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2. ABSTRACT

We have investigated optical detection in epitaxial and granular

films of YBa2CuSO7 _5, at wavelengths of 0.63, 3.39, and 10.6 pm, and at

temperatures from 4.2K to lOOK. Epitaxial films, and granular films

fabricated at Westinghouse, exhibit an optically induced voltage shift,
6V, which is proportional to the temperature derivative of the sample dc

resistance at the same bias current. Granular films provided by the
University of Texas, which exhibit 'semiconductingl resistive behavior,

exhibit a response which deviates from dR/dT, but which can be explained

in terms of the temperature dependence of the film thermal conductance.

The response time of all films is long and strongly wavelength

dependent, varying from on the order of microseconds at 0.63 pm to

tenths of a second at 3.39 pm. Our results indicate that all these

films exhibit only bolometric or thermal detection, with no evidence for
quantum or nonequilibrium effects in this temperature range. For 0.63

pm radiation, mechanically chopped at 725 Hz, measurements of a 10 X 90
pm epitaxial bridge yield a bolometric responsivity of approximately

4 X 10 V/W, and a detectivity D* of more than 10' cm TFi/W. Granular

films biased above their critical current are found to exhibit two-level

switching noise, resulting in Lorentzian deviations from an otherwise

I1/P noise spectrum. The results suggest that the use of controlled

high-temperature superconducting weak links is a more promising route to

the development of a fast, multispectral, superconducting infrared

detector.
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8. OBJECTIVES

The objectives and Tasks of this program were:

1. Design, construct, and demonstrate operation of a test

apparatus for the evaluation of superconducting oxide IR

detectors.

2. Investigate correlations between the oxide film geometry,

morphology, and granularity, and its optical (IR) and

superconducting properties.

3. Compare the IR superconducting sensor performance with that

of known semiconductor IR sensors, and determine technical

feasibility.
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4. ACCOMPLISHMENTS

4.1 PREAMBLE

The research reported here was done under a program supported by

AFOSR/SDIO which began in January 1988. The program was to have been

for two years but was discontinued in December 1988 due to lack of

funds. For this reason Tasks 2 and 3 were not fully completed. However,

the results obtained through this program form the base for a new SDIO

program to begin in February 1989, which will form the HTS materials

base for the development of a HTS/LTS infrared focal plane array (IR

FPA). The tasks of the new program are presented in Section 4.8.

Most of the results obtained in this program have been published

in three papers, which are listed in Section5. These articles are

reproduced and attached to this report as appendices one through three.

Relevant references to non-Westinghouse work can be found in these

appendices. Only a summary of accomplishments is given below, since the

factual documentation of results obtained under this program is given in

the appendices.

4.2 CRYOGENIC OPTICAL TEST APPARATUS

A cryogenic optical testing apparatus has been brought into

operation, based on a 'Hi-Tran' open-cycle helium refrigerator built bf

R. C. Hansen and Associates. The apparatus has a temperature range from

350K to 4.2K and electrical access for four-point measurement of two

samples, as well as for dual temperature sensors. Optical access is

provided by interchangeable windows of NF, KRS-5, and CsI, providing a

wavelength coverage of 0.1 to 70 ism. Radiation sources used in the

course of this work included lasers of wavelength 0.63, 3.39, and

10.6 im, as well as a black-body source.
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Instrumentation for the apparatus includes a dynamic signal

analyzer, with frequency range from 10- 1 Hz to 100 kHz, f or

characterization of the noise properties of HTS detectors.

We have developed techniques for patterning films of YBa 2 Cu3 O7

(YBCO) into geometries suitable for detector studies, such as

microbridges and meander paths. As a result of progress made under the

AFOSR program 'Superconducting Electronic Film Structures,' Contract No.

F49820-88-C-0039, we were able to produce bilayers consisting of

sputtered YBCO with an evaporated gold overlayer, in an entirely in-situ

process, resulting in unmeasurably low contact resistance between the

gold and YBCO (R < 4 x 10- 1 U-cm2 ). This was of importance to avoid

heating effects and excess noise which can result from the usual

high-resistance contacts to YBCO. We used a photolithographic process

in which the gold was patterned into a contact geometry by reactive-ion

etching with a mixture of Freon-12 and argon, and the YBCO film

subsequently patterned by Ar-ion milling. Using these techniques we

were able to fabricate lines as narrow as 10 pm in epitaxial films, with

no appreciable degradation in the superconducting properties. Granular

films, on the other hand, typically suffered a T. degradation of 10 to

20K under such processing.

4.3 FILM PlOPERTIES

We have investigated the optical response of both epitaxial and

granular YBCO films in the visible and infrared. Epitaxial films were

deposited on SrTiO,, typically to a thickness of 0.35 #m, and were

post-annealed in oxygen, either in-situ or ex-situ. The films had the

crystallographic c-axis in the film plane and consisted of a random

mosaic pattern of crystalline grains with perpendicular c-axes.

