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Abstract—Bolometric response and noise characteristics of
YBCO superconductor transition edge IR detectors with relatively
sharp transition and its resulting detectivity are investigated both
theoretically and experimentally. The magnitude of response of
a fabricated device was obtained for different bias currents and
modulation frequencies. Using the measured and calculated bolo-
metric response and noise characteristics, we found and analyzed
the device detectivity versus frequency for different bias currents.
The detectivity versus chopping frequency of the device did not
decrease following the response strongly, due to the decrease of
the noise at higher frequencies up to 1 kHz, resulting in maximum
detectivity around the modulation frequency of 100 Hz. We also
improved the responsivity of the device through the increase of the
surface absorption by using a novel infrared absorber, which is
made of a copper—carbon composite, coated in a low-temperature
process. Within the modulation frequency range studied in this
paper, comparison of device detectivity before and after coating is
also presented.

Index Terms—Detectivity, infrared absorber, transition edge
sensor (TES).

I. INTRODUCTION

INCE the early reports about the feasibility of using high-
T, superconductors as a bolometer [1], many works have
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been focused on the applications of YBCO (YBayCu307_,) in
different types of radiation detectors for the near-to-far-infrared
wavelength regime [1]-[7]. Above 77 K, probably the highest
detectivity over the broadest band from the near to the far
infrared can be achieved by high-7, superconducting transition
edge bolometers [7]-[9], the physical operation principle of
which is based upon the steep drop in their resistance R at the
transition temperature 7, [10]-[12].

Due to the small noise level and high responsivity of this
type of detector at its operating temperature, it can exhibit
high detectivity values [8], [13]. The detectivity depends on
the bias current and modulation frequency. These devices do
not typically reach their potentially high detectivity values due
to the lack of absorption of YBCO as well as the substrate,
particularly in the micrometer range, leading to the use of
an absorption layer. Some difficulties arise when using usual
absorbers due to their destructive effects on the electrical
properties of the superconducting YBCO material. For exam-
ple, they can cause lowering the critical temperature 7, or
widening the transition curve that reduces the peak value in
dR/dT curves and hence reducing the IR response. YBCO
thin film is very sensitive to high temperatures, destructive
solvents, and stresses, hence limiting the suitable coating
methods.

We investigated the effect of bias current and modulation
frequency on device detectivity. This has been done theoret-
ically by noise and response analysis and experimentally by
measuring these two parameters at different values of bias
currents and chopping frequencies. The lower frequency limit
of the device is about 2 Hz due to extreme increase of the noise
below it, and the higher frequency limit is about 10 kHz, which
is the limit of our measurement system. We also proposed a
novel absorber, which satisfies the aforementioned constraints
and had very little destructive effect on our bolometer device. In
the following, we also present the effect of this absorber coating
on the responsivity and detectivity of the device.

II. THEORETICAL MODEL

The theoretical maximum detectivity of a bolometer is de-
termined by both the responsivity and the voltage noise of the
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device through its noise equivalent power (NEP) as

_ VA VA(VAf)T” cm-Hz'/2/W (1)

D*

NEP

where A is the effective radiation absorption area of the detec-

tor, r, is the voltage responsivity, V,, is the voltage noise, and

Af is the frequency band used in the voltage noise measure-
ment [14].

The voltage responsivity versus modulation frequency and
temperature has previously been analyzed, which, according to
the simple RC model, leads to [15]-[18]

nLo

Ty = V/W )
Iy(1 = Lo)y/1+ (27 f7e)?

where Lo = 3P,/G is the electrothermal feedback gain coef-
ficient, P, = I? R, is the bias power, 3 = 1/R, x (dR/dT) is
the temperature coefficient of resistance, f is the modulation
frequency, 7. = 7/(1 — Lyg) is the effective thermal time con-
stant, 7 = C;/G} is the thermal time constant, and G; and C;
are the total thermal conductance and heat capacitance of the
bolometer, respectively.

