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The dependence of the far infrared Josephson photoresponse of current biased granular high-T, 
superconductor thin films on deoxygenation is presented. BiZSr2CaCu208 and T1Ba2Ca2Cu309 
thin films were heated in vacuum to temperatures of between 200 and 500 “C. The resulting 
deoxygenation weakens the intergrain coupling, thereby reducing the critical current and 
enhancing the photoresponse. In this way the optimum temperature for the fast Josephson 
response may be tuned to lie outside the temperature region of the slow bolometric signal. 

Fast nonbolometric photoresponse mechanisms in 
high-T, superconductors have recently attracted much at- 
tention.‘& Generally, nonequilibrium electronic effects 
have been observed in the visible to near infrared from 
epitaxial films, whereas in granular films the photoresponse 
originates from grain decoupling due to the local weaken- 
ing of superconductivity at the boundaries.3 Combinations 
of the two effects may also be observable.7 The resistive 
state due to grain decoupling has been explained in terms 
of a Kosterlitz-Thouless phase transition,* vortex cre- 
ation,’ or the Josephson effect.” The far infrared (FIR) 
Josephson photoresponse is based on the latter effect,“,” 
utilizing the depression of the critical current j, of a junc- 
tion by the radiation induced high frequency currents I, 
Photoresponse times, due to the above effects, are mea- 
sured or estimated to be in the picosecond range. 

In the FIR the quantum energy of the radiation is 
smaller than the BCS energy gap. Therefore, no pair break- 
ing is expected for temperatures T<T, and any nonbolo- 
metric response arises from weak links. Such an effect is 
very promising for the development of extremely fast FIR 
detectors based on granular films. These can easily be pat- 
terned to act as distributed antennas with signals arising 
from a superposition of all grain boundaries, or can be 
incorporated into antenna structures to achieve good radi- 
ation coupling, as it has been shown for bolometers.13 

Nonbolometric microwave detection in YBa2Cu307--6 
has been linked to the material’s granularity,14 but no sys- 
tematic studies of film production techniques to optimize 
the material’s FIR response are known to us. The response 
studies generally focus on samples with poor supercon- 
ducting behavior such as low critical currents and broad 
resistive transitions, whose reproducible production is dif- 
ficult. The aim for optimizing Josephson detection has to 
be to produce films containing high quality grains, which 
are only weakly Josephson coupled. In classical supercon- 
ductors this has been achieved, for instance, by embedding 
Nb in a BN matrix.15 In this letter we present the influence 
of a vacuum annealing procedure on high quality films, 
which can reliably and reproducibly be manufactured and 

we show that this treatment improves the detection char- 
acteristics in the way suggested above. 

The studies were made on 300-nm-thick 
TlBa,Ca,Cu,O, and Bi,Sr,CaCu,Os thin films on MgO 
substrates, mechanically patterned into stripes 50-500 pm 
wide and 2 mm long. They were produced by standard 
pulsed excimer laser deposition and ex situ annealing 
which yielded granular c-axis oriented films with rocking 
curves of less than 0.2” [full width at half-maximum 
(FWHM), 0010 peak] and grain sizes of l-5 pm. Critical 
currents exceeding 10” A/cm2 have been achieved at 
T< 25 K. The stripes were constant current biased and the 
voltage response to 80 ns FIR pulses of about 1 W/cm2 
power densities at A=447 pm was observed, as described 
previously.“‘12 

Figures 1 and 2 show, respectively, the resistance and 
photoresponse curves of an untreated T1Ba2Ca2Cu309 sam- 
ple. In the photoresponse plot two superimposed maxima 
can be identified: One corresponds to the bolometric re- 
sponse at TZ 105 K, the other, peaking at 1”,=95 K, is due 
to the Josephson response. For a useful high speed detector 
application these maxima are too close: Any signal here 
will also show a slow bolometric contribution. A shift of 
the Josephson peak to lower temperatures can be obtained 
by the post annealing procedure described below. 
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FIG. 1. Resistance vs temperature curve of a 250~pm-wide 
TIBa,Ca,Cu30Q stripe, for a bias current density of 1 kA/cm’, untreated 
and after subsequent vacuum heat treatments at increasing temperatures. 
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FIG. 2. Photoresponse vs temperature of a 250~pm-wide TlBa,Ca,Cu,O, 
stripe, for a bias current density of 1 kA/cm*, untreated and after subse- 
quent vacuum heat treatments at increasing temperatures. 

Following the R(T) and photoresponse measurement 
the silver paint contacts were removed and the samples 
cleaned with acetone. They were then placed in a quartz 
tube which was evacuated to a pressure p < low3 mbar and 
put into a tube furnace. The oven temperature was in- 
creased at a rate of 10 Wmin from room temperature to 
the set temperature T, and kept constant there for 30 min. 
After this treatment the samples were cooled rapidly under 
vacuum to room temperature. Then the resistance and 
photoresponse of the samples were measured again and the 
process was repeated on the same samples at an increased 
deoxygenating temperature. Values of T, between 200 “C 
and 500 “C have been investigated. 

The changes in the resistance are shown in Fig. 1. It 
can be seen that the vacuum treatment increases the film 
granularity: The normal state resistance, the midpoint, and 
the width of the transition are only slightly influenced for 
moderate heat treatments (T,<350”C for 
T1Ba&!a2Cu309 and T, < 250 “C for BizSr2CaCu20,). 
However, j, is depressed considerably and a resistance tail 
develops at low temperatures. This indicates that the bulk 
properties of the grains have not been changed and that 
only the grain boundaries are afIected. At higher annealing 
temperatures the bulk material itself suffers a degradation 
and finally loses its superconducting properties. 

