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Abstract
Dependence of the phase and magnitude of the response of MgO substrate YBa2Cu3O7d (YBCO) transition edge bolometers to the
near infrared radiation on the superconducting transition width is presented in this work. The bolometers were made of YBCO thin ﬁlms
of 200 nm thickness that were grown on single crystal MgO (1 0 0) substrates by DC inverted cylindrical magnetron sputtering. We have
measured the responses of both large and small area devices with respect to the bias temperature and radiation modulation frequency.
We have observed that the superconducting transition width has major eﬀects on the response of the bolometers such as; on a dip of the
phase of the response versus modulation frequency curve around 1 Hz, the rate of decrease of the magnitude of the response, and dependence of the phase of the response on temperature at mid-range modulation frequency. We have investigated a correlation between the
superconducting transition width and the YBCO ﬁlm surface morphology of the devices. In addition, the illumination wavelength dependence of the optical response of both wide and narrow transition width devices has been investigated. Here we present the analysis and
the possible mechanisms that can aﬀect the response of the bolometers at the superconducting transition region.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Since the discovery of high-Tc superconductors (HTS),
much attention has been focused on the application of
these materials in diﬀerent types of bolometers for the near
and far infrared wavelength regime [1–8]. High temperature superconductor transition edge bolometers are one
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of the prominent devices that can be used to detect electromagnetic radiation over the whole spectrum from X-ray to
the far infrared wavelength range. There have been several
studies investigating the optical and thermal performance
of YBa2Cu3O7d (YBCO) transition edge superconductive
bolometers with respect to the bias temperature and the
radiation modulation frequency [9–16]. There have been
many reports on the parameters that aﬀect the response
of the bolometers. Fardmanesh et al. have already analyzed
eﬀects of the bias current and variation of thermal conductance on the magnitude and phase of the response of the
HTS transition edge bolometers [12]. Chou et al. have
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focused on dependence of the photoresponse of high temperature superconducting microbridges on surface morphology [17], where in their study there is no strong
evidence to support this relation. Dwir et al. have reported
the wavelength independent performance of the HTS bolometers from k  0.6–450 lm [18]. Ivanov et al. have
reported eﬀects of electrothermal feedback on operation
of high-Tc superconducting transition edge bolometers
[19]. To the best of our knowledge, there has not been
any study investigating the eﬀect of the superconducting
transition width of the ﬁlm on the response of the bolometers as presented in this work.
The magnitude of the bolometric response can easily be
calculated with a simple RC-model resulting in following
expression [13,20–22]:


gI
dR
r¼
;
ð1Þ
G þ jxC dT
where r is the frequency-dependent responsivity, I is the
DC bias current, g is the absorption coeﬃcient, x = 2pf
with f being the modulation frequency, dR/dT is the slope
of the resistance versus temperature curve at the bias temperature, and G and C are the total thermal conductance
and capacitance of the bolometer, respectively. According
to Eq. (1), the temperature-dependent phase of the response can be obtained from
tan h ¼ 

