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Abstract. 1-D thermal analysis of the system blackbody source / super
conducting bolometer is presented. Attention is paid on multiple reflection 
of the thermal wave in the sensing thin film. The performance of experi
mental structures is compared to the theory. The results indicate that the 
response on frequency dependence follows 1/w112 law instead of 1 / w one 
which is typical for the classical thermal detectors. 

1. Introduction 

The recent achievements of the high Tc superconductors technology attract atten
tion of many researchers on application of these new materials in newly developed 
electronic devices. The exotic of the superconducting state: its electrical, mag
netic, optical and thermal behaviour has always been a big challenge for practical 
application. The observable response to very low-level external perturbations has 
been found convenient for developing of new generation sensing elements. Many 
papers have been published nowadays on SQUID-magnetometers, Josephson effect 
structures and a lot of highly sophisticated devices. In this paper we comment the 
possibility for utilization of high Tc superconducting films as bolometric sensors as 
well as the performance of experimental structures exposed to blackbody radiation. 

2. Theory 

A. Blackbody radiation 

Let us consider an emitting blackbody source and a thermal detector with areas 
A, and Ad, and temperatures T, and Td respectively. If the source is a Lambertian 
type and the two elements are situated in parallel at a distanced apart, then the net 
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radiation power can be calculated by Siegal eL al. [1] formula modified as follows: 

p _ AsAd 27rhc d>. _ o-T4 l>- 2 l 
- 7rd2 ( ). 5 (ehc/AkT, _ 1) d (1) 

where [ >.1, >.2] is a special band of transmittance if there is an optical window 
between the emitter and the detector, c is the velocity of light, h, a- , k are Plank 's, 
Stefan-Boltzmann and Boltzmann constants respectively. 

B. Thermal analysis of superconducting high Tc bolometer 

Equation 

The analytical model used here is based on one-dimensional (lD) Fourier heat con
duction equation for film-buffer-substrate system in case of strong thermal coupling. 

For simplicity, we assume a semi-infinite system which surface is heated using an 
optical pulse. If the substrate material has a thermal conductivity k, specific heat 
per volume cv and density p, then the relevant heat equation is 

DfJ2T = aT 
ax 2 al 

k 
where D = -- is the thermal diffusivity of the material. 

cvp 

(2) 

Supposing sinusoidal modulation of the incoming radiation the steady-state so
lution of the equation is a thermal wave and can be given in the form [2]: 

T(x, t) = To(x = 0, t)e-(I+i)Kx+iwt (3) 

( 
w ) 1/2 

where k = 
2
D is the wave vector of the thermal wave and w is a modulation 

frequency. 
This lD analysis neglects the lateral heat conduction at the surface, which at 

all, exaggerates to a certain degree the calculated bolometric response. 
Another important argument which can be taken into account, modelling the 

performance of a bolometer, is the Lhermal stability of the device. This stability 
is related to the biasing current Jbias and the corresponding Joule heaLing power 
which must be balanced by the thermal conductiviLy of the system. In generalized 
form, P. L. Richards et al. [3] proposed the following stability condition: 

J~iasRfJ 1 
G < , 

1 dR 
where /3 = -

R dT 
(4) 

is the resistivity slope at the superconducting transition, R is Lhe resistance at 
mid-transition and G is the total conductivity of the thermal link with the heat 
sink. 
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Boundary conditions 

The initial and boundary conditions of the conduction equation describing the 
thermal transport in a sensor structure depicted in Fig. 1 are 

ryPeiwt = -k1 [a(TJ )] (5a) 
ax x::::O 

r1 (d1) = n(o) (5b) 

k1 [a(T1 )] =kb [a(n)] (5c) 
ax x::::d1 ax x::::O 

n(db) = T,(O) (5d) 

kb [a(n)] = k, [B(T.) ] (5e) 
ax x::::db ax x::::O 

T,(d,) = Theat 
sink 

(5/) 

where the subscripts denote: f - for YBCO film, b - for buffer layer and s - for 
substrate and T/ is the absorption efficiency coefficient. These boundary conditions 
are taken from the work of R . Watton et al. (4] discussing the performance of 
ceramic pyroelectric detectors with similar configuration. The relation (5a) assumes 
adiabatic conditions at the upper surface, i.e. the thermal emission from the sensing 
area P1 = Ad(TTJ is negligible in comparison to both: the conduction flow via ther-

detector cross-section 

IR radiation 

lilm 

huff er 
y 

substrat~ 

x 

Fig. 1. Detector structure and cross-section of high Tc superconducting 
bolometer 

ma! link with conductance G = ( dkf + dkb + dk, )-l and the absorbed incident 
21 2b 2, 

radiation power ( ryP) in the transmittance band of the optical window [ .A1, .A2]. 
The equations (5b, 5d) represent continuous flow through the interfaces and (5/) 
indicates semi-infinity of the substrate. This is the case when the thermal diffusion 
wave does not reach the back of the substrate. In fact, the diffusion length 8, = 
(2D/w) 1