Transition temperatures for these films ranged from 35K to 85K,

depending on the stoichiometry, with the resistance above the transition

always 'metallic,' that is, increasing monotonically with increasing

temperature.
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The granular films were deposited under the same conditions,

onto sapphire substrates with 0.4 to 0.5 pm thick BaF2 buffer layers.

For these films T,'s (R=O) were as high as 70K. Micrographs of the

granular films revealed islands of needle-shaped grains of YBCO,

interspersed with a highly Ba-enriched phase, probably mostly BaF2 .

Regardless of the T, value of these films, the resistive behavior was

again metallic.

Measurements of transport critical current density vs. magnetic

field, J,(H), revealed an important difference between the epitaxial and

granular films. As illustrated in Figure 4.1, the epitaxial films had

zero-field J's on the order of 105 A/cm2 , with a relatively weak

magnetic field dependence. In contrast, the granular films exhibited

much lower zero-field J,'s, typically on the order of 100 A/cm2 , with a

very strong field dependence at low fields. These behaviors indicated

that the grains in our epitaxial films were strongly coupled, while

those in the granular films were weakly coupled. The presence of weak

grain boundaries in granular films suggested that such films might be

more likely to exhibit a nonequilibrium optical response, which depends

on optical pair-breaking to produce phase-slips, and hence a voltage,

across such a link.

In addition to the films produced in our laboratory, we have

characterized the optical response of granular films provided by

Prof. A. de Lozanne and R. M. Silver of the University of Texas at

Austin. These films were deposited on sapphire and were crystalline as

deposited. The key difference in their characteristics for our purposes

was that they exhibited Isemiconducting' resistive behavior, with

resistance decreasing monotonically with increasing temperature above

the transition. Such films may have intergrain weak links of a

different character from the Westinghouse granular films, and it has

been suggested by other workers in the field that such a resistive

profile is a prerequisite for observing nonequilibrium optical response.
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Figure 4.1 - Transport critical current density vs. magnetic field at

4.2K, for epitaxial (closed symbol) and granular (open
symbol) films. The granular film shows a low J, and strong
field dependence at low fields, indicating that its grains
are weakly coupled.
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4.4 OPTICAL ULSPONSB

We have studied the optical response of the three types of film

to chopped laser radiation of wavelengths 0.63, 3.39 and 10.6 #m,

typically at chopping frequencies up to 1 kHz. The characteristic time

for the optical response of these films was found to be long, from

several microseconds to several tenths of a second, depending on the

wavelength. For example, the response to 0.63 pm radiation showed a

'fast' turn-on in several microseconds in a 10 X 90 #m bridge, followed

by a Islow' increase with characteristic time of about one millisecond.

In contrast, the responses to 10.6 and 3.39 pm radiation showed only a

single time constant on the order of milliseconds and several tenths of

a second, respectively. We have also observed that these time scales

are longer in a longer sample, such as a meander pattern. The exact

origin of the different response times at the various wavelengths is

currently unknown but is presumably due to the absorption of the

different wavelengths by different portions of the film/substrate

combination.

Figure 4.2(a) shows the temperature dependence of the fast and

slow optical response of a 10 X 90 pm epitaxial bridge, to 0.63 pm

radiation chopped at 725 Hz. Also shown is the sample dc resistance,

both for low bias current and the same bias current used for the optical

response measurement. One sees that, for a given bias current, both

components of the optical response peak where R(T) is steepest, and fall

off monotonically for higher and lower temperatures. This suggests that

the response is bolometric, that is, the radiation is simply heating the

sample and thereby raising its resistance.

Figure 4.2(b) shows the bias current dependence of the fast

response of Figure 4.2(a). One sees that, for sufficiently high

temperature, the response shows a peak as a function of bias current, a

behavior which some workers have suggested is a signature of a

nonequilibrium effect. However, such behavior is easily explained in

terms of a bolometric effect, where the voltage shift 5V is given by

8
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Figure 4.2 - (a) Temperature dependence of fast and slow responses, 65,
of a 10 X 90 im epitaxial bridge, for X = 0.63 pm with
corresponding R(T) curves. Both responses peak near the
steepest part of the transition, independent of current,
indicating that they are bolometric. Also shown is a
low-current R(T) showing T, 5 35K for this sample.
(b) Current response of the fast response of (a). The peak
in 6V observed at higher temperatures can be explained by
current-induced broadening of the transition, which leads
to a lower dR/dT and hence a lower bolometric responsivity.
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5V =L 6T= IB d 5T (4.1)dT

with I the bias current and 6T the temperature rise due to the

radiation. As I s increases the signal first increases linearly, but at

higher currents dR/dT decreases as the transition is broadened by the

finite current, which exceeds the critical current over a broad

temperature range. For sufficiently high currents in fact, dR/dT, and

thus 6V, would be on the order of its value above the transition onset

temperature, which is much smaller than the peak value in the transition

regime.