xC
:
G

ð2Þ

Here we report the results of measurements of the phase
and magnitude of the response to near infrared (IR) radiation as a function of temperature and modulation frequency
with respect to the inﬂuence of the superconducting transition width of the fabricated YBCO transition edge bolometers and also report the illumination wavelength dependence
of the optical response of the devices with wide and narrow
transition widths.
2. Samples and experimental setup
The samples were made of YBCO thin ﬁlms of 200 nm
thickness that were deposited ‘in situ’ by using DC inverted
cylindrical magnetron sputtering technique on 0.5–1 mm
thick MgO (1 0 0) substrates. The target–substrate distance
was optimized at 35 mm. The thin ﬁlms were deposited
under the ﬁxed deposition conditions such as; the partial
pressures of Ar and O2 gases of 0.5 mbar and 0.1 mbar,
respectively, plasma power of 45 W, and substrate temperature of 800 °C. The resulting deposition rate was about
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1.3 nm/min [23]. We obtained c-axis epitaxial YBCO thin
ﬁlms using the above optimum deposition parameters. In
order to produce ﬁlms diﬀering in quality, we placed one
substrate close to outer rim of the sputtering plasma cone
on the substrate holder which resulted in obtaining a ﬁlm
with high density of precipitates on its surface while keeping
the other substrate at the centre of the holder coincident
with the symmetry axis of the same plasma producing a ﬁlm
with much less concentration of precipitates.
We patterned small and large area spiral designs and
microbridges using the standard photolithography process
and chemical etching. For contact pads of the YBCO patterns, we deposited a gold layer about 80 nm thick after
pre-etching the YBCO for approximately 5 nm. Copper
wired contacts were made using silver epoxy resulting in
very low resistance (<0.1 X) contacts at low temperatures.
Pattern areas, pattern types, slopes of resistance versus temperature curves at critical temperatures (dR/dT), thicknesses of MgO substrates, critical temperatures (Tc), and
transition widths (DT) of the measured characterized
devices are given in Table 1. Throughout this paper we compare the characteristics of small area devices (S2 and S1) and
large area devices (L2 and L1) separately. S2 has a wider
superconducting transition width than S1 and similarly L2
has a wider transition width than L1 as shown in Table 1.
For the investigation of the dependence of the infrared
response on the superconducting transition width of
MgO substrate YBCO transition edge bolometers, similar
conﬁguration of superconducting sample, substrate holder,
and temperature sensor were used as in [16], which were
based on Janis VPF-475 liquid nitrogen dewar. The sample
holder was designed so that it was made of highly pure and
conductive oxygen-free copper. To improve the thermal
contact between the substrate and cold-head, a very thin
layer of vacuum grease was applied to the back side of
the substrate. Temperature of the devices was controlled
with PID controller software within a deviation of maximum 20 m K from the target temperature. For the temperature sweep measurements, 1 K min1 heating and cooling
rates were used to minimize temperature gradient between
the sample and the temperature sensor.
The bolometers were radiated by an electrically modulated laser source of 850 nm wavelength with a power output of 12 mW. Since quartz windows of the liquid nitrogen
based dewar was not close enough to the sample, a lens was
used to focus the light to get higher intensity without losing
homogeneity of light on the patterns.
The response of the samples were measured by applying a stabilized DC bias current (Ibias) in four probe

Table 1
Physical properties of the measured devices on MgO substrates
Device code

Pattern area (mm)2

Pattern type

MgO substrate thickness (mm)

Tc (K)

DT (K)

dR/dT (X/K)

L1
L2
S1
S2

1.7
6
0.012
0.003

Spiral (large)
Spiral (large)
Spiral (small)
Microbridge

1
1
1
0.5

88.5
87.2
90.3
89.2

1.4
2.6
3.2
6

1829
1989
493
629
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conﬁguration using an automated low noise characterization setup. The measurement of the phase and magnitude
of the photoresponse was done by using a SR-850 DSP
lock-in ampliﬁer, the input of which was ampliﬁed with a
SR-570 ultra low noise preampliﬁer. We measured the
magnitude and phase of the response of the small and large
area bolometers patterned on MgO substrates. The measurements were performed with respect to the temperature
and modulation frequency, fm. In this paper the measurements from the small pattern area devices S1 and S2 are
mainly reported. However, the large area devices L1 and
L2 also showed similar response characteristics.
The characterization setup for the wavelength dependence of the optical response measurement consists of a
Janis VPF-100 liquid nitrogen based dewar to cool the
samples, a Keithley-2400 sourcemeter to bias the devices,
a SR-830 DSP lock-in ampliﬁer for measuring the optical
response, a SR-570 low noise preampliﬁer and a Lakeshore-31 temperature controller. The sample was illuminated by a monochromatic light source with condenser.
This instrument used a 100 W quartz tungsten halogen
lamp to produce a beam with wavelengths over the spectral
range of 0.2–2.7 lm. It was operated with a radiometric
power supply which adjusted the operating current to
8.34 A and the voltage to 12 V. We used a grating monochromator to select a single spectral line from a broadband
(multi-wavelength) light source in order to investigate the
eﬀect of the incident wavelength on the response of devices.
Spectral range of the monochromator, from 200 nm to
2400 nm corresponds roughly to photon energies from
6.2 eV to 0.52 eV. The beam was collimated with two convex lenses of 127 mm and 48 mm focal lengths. Then it
passed through an optical chopper wheel and entered the
sample chamber through the quartz window.
In this work, we performed the measurements on the
large area bolometers L1 and L2 patterned on MgO substrates to investigate the wavelength dependence of the
optical response of the bolometers. We measure the magnitude of the optical response as a function of the incident
wavelength from 400 nm to 730 nm at bias current of
1 mA and modulation frequency of 11 Hz. The measurements for the devices L1 and L2 were performed at temperatures 88.5 K and 87.2 K, respectively.
Power of the incident beam produced by quartz tungsten halogen lamp was strongly dependent on wavelength.
In order to characterize the bolometric photoresponse of
the devices, the actual power density – not a relative density, at the sample had to be found. Therefore, the magnitude of the response has been calibrated with data
measured from a powermeter mounted in front of the cryostat. The results and their analysis will be discussed in more
detail in the next section.
3. Results and discussion
The fabricated YBCO bolometers resulted in diﬀerent
transition widths DT, as shown in Fig. 1. The correspond-

