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A novel radiation detector, the Intrinsic Superconducting Radiation Detector (ISRD), is 
proposed. It employs the temperature dependence of the critical current of high T, 
superconducting films to determine the detector temperature change caused by incident 
radiation and operates almost exclusively in the superconducting state. The ISRD has the 
potential to be a phonon-noise-limited thermal detector. 

Conventional bolometers based on superconducting 
materials employ the rapid change of the electrical resis- 
tance with temperature in the superconducting-to-normal 
state transition.’ Since these bolometers operate near the 
midpoint of the transition region, Joule heating and 
Johnson noise are unavoidable. McDonald’ and Sauvageau 
et al3 employed the temperature dependence of the kinetic 
inductance of superconducting niobium microstripline to 
build highly sensitive radiometers operating entirely in the 
superconducting state. The critical current-temperature re- 
lation can also be employed for radiation detectors.4” In 
this letter, we propose a superconducting radiation detec- 
tor based on the temperature dependence of the critical 
current of high T, superconducting films. It operates below 
T, and, therefore, makes Joule heating and Johnson noise 
negligibly small. 

The critical current 1, of a superconductive bridge is 
the maximum dc electrical current it can carry without 
Joule heating. In practice, the measured critical current is 
the current which yields a voltage equal to a voltage crite- 
rion. The critical current decreases with increasing temper- 
ature for temperatures less than T, and is zero at T,. The 
temperature of the detector can be determined by measur- 
ing Ic.4 Figure 1 is a schematic of the Intrinsic Supercon- 
ducting Radiation Detector (ISRD). The detector element 
is a superconducting film deposited on a substrate. The 
incident radiation power P is modulated with an angular 
frequency w. The time-dependent temperature difference 
between the detector and the heat sink is AT(t). The ther- 
mal time constant of the detector must be much smaller 
than the time period of modulation in order for the detec- 
tor to reach a steady temperature during each period. After 
a steady state is achieved, the bias current I is increased 
from zero to the critical current by varying the source 
voltage V, across the resistance R of the electrical circuit. 
When the voltage across the superconducting film V ex- 
ceeds a voltage criterion V,, the current I( =I,) is re- 
corded and the voltage V, is then reduced to zero. Figure 2 
shows the incident radiation power, the temperature, the 
current, and the voltage across the superconducting film as 
functions of time. Figure 3 illustrates the operating points 
of the ISRD. Unlike the resistance bolometers which are 
always resistive, the ISRD works at or below the critical 
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current for a given temperature. As a result, Joule heating 
and Johnson noise are negligible in the sensing bridge, al- 
lowing this detector to operate’at the phonon-noise limit. 

Modeling the film-substrate composite as a bulk mate- 
rial of uniform temperature yields 

where a is the absorptance, C is the heat capacity of the 
film-substrate composite, and G is the thermal conductance 
between the detector and the heat sink. The solution to Eq. 
(1) for AT(O) =0 is 

AT(t)=$ [ 1-exp (--$)I , (2) 

where rr=C/G is the thermal time constant. The steady 
temperature AT( t)rT) is aP/G. Note that AT(t) reaches 
99.995% of its steady-state value for t=lO TV. In the 
present design, steady state must be achieved within a half- 
period, T/Q and the thermal time constant rr must satisfy 
10 rr < Z-/a. 

The detector responsivity is detined as the output cur- 
rent per unit radiation power. The responsivity S of the 
ISRD is 

d& dAT a dr, 
SC z--g- =---- 

GdAT’ (3) 

The critical current decreases almost linearly with increas- 
ing temperature if the temperature is not too close to the 
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FIG. 1. Schematic of the ISRD. 
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FIG. 2. Response curves of the ISRD. 

critical temperature.“8 High-quality epitaxial YBa2Cu307 
films with critical current density exceeding lo6 A cm-’ 
are available not only on LaAlO, , SrTi03, MgO, and sap- 
phire substrates,7-9 but also on Si substrates with YSZ 
buffer layers. lo The dimensions of the superconducting film 
considered in the present design are 200~pm long, 25+m 
wide, and 0.3~pm thick. If J,(77 K) =2x lo6 A cms2 and 
T,=90 K, the critical current is 0.15 A and 1 dIJdAT 1 is 
approximately 10 mA K-r. Small values of the conduc- 
tance G and large values of the absorptance Q: improve the 
responsivity. 