/
2 for MgO substrate with D, = 0.9128 cm2 /s at 77 K, calculated from 

the thermophysical properties of the material (5] approaches substrate thickness 
( ~ 500 µm) at w /27r = 116 Hz. Thus, at modulation frequencies more than 116 Hz 
the semi-infinity condition is completely satisfied. 
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Solution 

The general solution for the film-buffer-substrate system can be expressed as 

Tj = Aje-(l+i)K1xeiwt 

n = Abe-(l+i)Kbx eiwt (6) 
T, = A,e-(l+i)K, xeiwt 

where A f, Ab and A, are constants of integration. 
The substitution of T1, n and T, in the boundary conditions (5a), (5c), (5e) 

will result in 

(7) 

Thus the average temperature in the superconducting film can be given by 

Tj = T/P _l_e-(l+i)K 1x+iwt 

JkJCJPJ Vw 
(8) 

Biased by a current hias, the output voltage change 6. V associated with the tem
perature drop 6.T = T1 - T, is 

(9) 

Therefore, the voltage responsivity Rv = 6. V / P is 

(10) 

These calculations do not take into account the actual thermal resistance between 
the films. Some authors [6] have reported an anomalously high thermal boundary 
resistance for a dielectric/superconductor interface. Obviously, the more detailed 
analysis to assume a multiple internal reflectance in the superconductor. Then the 
propagation of the thermal wave through the interface can be described by the 
reflection and transmission coefficients [2] 

(11) 

These are analogous to the Fresnel equations for normal incidence, but unlike the 
optical case the thermal r;j and t;j are frequency independent real numbers. The 
first transmission coefficient tvf (describing transmittance from vacuum to film) is 
merely equivalent to TJ coefficient. 
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Figure 2 shows the multiple reflection in the sensing film, where e-iad1 represents 
the damper factor flux at the upper surface (x = 0) can be described by the series: 

tv1(= TJ)Peiwt(l + Tjbe-2iad1 + TjvTJbe-4iad1 + ... ). (12) 

Then, the calculations must be corrected by substituting the boundary condition 
(5a) with the expression 

riPeiwt(l + Tjbe-2iad1 + TJvTJbe-4iad1 + ... ) = -k1 [8?] (13) 
O x=O 

y 

film 

buffer db 

Fig. 2. Multiple reflectance scheme for incoming IR radiation 

3. Experiment 

A. Fabrication 

Films of Y 1Ba2Cu301-x (YBCO), which were typically 0.5 µm thick, were de
posited on (100} MgO substrates by r. f. magnetron sputtering from YBCO sto
ichiometric target. The orthorhombic superconducting phase was obtained after 
annealing "in situ" at 720 °C for 30 min and cooling to room temperature in 0 2 
rich closed chamber. The as-deposited films showed T~nset = 83 K which implies 
oxygen deficiency or lattice mismatching with the substrate. Better perfection of 
the superconducting film was achieved by utilization of (Ba,Sr )Ti03 buffer layer. 
The T~nset of about 90 K was observed in samples having a 0.5 µm thick buffer 
layer, which was sputtered previously on the substrate. Obviously, the buffer layer 
helps for c-axis orientation of the YBCO elementary cell normally to the surface 
and for formation of large Cu-0 conducting planes. The fabricated films were pat
terned into approximately 100 µm wide meandering lines filling 1 cm2 sensing area. 
The patterning was accomplished using mechanical scribing. Silver read-out wires 
were connected with evaporated Ag current and voltage pads by Silver epoxy. Each 
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substrate was fixed with a mixture of silicon grease and Ag powder into a metal IC 
chip package with optical window. To avoid deterioration of the superconducting 
properties the entire device was encapsulated in oxygen-rich atmosphere. During 
measurements, the bottom of the package was in thermal contact with a liquid ni
trogen bath [7]. The temperatures below and above 77 .3 K were reached and fixed 
by pumping out the nitrogen vapours and/or by internal heating of the cooled 
finger, respectively. 