For high-frequency modeling, thermal diffusion length is
defined as the characteristic penetration depth of the temper-
ature variation into the substrate. Thermal diffusion length is
determined from

ks

I —
wfcs

3)

where cs and ks are the specific heat per unit volume and
thermal conductivity of the substrate material, respectively
[19]. Above a certain frequency, called knee frequency, thermal
diffusion length becomes comparable to or smaller than the
substrate thickness, and therefore, GG; and C; are determined
by modulation frequency as [19]

Gy = A/ fkscs 4)

[kscs
Cy=A o 5)

The aforesaid consideration of G; and C; in the analysis
results in a good approximation for the considered frequency
range in this paper compared to that of the comprehensive 1-D
model introduced in [19]. As seen from (3), the voltage re-
sponsivity of devices decreases due to the increase in chopping
frequency [17].

Various intrinsic noise sources in addition to Johnson noise,
phonon noise, and photon noise near the transition temperature
are expected in a superconducting thin film. This class of noises
is primarily due to magnetic flux penetration and fluctuations in
the order parameter in the film [14], [20]-[23].

The total NEP for a high-temperature superconductor bolom-
eter is obtained as follows [8], [15], [26]:

4/€BT2G,§ 4kBTbRb OZHI}?RE 85/€BATg
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(6)
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Fig. 1. Principal device structure with the Cu—C absorber layer.

By considering (4) and (5), the dependence of responsivity
versus chopping frequency can be obtained through (2) [19].
Substituting (6) using the result of (2) into (1), the spectrum of
the detectivity of the device versus chopping is calculated. This
approach is applied to compare the analytical and experimental
results of detectivity in Section IV.

III. EXPERIMENTAL SETUP

The sample studied in this paper was made of 200-nm YBCO
thin film on 1-mm-thick single-crystal LaAlO3 substrate. The
YBCO film was deposited by pulsed laser deposition technique
[28]. The device was patterned to meander line with track width
and spacing of 100 pm. The samples were patterned using
standard photolithography, and the etching process was carried
on in about 0.75% dilute phosphoric acid. The active area of
the patterns was 3.75 mm?. For the contact pads of the YBCO
pattern, we deposited ~50-nm-thin gold layer after pre-etching
YBCO using a dc planar magnetron etch-sputter unit. We used
silver paste to make Cu wire contacts on the Au-coated pads.
The sample was characterized before and after the deposition
of the absorption layer on it. The final structure of the device is
shown in Fig. 1, which will be further described and explained
in the following sections.

The response of the sample was measured with a dc bias
current Iy,;,s in four-probe configuration using an automated
low-noise characterization setup. The temperature of the sub-
strate was controlled with maximum 10-mK deviation using a
designed computer-based PID controller. The developed char-
acterization system is also capable of sweeping temperature
from 77 K to 95 K with given various rate values. By setting
this rate to 2 K - min~!, we have minimized the effect of the
temperature gradient and its associated error, which was caused
by the temperature rise between the temperature sensor and the
sample. The phase and magnitude response of the device were
measured with a lock-in amplifier (SR830) using an ultralow-
noise preamplifier (SR560) at its input. The employed radiation
source was a mechanically modulated (with a mechanical chop-
per) blackbody with a temperature of 640 K. We have chosen
this temperature due to the limitations of our setup.

The resistance of the device was measured simultaneously
with the magnitude of the response in order to probe any
deviation of magnitude of the response from the dR/dT curve.

IV. EXPERIMENTAL RESULTS
A. Detectivity

The theoretical explanation of detectivity was already dis-
cussed in the previous sections. The noise characteristics of
this type of device versus temperature at different modulation
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Fig. 2. (Left axis) Response and (right axis) noise for three different bias

currents versus modulation frequency.
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Fig. 3. Detectivity versus frequency for three different bias currents.

frequencies were also reported previously [12]. Here, we
present the results of the measurements for the IR bolometric
response and the noise versus modulation frequency at different
bias currents of the device studied in this paper, as shown
in Fig. 2. The related comprehensive results and analysis are
reported in [11]. Fig. 2 shows that there is a low dependence of
noise signal on the bias current. It also shows that noise signal
below 10 Hz is considerably high. Therefore, the detectivity is
perceptually low, where we have acquired maximum response
at this range of frequency. Above 10 Hz, the obtained detectiv-
ity versus chopping frequency of the device did not decrease
considerably.