Figure 4.3 shows the temperature dependence of the response of a

granular film to 0.63 pm radiation, as well as dR/dT at the same bias

current. Here one sees even more convincingly that 6V follows dR/dT

very closely, as predicted by Equation 4.1.

The optical response of the Texas granular films appears

superficially different from that of the Westinghouse. films. Figure 4.4

shows 6V(T) at two bias currents, along with the behavior of dR/dT at

the same bias current. One sees significant deviations from the

behavior of Equation 4.1, with 6V deviating strongly from dR/dT at low

temperatures. For sufficiently high bias current one sees that the

response actually increases with decreasing temperature below about 40K.

Similar data have been reported by workers at Hughes, who suggested that

the rise at low temperature might be due to nonequilibrium effects. We

suggest an alternative, much simpler explanation -- that the thermal

conductance, G, linking the HTS film to the heat sink (perhaps that of

the film itself) has a temperature dependence in this regime. This

would lead to the temperature rise 6T in Equation 4.1 being temperature

dependent, with 6T proportional to 1/G. In fact, data in the literature

(see Appendix 3, Reference 13) indicate that the thermal conductance of

YBCO falls off rapidly with decreasing temperature below about 40K,

which would lead to an increase in 6T and hence in 6V with decreasing

10
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Figure 4.3 - Response of a granular film to 0.83 #m radiation, compared
to dR/dT. The data indicate that the radiation is simply
heating the sample by a fixed amout, 6T, independent of
temperature.
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OPTICAL RESPONSE OF YBCO FILMS
WHICH ARE "SEMICONDUCTING" FOR T > TC

xlO"6

. Bias Current 'I

1.0mA /3

6*
w%

/
2

0

20 40 60 80xlo~s  T (K)

Bias Current
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1.0
a aa1.00 0==

0.5
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Figure 4.4 - Response of the University of Texas granular films to
0.63 pm radiation, compared to dR/dT. The disparity
between 5V and dR/dT at low temperatures can be explained
by the temperature dependence of the thermal conductance of
the TS film.
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temperature, consistent with our data. Thus, our interpretation is that

this effect is again bolometric, as in the Westinghouse films.

Our interpretation of the observed effects as being bolometric

is reinforced by the results of numerical simulations of arrays of weak

links (see Appendix 3). We have used a model in which the critical

currents of a series array of 100 weak links have a truncated gaussian

distribution, whose standard deviation, a, is a specified fraction of

the average critical current. By incorporating into the model data from

the literature on the thermal conductance of YBCO, and choosing the

value of a so that the experimental and simulated current-voltage

characteristics are similar, we have generated data for the bolometric

effect vs. temperature which are in rather good qualitative agreement

with the data on the Texas films. An example is shown in Figure 4.5,

which compares well with the data of Figure 4.4 at 2.5 mA.

The highest measured bolometric responsivity, 4 X 10s V/W, was

for a 10 X 90 #m epitaxial bridge with a corresponding detectivity

D* 10 s cm fHi/W. This was for 0.63 pm radiation -chopped at 725 Hz,

with the noise measured in a 100 Hz bandwidth at 1 kHz, at a temperature

of about 30K. This is to our knowledge the highest responsivity and

detectivity reported to date for a YBCO film.

With regard to noise, we have found that the voltage noise in a

current-biased granular microbridge is typically an order of magnitude

larger than that of an epitaxial bridge at the same voltage level. In

addition, for certain values of the bias voltage (actually the bias

current times the resistance) one observes marked two-level switching or

'telegraph' noise. Detailed measurements of the noise spectral density,

Sv(f), from 1 Hz to 100 kHz in granular films revealed a generally wl/f'

behavior, but with well-defined features which can be well fit by

Lorentsian spectra characteristic of such telegraph noise.
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SIMULATED BOLOMETRIC RESPONSE

Series array with Gaussian dist. of I, = 0 .9 1c-avg

Bias Current
=0.075 1c.vg

,.

'I

0 0.2 0.4 0.6 0.8 1.0
REDUCED TEMPERATURE (T/T)

Figure 4.5 - Simulation of the bolometric response of a series array of
100 weak links, incorporating a temperature dependent
thermal conductance to the heat sink. Using published data
for the thermal conductance of YBCO, and array parmameters
consistent with the experimental current-voltage
characteristics of HTS films, one obtains qualitative
agreement with the data of Figure 4.4, at 2.5 mA.
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4.5 COMPARISON OF ITS Ir DBTBCTOi PE FORMANCE WITH SEMICONDUCTOR
DBTBCTORS

Due to the premature termination of the program, and to the fact

that a nonequilibrium optical detection mechanism was not observed

during the period of performance, the third task was not addressed in

any depth. On general grounds one can say that the observed bolometric

response is insufficiently sensitive, as well as too slow, for

state-of-the art FPA applications. Such applications require a quantum

(rather than thermal) detector, based on an intrinsically fast

nonequilibrium detection mechanism.