B. Measurements 

The blackbody response of the films was observed using a ' chopped blackbody source 
heated at 700 K with an aperture 8 mm in diameter and a chopping disk with a vari
able speed of rotation. In order to investigate the response in IR wavelengths CaF2 
window was selected for the laboratory cryostat. The temperature of the black
body Ts = 700 K was adjusted so as to fix up the central wavelength of emission 
Amax = 2898/T, (~ 4.16 µm) at the middle of the window optical transmittance 
(0.3- 7.5µm). The temperature of the sample surface was measured by a thermo
couple and every sample was then tested using an experimental setup shown m 
Fig. 3. Then the R- T dependence and response measurements were performed. 

blackbody 
source chopper 

D ff- n 
ff- I I 

liquid nitrogen 
cryostat 

ff-

sample 
holder 

constant 
current 
source 

Fig. 3. Experimental setup 

4. Results and Discussion 

selective 
nV meter 

scope 

The radiation power incident on the specimen was calculated Eq. (1) assuming 
integration in the CaF2 transmittance range. At distanced= 12 cm and top surface 
temperature Td = 89K the estimated value is 10.03µW. 

Fig . 4 shows resistance versus temperature (R/T) curve and its derivative for a 
test sample we studied at a chopping frequency 10 Hz and bias current 1.2 mA. The 
hias was selected in accordance with the bolometer stability condition Eq. ( 4) and 
with the critical current of the superconductor. 
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Fig. 4. R(T) and dR/ dT dependencies for experimental sensing structure 
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Fig. 5. Voltage response and dR/dT peaks vs environment temperature 

The curves of bolometer response to IR radiation and dR/ dT dependence are 
presented in Fig. 5. The fact that the response has a maximum near the maximum of 
dR/dT suggests that the observed response is bolometric and the heating is a major 
contributor. The values of temperature variation calculated using Eq. (8), Eq. (12) 
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~v 
and using ~T = dR at various modulation frequencies are compared in Fig. 6. 

hias dT 
The analytical results presented by curves 1 and 2 are based on materials data 
taken from the work of Flik et al [8] . ~T(fc) is normalized to one degree centigrade 
temperature difference in the environment, for which Io = 10.03 x 10-4 W / cm2

. The 
effect of the correction due to multiple reflectance (Eq . (12)) is demonstrated by 
curve 2 which is closer to the collected experimental data. The calculations reveal 
that a temperature difference of 1.18 mK causes a voltage response of~ 42µV when 
the efficiency coefficient T/ is equal to 0.65. 
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Fig. 6. Temperature difference behaviour on chopping frequency 

(1) - calculated curve Eq. (8); (2) - calculated curve Eq. (8) and correction 
Eq. (12); o - values extracted from measured response 

The character of the thermal change is similar for the analytical and experi
mental curves in the range between 1 Hz and 800 Hz. At higher frequencies the 
measured results differ from the predicted 1/ fo dependence. The underestima
tion of the measured response may come from a non-bolometric component due to 
generation of quasiparticles or fluxons with small lifetimes but its origin is still not 
clear [9, 10]. The responsivity of YBCO films varies also from film to film due to film 
imperfections and surface roughness . The highest responsivity, we have measured, 
was typically more than 4 V /W at bias current hias = 1.2 mA, chopping frequency 
10 Hz and temperature of about 89 K. Noise measurements of other authors (3] on 
YBCO films indicate noise spectral power in the order of 1 x 10-9 W .Hz- 112 , which 
makes the developed sensor a promising candidate for wide application in the MIR 
and FIR where the figures of merit of existent bolometers, operating at temper
.atures > 77 K, are lower. As a concluding remark it is essential to mention some 
factors limiting the performance of bolometers based on YBCO films. The major 
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feature of the material is the comparatively low temperature of oxygen effusion 
( ~ 180 °C). Some authors report about oxygen effusion even at room temperature. 
The variation of oxygen content affects directly the superconducting properties of 
the film and changes R/T dependence. Additionally, some films with reduced 0 2 
(near metal-insulator Anderson transition) exhibit slow photosensitivity [11]. That 
is why it is very important nearly perfect films with high oxygen content and sta
ble crystalline structure to be used for optical detectors. These material behaviour 
can be taken into account when maximum biasing currents and incident radiation 
power are applied. 

5. Conclusions 

Transition edge bolometers based on YBCO superconducting films are analyzed 
and fabricated. The high thermal resistance of the interface film/buffer layer and 
the small film thickness imply on the existance of multiple reflection of the incom
ing wave. For device fabrication, only superconducting films with high perfection 
are suitable. The device performance is feasib le especially in the MIR and FIR 
range where low-cost and precise detectors are necessary. Currently, the detector 
performance is being improved by decreasing the film thickness ( ~ 100 nm) and 
by thermal isolation of the sensing area using bridging structures and membranes. 
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