Fig. 1. The normalized magnitude of the IR response of the small area
bolometers S1 and S2 versus temperature measured at 110 Hz, fm. Upper
and bottom scales represent the temperature of the devices S2 and S1
respectively. Note that the IR response is proportional to dR/dT of the
bolometers and hence a wide IR response indicates wide superconducting
transition width.

ing transition widths of S1 and S2 devices are 3 K and 6 K,
respectively. The dependence of the transition width on
oxygen content has been studied by some groups. For
example, Ye and Nakamura [24] and Cogollo et al. [25]
ascribe the broad resistive transitions of the YBCO bolometers to the amount of oxygen deﬁciency and Uchiyama
et al. attribute it to nonuniformity of the oxygen content
(7  d) in the YBCO thin ﬁlm [26]. We investigated the
eﬀect of precipitates on the superconducting transition
width. The observed precipitates might be outgrowth of
Cu-rich oxide and inclusion of Y2O3 on the surface of
the YBCO thin ﬁlms [27–29]. The samples, S2 and L2, with
high concentration of precipitates shown in Figs. 2a and 3a
are found to have broad superconducting transition width
whereas the samples, S1 and L1, without precipitates seen
in Figs. 2b and 3b are found to have narrow transition
width. Thus, from this observation, we interpret that the
concentration of precipitates in our ﬁlms has an inﬂuence
on the transition width of the bolometers.
We have investigated the observed features on the magnitude and phase of the response with respect to fm, such as
a dip in the phase of the response versus fm curve around
1 Hz, the amount of variation in magnitude of the
response, and dependence of the phase of the response on
temperature at mid-range modulation frequencies.
As shown in Figs. 4 and 5, the ﬁlms with large transition
widths showed a phase dip around fm = 1 Hz that degraded
the magnitude of the response even at higher modulation
frequencies. However, the phase dip of the response curve
of the ﬁlms with narrow transition widths was less, resulting in an increase in performance of the response magnitude and speed of the bolometers in the whole measured
range of the modulation frequencies. Similar response
characteristics have been observed before, however the
responsible mechanisms were not investigated speciﬁcally
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Fig. 2. SEM micrographs of the small area devices (a) with wide transition
width (S2) and (b) with narrow transition width (S1).

[15]. The decrease of the phase and relative decrease of the
magnitude of the response of the samples with wider transition suggest an overall higher thermal capacitance compared to that of similar devices with narrower transition
width. This can be interpreted to be due to the diﬀerence
in the characteristics of the generated phonon spectra of
the YBCO ﬁlm depending on their transition width.
The phase of the response of the ﬁlms with narrow transition did not show considerable temperature dependence
at mid-range modulation frequency. However, the phase
of the ﬁlms with wide transition, showed considerable temperature dependence as shown in Figs. 6 and 7.
Using Fig. 8, we can observe the correlations between
superconducting transition width, which is aﬀected by the
surface morphology of the ﬁlm, and the resistivity of the
YBCO bolometers. The resistivity of the small area bolometer S2 having broad superconducting transition is higher
than that of S1 having narrow transition. The large area
bolometers L1 and L2 also showed similar resistivity behaviours. There have been a number of reports on possible correlation between ab-plane electrical and thermal resistivity
using the Wiedemann–Franz law [30,31]. Thus, we interpret that the reasons causing broad superconducting transition increase the resistivity of the YBCO thin ﬁlm that in
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Fig. 3. SEM micrographs of the large area devices (a) with wide transition
width (L2) and (b) with narrow transition width (L1).