The methods, criteria, and accuracy for the critical 
current measurement of high T, superconductors were dis- 
cussed by Goodrich” and Goodrich and Bray.t2 Typical 
electric field criteria are between 10-s and lop3 V m-’ 
and are limited by the voltmeter sensitivity. The V-I char- 
acteristic close to the critical point (I,, V,) can be approx- 
imated by the power-law” 

v/v,= (I/I,)“, (4) 
where n measures the abruptness of the transition and 
ranges from 20 to 60 for conventional superconductors. A 
value for n of approximately 45 was obtained by Ekin13 for 
polycrystalline bulk YBa2Cu307-6 at 76 K without a mag- 
netic field. This indicates that a 5% error in the measured 
voltage will only cause an error of 0.1% in the critical 
current. 

The maximum Joule heating power is VJ,. The dif- 
ference between the maximum Joule heating power with- 
out and with a power P is VgiIC= VCPS. Using a voltage 
criterion of 100 nV and taking the responsivity S= 1000 
WA-‘, the Joule heating power is 15 nW and the relative 
error in the power measurement caused by the Joule heat- 
ing is V&‘JP= 10w4. Hence, the error caused by Joule 
heating is negligibly small. 

The accuracy of the ramp method for the critical cur- 
rent measurement may be affected by inductive voltage.” 
Phelan et al. l4 measured the ac impedance of a supercon- 
ducting Bi-Sr-Ca-Cu-0 bridge and observed that, for fre- 
quencies below 100 kHz, the impedance is zero for current 
densities as high as one-tenth the dc critical current den- 
sity. Assuming that the current density is increased from 
zero to a critical current density of lo6 A cme2 in 1 ms, the 
inductive electric field estimated using the first London 

FIG. 3. Operating points of the ISRD. 

equation is of the order of lo’-’ V m- ‘, which is much less 
than the electric field criterion. Hence, the effect of induc- 
tive voltage in the superconductive bridge is negligible. An- 
other issue which may affect the measurement accuracy is 
the motion of the magnetic flux vortices. It must be inves- 
tigated whether these will result in an error in the voltage 
measurement for a rapid increase of current and whether 
the flux motion will introduce hysteresis in repeating crit- 
ical current measurements. 

The noise equivalent power (NEP) can be broken 
down into components of Johnson noise, phonon noise, 
photon noise, and l/-f noise. The combined NEP i&l5 

NEP = WP;c,,,,, -I- NEP;,,,,, 
+ NEP;,,,, + NEP&f) 1’2. (5) 

Since the ISRD operates when the current just exceeds the 
critical current, the resistance and the voltage drop inside 
the film is neglected. The resistance of the trigger voltmeter 
can be large enough to be considered an open circuit. The 
Johnson noise due to the fluctuation of the resistance R is 

NEP&,,,,=4kBT,/(RS2), (6) 

where k, is Boltzmann constant and T, ( -300 K) is the 
temperature at which the electrical circuit is operated. 
High values of S and R minimize the Johnson noise. 

Phonon noise is due to the temperature fluctuation of 
the detector element 

NEP;,,,,,n = 4kBTfG/a2, (7) 
where T, ( -77 K) is the heat sink temperature. For a 
background with a blackbody temperature of T, and cutoff 
frequencies of y1 and 2r2, the photon noise due to the tluc- 
tuation of the incident power is 

NEp;hoton = 
47roA sin’ 6( kBTb) 5 

s 

~2 x4e”dx 
$h3 x, (e’-l>Z’ (*) 

where co is the speed of light in vacuum, h is Planck’s 
constant, 4 is the detector receiving area, 6 is the half- 
angle of the cone through which the background radiation 
is received, and x1 = hvl/kBTb and x2= hv,/kBTh are the 
reduced photon frequencies. 