The observed result is shown in Fig. 2, in which the di-
minishing behaviors of response and noise versus frequency
almost compensate each other above 10 Hz, and we observe
a nearly constant detectivity above 10 Hz over the investigated
frequency range.

The results of the calculated and measured detectivities
versus modulation frequency are shown in Fig. 3. This figure
shows that the measured detectivity curves have many similar-
ities to the theoretically predicted ones, i.e., in both of them,
increasing bias current at its low values improves detectivity,
while it has a very slight effect at higher values. This is due to
the fact that, at low bias current where the device response is
very small, the thermal NEP has the major effect on the total
NEP of the device. However, by increasing the bias current,
the effect of thermal NEP would decrease until the point that
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the total NEP would be limited by phonon NEP, which is
independent of bias current.

Both calculated and measured detectivities exhibit little vari-
ation in the investigated frequency range. Below 10 Hz, detec-
tivity falls under its average values of higher frequencies in spite
of large response over the low-frequency range. In the theoret-
ical model, the slope of detectivity variation in this frequency
range is 20 dB/dec. However, the measured slope is consider-
ably higher, and the dependence of NEP to frequency does not
follow the 1/ f type, which is under further investigation.

Fig. 3 shows a lower value for the measured detectivity at
200 pA bias current with respect to the theoretical calculation,
particularly at low frequencies. This might be associated to
the granularity of the film that manifests itself at very low
bias currents, increasing the contribution of 1/f-type noise
component [13], [14].

B. Coating

In order to increase the NEP merit of devices, we worked
on increasing the absorption coefficient. A YBCO material
has a weak absorption coefficient in the IR range [14], and
surface coating is essential for increasing the infrared response,
particularly in the micrometer wavelength range.

We deposited a novel absorber layer over the area of the
patterned YBCO thin film and unpatterned parts of the sub-
strate, as seen in Fig. 1. This configuration increases not only
the absorption coefficient of devices but also the effective
absorbing area.

The absorber used in this paper is a 100-nm copper—carbon
composite that is coated in a low-temperature planar magnetron
sputtering process. The copper—carbon film was prepared by
a capacitive coupled RF plasma-enhanced chemical vapor de-
position system with 13.56-MHz power supply. The reactor
consists of two electrodes with different area sizes. The smaller
electrode was a copper metallic disk with 75-mm diameter as
the powered electrode. The other electrode with 13-cm diameter
was grounded via the body of the stainless steel chamber. Depo-
sition was performed on this electrode at room temperature. The
chamber was evacuated to a base pressure of about 10~ torr
prior to the deposition process and was then raised to ambient
pressure with controlled flow of pure acetylene gas. Deposition
of the film was performed in two steps. First, a carbon layer
was grown at 40-W power, 50-mtorr process pressure, and
30-min deposition time, resulting in about 100-nm thin layer.
Then, the copper—carbon layer was grown on it. For deposition
of copper—carbon layer, RF power was 200 W, and process
pressure was set at 25 mtorr controlled by the gas flow. For a
deposition time of 45 min, a thickness of 100 nm was obtained
for the Cu—C composite film, resulting in a deposition rate of
about 2.2 nm/min. The copper and carbon atomic contents of
the film were obtained from RBS analysis and found to be 55%
and 45% for Cu and C, respectively. By the control of the flow
of acetylene and sputtering rate of Cu target, it is possible to
produce carbon films with different Cu compositions.