Fig. 4. The phase and magnitude of the IR response of the small area
bolometers S1 and S2 versus fm measured at temperatures around Tc.

turn changes the thermal parameters and thermal resistivity of the ﬁlm. Then these variations in the thermal parameters might be the causes for the phase dip around 1 Hz,
which changes the magnitude and phase of the response
of the bolometers. While the obtained results appeared to
be highly dependent on the width of the superconducting
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Fig. 5. The phase and magnitude of the IR response of the large area
bolometers L1 and L2 as a function of fm measured at temperatures
around Tc.

Fig. 6. The phase of the IR response of the small area bolometers S1 and
S2 versus fm measured at temperatures around Tc-zero and Tc-onset.

Fig. 7. The phase of the IR response of the small area bolometers S1 and
S2 as a function of temperature at 100 Hz modulation frequency. Upper
and bottom scales represent the temperature of the devices S1 and S2,
respectively.

Fig. 8. Resistivity versus temperature curves of the bolometers S1 and S2.
Upper and bottom scales represent the temperature of the devices S2 and
S1, respectively.

transition of the ﬁlms, they were found to be independent
of the device patterns.
By using L1 and L2 devices, we also investigated the
wavelength dependence of the optical response of the bolometers. The photoresponses of bolometers for diﬀerent
wavelengths are plotted in Fig. 9. It is noticed that the
response of the devices is almost independent of the wavelength, from 0.4 to 0.73 lm, of incident light at bias current
of 1 mA and of modulation frequency of 11 Hz. The
obtained response results showed the similar behavior as
reported in [32].
The interaction of incident photons and superconductor
can be explained by using the concept of energy band gap
and relation to cooper pairs. According to BCS, cooper
pair binding energy 2D(0) is on the order of meV, while
optical photons in the visible spectrum have energies in
the order of eV. Therefore, illumination of a superconductor with optical photons results in Cooper pairs breaking,
creating quasiparticles with high energies relative to the

Fig. 9. Photoresponse of the bolometers L1 (at 88.5 K) and L2 (at 87.2 K)
as a function of wavelength at Ib = 1 mA and fm = 11 Hz.
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gap. These quasiparticles quickly decay via electron–electron collisions and electron–phonon collisions. As the
decay interactions are of energies in the gap range, both
decay paths cause further breaking of pairs. In a very short
time, the absorbed optical photons create an excess amount
of quasiparticles and phonons of energies close to 2D(0).
Pairs of these quasiparticles with energies near the gap
can then condense back into Cooper pairs through phonon
emission [33]. We interpret that optical response is associated with variation in the ﬂux of incident photons which
have higher energy than the cooper pair binding energy.
Therefore, the variation of the incident energy does not
aﬀect the optical response of bolometers signiﬁcantly.
4. Conclusion
We measured the photoresponse of both large and small
area fabricated devices with respect to the bias temperature
and the modulation frequency. We observed that superconductivity transition widths of the bolometers depend on the
surface morphology of the YBCO thin ﬁlms. The eﬀects of
the superconducting transition width on the properties of
magnitude and phase of the response of the bolometers were
investigated. The important outcomes can be counted as the
dip of the phase of the response versus modulation frequency curve around 1 Hz, the amount of variation in the
magnitude of the response of the bolometers, and dependence of the phase of the response on temperature at midrange modulation frequency. Finally, it can be concluded
that all the above results show a clear dependence on the
width of the superconducting transition of the ﬁlms, where
however they seem to be independent of the pattern area.
Moreover, wavelength dependence of the photoresponse
of YBCO transition edge bolometers with wide and narrow
transition widths has been studied and it was observed that
the optical response of the devices was almost independent
of the wavelength of incident light from 0.4 lm to 0.73 lm.
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