There are other noise components, such as noise due to 
contact resistance, modulation, and material defects.16 
Since these noise components are generally inversely pro- 
portional to the modulation frequency J; they are called 
l/f noise. The NEP of l/f noise has the form 
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NEP:,f= C@/CS’j?, (9) 
where y ( - 11, P ( - 2), and Ce are experimentally deter- 
mined coefficients. 

The l/f noise for relatively low bias currents near the 
critical temperature has been studied by several 
groups. 17-t9 In contrast, the l/f noise of high-quality su- 
perconducting films below the critical temperature for a 
current just in excess of the critical current, i.e., the oper- 
ating point of the ISRD, has not been reported. This noise 
must be determined. 

The optimum design of the ISRD requires the minimi- 
zation of both G and rr. It is therefore necessary to make 
the heat capacity as small as possible. The heat capacity of 
the film-substrate composite is 

c= (pmsubstratef (pc~4wn9 (10) 

where p is the density, c the specific heat, and d the, thick- 
ness of film and substrate, respectively. Since the film 
thickness is usually less than 0.5 pm, its heat capacity is 
negligible in comparison with that of the substrate. The 
heat capacity per unit volume of sapphire, MgO, and sili- 
con is approximately 0.4 J cms3 K-’ at 77 K, and that of 
SrTiOs is 1.0 J cmv3 K-r. The value of 0.4 J crnB3 K-’ is 
used in the present design. The substrate thickness is as- 
sumed to be 20 ,um.20 The area of the superconducting film 
is A = 200 X 25 ,um2. The heat capacity C is calculated to be 
4 x 10-s J K- ‘. If the modulation frequency is 5 Hz, a 
thermal time constant of r< 10 ms is required for the de- 
tector to reach a steady state in each half-period. A ther- 
mal conductance G=5 X 10m6 W K-t is chosen in the 
present design, which will yield a time constant r=8 ms. 
Small heat capacity, good thermal isolation, and high- 
quality epitaxial films can be achieved with silicon micro- 
fabrication technology. 21Y22 The resistance of the electronic 
circuit is chosen to be 1000 a. In the present design, the 
absorptance Q: is assumed to be 0.5. The absorptance de- 
pends strongly on the wavelength of the incident radiation 
and film thickness.23 

The calculated responsivity is 1000 A W-‘. The pho- 
ton noise of 2~ lo-l3 W Hz- “’ for a 300 K background 
with f3=30” and the Johnson noise of 4~ lo-l5 W HZ-‘/~ 
are much less than the phonon noise of 2.6~ lo-l2 
W Hz-‘“. If l/f noise is assumed to be much smaller 
than the largest of the other noise components, the detector 
will work at the phonon noise limit. The combined NEP 
is 2.6~ lo-l2 W HZ-‘/~, and the detectivity D* 
= @““/NEP is 2.7x lo9 cm Hz1j2 W-l. The NEP is 
comparable with that estimated for the high T, supercon- 
ducting microbolometer with a modulation frequency of 10 
kHz.“4F25 The ISRD has an advantage over the microbo- 
lometer for low modulation frequencies. The D* of the 
ISRD is one order of magnitude higher than that of com- 
mercial pyroelectric detectors. 

In summary, a novel high T, superconducting radia- 
tion detector is proposed, which operates at temperatures 
below T, and has the potential to work at the phonon-noise 
limit. The l/f noise for currents just above the critical 
current, the accuracy of the critical current measurement 
using a ramp technique, and the possible existence of hys- 
teresis due to magnetic flux motion must be investigated 
experimentally. 
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