Coatings may affect the device response in three different as-
pects. First, it can favorably increase the absorption coefficient
and, therefore, temperature variation caused by same incident
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infrared power, resulting in higher response and higher D*.
Second, it might smoothen the transition curve due to degra-
dation of YBCO and so decrease dR/dT. Third, deposition of
absorbing material may diminish the film quality and thus in-
crease the noise level of the device. The last two effects are not
desirable as they decrease device detectivity according to (1).

In Fig. 4, we observe that, after coating, the transition has
very slightly widened, and therefore, the maximum value for
dR/dT has dropped. This indicates that we have some degra-
dation of the YBCO film after coating. In Fig. 5, we present
the measured value of IR response before and after coating.
According to (2), since both measurements are done at the same
bias current and chopping frequency, the following relation,
which is based on dR/dT and surface absorption, can be used
to derive the responsivity variations:

(dR/dT)after coating

(dR/dT)before coating .
)

By comparing the results of Figs. 4 and 5 and according to
(7), it is found that the total surface absorption has increased
by a factor of 2.4. Knowing the original device absorption to
be about 7%, the effective absorption of the copper—carbon thin
layer could be approximated to be about 10% at the radiation
wavelength peak of 4.5 pm. This approximation for the value of

T'v,after coating Tlafter coating

T'v,before coating Tbefore coating
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before and after coating.

absorption is the average of the overall absorption over the spec-
trum of the blackbody radiation. This approximately matches
with our typical IR spectroscopy result for these composites,
which is also shown in Fig. 6. The observed peak in absorption
at4.2 pm in this figure might be partly associated to the special
distribution and cluster size of the Cu species in the absorber
layer, which is under further investigation.

The increase of absorption by the composite layer is asso-
ciated to both the increase of the effective absorbing area and
the total absorption of the layer in addition to the absorption
of the YBCO film and the substrate. The effect of the increase
of the absorbing area on response is with the consideration of
the effect of lateral thermal diffusion length in the substrate
and the film in the areas within the lines of the meander line
of the YBCO film. Here, we suppose the overall absorption
caused by the absorber layer to be effectively constant. This is
found to be a good approximation for the considered frequency
range since the thermal diffusion length for this range is larger
than the spacing within the lines of the meander-line pattern
of YBCO.

Due to slight degradation of the YBCO film, the noise of
the device after coating increased (Fig. 7). In particular, in this
case, which is our first try, this degradation has canceled out the
increase of responsivity, and therefore, the detectivity is almost
constant before and after coating, as shown in Fig. 7.

The change of copper doping in this type of composites
strongly affects their absorption coefficient, which is under
further investigation for finding the optimal doping level.
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As also noticed from the variations in the transition curve,
in Fig. 5, there is a shift in maximum response with respect
to the bias temperature. This phenomenon might be associated
to the degradation of YBCO due to diffusion of carbon into
the material affecting mainly in the lower part of the transition
curve, which caused the similar effect on the dR/dT curve
shown in Fig. 4.

V. CONCLUSION

In this paper, we have measured and calculated the bolomet-
ric response and the noise signal over the interest range of mod-
ulation frequency and obtained its associated detectivity. Our
investigation showed that the detectivity was nearly constant
in the middle range of frequency and considerably dropped at
lower frequencies due to higher noise level in this range. This is
associated to the considerable increase of the 1/ f-type noise in
our device. The measured values for detectivity well matched
the expected theoretical values. We also used a new Cu—C com-
posite absorber on the bolometers to increase the D* of devices
in the measured micrometer radiation range. The coating of
the absorber had no major destructive effect on the electrical
characteristics of the device, degrading dR/dT slightly. The
used thickness of the absorbing layer was as low as about
100 nm, and no phase lag and thermal damp were observed
for the investigated modulation frequency range. Because of
the high percentage of copper in the trial first-run deposited
composite used in this paper, the absorption coefficient was
improved within a factor of two. A detectivity D* in the range
of 108 cm - Hz*5 /W at about 100-Hz modulation frequency
was obtained for a blackbody radiation signal with a peak value
at about 4.5 pum. The effect of copper doping on detectivity as
well as the degradation of dR/dT is under further investigation.
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