current (symbols). The solid line is the calculated responsivity by (2).

nonlinear dependence on the bias current with a maximum at
the bias current mA. The nonlinear dependence can
be explained by the change in temperature, generated by Joule
heating of the bias current, that in turn results in a change of
resistance, temperature coefficient of resistance, and of the
effective thermal conductance between PBCO bolometer and
the heat sink. In addition to the measurements, the responsivity
values were calculated from the electrical parameters following
(2) (solid line in Fig. 5). The comparison between measurement
and calculation shows an excellent agreement. We have found
a maximum responsivity of V/W, exceeding that

Fig. 6. Measured detector signal as a function of the microwave power. The
dashed horizontal line indicates the noise level, the dashed tilted line is to guide
the eye. The dynamic range is about 45 dB.

of other substrate-supported antenna-coupled bolometers made
from Nb, Bi or YBCO. A comparison of the different detector
technologies is shown in Table I.

For the analysis of the dynamic range, the detector element
was biased with a current corresponding to its maximum respon-
sivity while the power of the synthesizer was tuned over a large
range from 1 nW to 100 mW. The detector response is linear
over a wide range of more than 45 dB (Fig. 6). However, the
upper power limit was determined by the saturation limit of the
RF-switch which means that the dynamic range of the detector
is even higher.

We also measured the dependence of the detector response
on modulation frequency of the RF-switch which was varied in
the range Hz–100 kHz. Over the entire modulation
frequency range the detector response was constant indicating
that the detector response time is shorter than s (cor-
responding to the maximum modulation frequency of

kHz). The exact determination of the detector response time
is planned for future experiments.

In contrast to the detector signal, the noise voltage shows
strong frequency dependence. As it is shown in Fig. 7, a

-decay can be observed up to 10 kHz. For higher frequen-
cies an increase of the noise voltage has been observed, caused
by the lock-in amplifier. The voltage peaks at 50 Hz and 100
Hz are generated by the first and second harmonic of the power
line frequency. The minimum value of the noise voltage is

Hz which corresponds to the noise limit of the
lock-in amplifier. With the known values for the responsivity



Fig. 7. Modulation frequency dependence of detector noise voltage. The noise
shows a decay until a frequency of 10 kHz. For higher frequencies an in-
crease of the noise voltage was observed. The peak values at 50 Hz and 100 Hz
are the first and second harmonic of the power line frequency.

and for the noise voltage the noise equivalent power
can be determined to

W Hz (6)

at a modulation frequency of 10 kHz, which was limited by the
experimental setup.

B. THz Measurements

The detector response to THz radiation was measured at 0.65
THz. For this experiment the 3 3 mm detector chip was
mounted on the extended hemispherical silicon lens. A scheme
of the experimental setup is shown in Fig. 8. A frequency mul-
tiplier serves as THz source which generates a continuous wave
signal that is coupled into free space by a corrugated feed horn.
The beam is linearly polarized along the vertical axes and has a
Gaussian shape with a beam waist of mm. The di-
verging beam was focused by two off-axis parabolic mirrors
onto the detector block which was mounted in an optical cryo-
stat. Although no cooling is required, the use of a cryostat is
helpful for optical alignment and electrical shielding. More-
over, incoming radiation is coupled into the cryostat by a HDPE
window which works as filter to block infrared radiation. The ra-
diation power level was measured with a THz power meter [21]
to W at the focal point of the second parabolic
mirror. The radiation signal was modulated by a chopper wheel
with a frequency of Hz. The dependence of the mea-
sured THz response of the detector on bias current is shown in
Fig. 9. Since a bolometer is an integrating detector which re-
sponds to the amount of absorbed power, the THz measurement
shows the same characteristic as for the microwave measure-
ments. For comparison, the signal of the 1 GHz microwave mea-
surement at a source power level of 10 dBm is shown. This
allows us to determine the system coupling efficiency for the
THz measurement setup by comparing the responsivity values.
For optimum optical alignment we have measured an optical re-
sponsivity of (referred to the radiation power
of the THz source). From the relation between microwave and

Fig. 8. Schematic of the experimental setup for radiation measurements at 0.65
THz.

Fig. 9. Dependence of THz (solid symbols) and microwave (open symbols)
response of the PBCO detector on bias current.

TABLE II
OPTICAL PARAMETERS AT 0.65 THz

THz measurements, the measured system coupling efficiency
was determined to

(7)

This value is in quite good agreement with the calculated system
coupling efficiency of 8% according to the optical losses of the
system components listed in Table II: The transmission of the
HDPE window of the cryostat was determined experimentally,
the other losses were calculated by numerical simulation. The
difference between measured and calculated coupling efficiency
can be seen in the material dependent absorption losses of lens,
substrate and antenna metallization as well as imperfect align-
ment of the detector chip on the rear side of the lens which was
not taken into account in the simulation.



V. CONCLUSION

We have studied the performance of thin PBCO film antenna-
coupled THz detectors operating at room temperature. The tem-
perature coefficient of resistance of fabricated PBCO detectors
was in the range %/K– %/K at K which
is much higher than that of other antenna-coupled substrate-sup-
ported bolometers made from Nb, Bi or YBCO. The resistance
of the detectors was in the range –220 which en-
ables easy antenna-coupling in contrast to highly resistive semi-
conductors like or a-Si. We have measured electrical re-
sponsivity values up to 33 V/W and a minimum noise equiv-
alent power of 1.52 10 W/Hz at a modulation
frequency of 10 kHz.

For a further improvement of the detector properties the fab-
rication process will be optimized with respect to a reduction of
the thermal conductance. This can be realized by using an ad-
ditional buffer layer between substrate and detector bridge and
by a further reduction of the lateral detector dimensions.
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