We attribute this behavior to oxygen loss, as has been 
observed in granular bulk material:16 At moderate temper- 
atures oxygen will be removed from the grain surface and 
the boundaries only. Due to the reduced carrier concentra- 
tion this creates a layer of reduced order parameter around 
the crystallites, reducing the intergrain coupling and thus 
explaining the j, reduction and the tail in the R(T) 
curve. Similarly, a higher normal state boundary resistance 
is caused, leading to the slight increase in the film’s normal 
state resistance. 

As can be seen from Fig. 2, the Josephson photore- 
sponse increases and shifts to lower temperatures with in- 
creasing T,, as can be expected from the reduced Joseph- 
son coupling seen in the resistivity measurements. This is 
clarified in Fig. 3: T, decreases both with increasing T, 
and j,, so that Tp always coincides with the onset of a 
substantial resistance (Rr;: 10 (1 here). This is the typical 
behavior of the Josephson photoresponse:“~‘2 the critical 
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FIG. 3. Bias current dependence of the temperature of maximum Joseph- 
son photoresponse (T,) following different heat treatments. Open sym- 
bols are for TlBa,Ca2CupOg film, filled symbols for Bi&,CaCu,Os film. 
The symbols correspond to the following vacuum annealing temperatures: 
No annealing (squares), 200°C (circles), 300 “C (diamonds), 350°C 
(triangles), and 400 ‘C (stars). 

current density j& is reduced to a value j,(l,) by the FIR 
radiation and a voltage develops across those junctions 
which are biased with a current j,> j,(I,). Peak response 
occurs when a maximum number of junctions is biased at 
the value of their critical current density jb= j& The max- 
imum of the photoresponse is therefore a measure for the 
jd) of the “typical” junction in the current path. This is 
obviously higher than the jco as determined from transport 
current experiments which measure the weakest link. It 
also explains why the maximum response occurs in the 
partially resistive state and not right at the onset of resis- 
tivity. Therefore, Fig. 3 can also be interpreted in a differ- 
ent way: The temperature dependence of the critical cur- 
rent of a typical junction in the current path is displayed. 
For all treatments this behavior does not follow the 
Ambegaokar-Baratoff dependence for tunnel junctions, 
but shows more the behavior of SNS or flux flow domi- 
nated resistivity in granular films.” Thus, we propose that 
the nature of the Josephson decoupling of the grains in the 
films is due to fluxon movement across the junctions. This 
provides a microscopic explanation of previous macro- 
scopic approaches to the FIR and mm-wave photore- 
sponse*,14 based on the decrease of the Josephson coupling 
energy with jd) compared to the thermal energy. Our 
model also incorporates naturally the bias current depen- 
dence of the response maximum. 

Figure 4 shows the bias current dependence of the peak 
photoresponse after treatments at different temperatures. 
Generally, a linear dependence of the photoresponse on 
bias current is found. Vacuum annealing shifts the re- 
sponse curves to higher signal values. However, for films 
treated at 250 “C (Bi,Sr,CaCu,Os) and 400 “C 
(T1Ba,CazC!u309) a saturation is seen. This occurs when 
the bias current exceeds the critical current of the typical 
grain boundary even at the lowest measurement tempera- 
tures. Also included is the effect of reoxygenating the 
Bi,Sr,CaCu,Os sample in air for 30 min at 520 “C!: The 
properties of the sample after the 200 “C treatment are 
restored. 

Vacuum annealing improves the applicability of high 
quality granular films as fast FIR detectors due to two 
facts: The bias current needed for an optimum response at 

2828 Appl. Phys. Lett., Vol. 63, No. 20, 15 November 1993 Schneider et al. 2828 

Downloaded 04 Oct 2010 to 132.199.32.109. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



z 

g 10-l 

z! 
1o‘3 

Bias current density [kA/cm*] 

FIG. 4. Bias current dependence of the peak photoresponse with the 
temperature adjusted to T= Tp(jb) for a 2.50~pm-wide TlBa,Ca,Cu,Os 
stripe (open symbols) and a 100~pm-wide Bi2Sr2CaCu20s stripe (filled 
symbols) after subsequent annealing treatments: No annealing (squares), 
200 ‘C (circles), 300 % (diamonds), 350 “C! (triangles), and 400 ‘C 
(stars) in vacuum and reannealing at 520 ‘C! in air (crosses). 

a given temperature is reduced, so that contact heating and 
noise is reduced and currents are more compatible with 
low noise high speed electronics. Further, the Josephson 
photoresponse at these moderate bias currents (of the or- 
der of 1 mA) is shifted to temperatures well below the 
midpoint of the transition and thus no slow bolometric 
contribution to the response occurs. For fixed operating 
temperature and bias current the films can be heat treated 
to show optimum performance. 

By the annealing process we have achieved a standard 
sensitivity of 0.1 V/ @ (the signal is proportional to 
&ii&),” and a noise equivalent power of lo-l6 W/Hz 

using a simple stripe geometry. For optimum response bias 
current densities of lo3 A/cm2 are sufficient, the detection 
at different operating temperatures can be optimized sim- 
ply by adjusting the bias current and a clear separation of 
the fast Josephson photoresponse signal from the slow bo- 
lometric response is possible for temperatures T 5 T, 
Starting with high quality films a good reproducibility of 
the results is achieved. Additionally, we have shown that 
even moderate heating (T> 200 “C) of superconducting 

films strongly degrades the superconducting properties by 
enhancing the granularity and increasing the surface resis- 
tancer8 which is important for many applications. 
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