4.6 DISCUSSION

It is theoretically expected that ETS films should exhibit a

nonequilibrium response to above-gap radiation. Such an effect depends

on the existence of quasiparticles of character similar to those in

conventional superconductors, and existing data provide no reason to

doubt the existence of such quasiparticles. Our failure to observe the

nonequilibrium response observed in the low-Ta oxide superconductor

BaPb1 _.Bi1O& (BPB) suggests that this mechanism is more subtle than

anticipated, perhaps depending on some particular quirk of the

microstructure of BPB films.

A possible explanation for the lack of nonequilibrium detection

is that the distribution of critical currents in the intergrain

junctions is too broad in YBCO, so that, at a given bias current, very

few of the junctions are biased such as to be sensitive to the radiation

or ophotoactive.2 Most of the junctions may be biased either into the

normal state or below their critical currents. This suggests that one

should abandon the approach based on granular HTS films with naturally

occurring weak links, and fabricate weak link arrays with more narrow

distributions of critical currents. Such an approach will be emphasized

in the 1989 SDIO-supported program on HTS IR detectors, where we will

investigate the optical response of granular films with artificially

altered grain boundaries, and of series arrays of discrete, planar, HTS

18



S-N-S junctions. The tasks for that program are detailed in the next

section.

On the question of noise, it is clear that as-deposited granular

films will not exhibit high detectivity, regardless of the existence of

the desired nonequilibrium detection mechanism, because of the excess

1/f and telegraph noise associated with the grain boundaries. It may,

however, be possible to reduce this noise by tailoring the properties of

the grain boundaries, for example, by decorating them with a nonreactive

normal metal to eliminate trap states in the intergrain barriers and to

modify the flux-trapping characteristics. Such an approach will be an

important part of the 1989 program.

4.7 TASKS OF THE 1989 SDIO-SUPPORTBD PROGRAM: 'HIGH TEMPBRATURB

SUPERCONDUCTING DETECTORS FOR MULTISPECTRAL INFRARED SENSORS'

The 1989 SDIO-supported program, building on the base formed by

the results of the 1988 program, will seek to determine the feasibility

of using HTS films to detect IR radiation by optically induced

nonequilibrium effects, and to provide HTS detectors for the FPA

program. To these ends the tasks of the program will be as follows:

1. Determine the feasibility of nonequilibrium IR detection

mode in modified granular HTS films.

2. Determine the feasibility of nonequilibrium IR detection

mode in discrete S-N-S junction devices and series arrays

patterned from epitaxial HTS films.

3. Measure the noise spectral density in the IR detectors of

Tasks 1 and 2, and correlate noise with superconducting,

normal state, and optical properties.

4. Measure the reflectance and transmittance of HTS films and

correlate with film morphology and carrier density.

5. Fabricate, test, and deliver optimized HTS detectors for the

Westinghouse FPA.

16



5. CONCLUSIONS

The following conclusions can be derived from the results

obtained during this one-year period of performance:

1. Task one was completed. A test apparatus was constructed

for the evaluation of superconducting oxide IR detectors.

2. The objectives of Task two were attained in part. It was

found that:

(a) Random weak-link arrays based on HTS films do not

exhibit a measurable quantum response to visible or IR

radiation. The observed response is bolometric.

(b) Noise levels in granular HTS films, both '1/f" and

telegraph, severely limit the usefulness of such films

for detector applications.

3. Task three was not specifically addressed, since the lack of

a useful quantum response precludes a meaningful comparison

with the performance of semiconductor quantum detectors.

4. Based on one year of performance our understanding has

advanced to the point where a new, more focussed approach

has been formulated for future work.
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APPENDIX 1

Optical response of epitaxial films of YBa2 Cu3 07_,
M. G. Forrester, M. Gottlieb, J. R. Gavaler, and A. I. Braginski
Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 15235

(Received 29 June 1988; accepted for publication 8 August 1988)

We present the results of measurements of optical detection in epitaxial films of
YBa2Cu3O7 -6, at wavelengths of 0.63 and 10.6 pm. In contrast to the behavior observed in
granular materials, these films appear to show no evidence of nonequilibrium response
(breaking of Cooper pairs by photons), but only a bolometric effect (heating of the sample by
radiation) in the resistive transition regime. This suggests that epitaxial films do not contain
intrinsic links weak enough to be modulated by the incident radiation. For 0.63 pm radiation,
mechanically chopped at 725 Hz, measurements of a 10pm x 90 pm bridge yield a bolometric
responsivity of approximately 4X i0 V/W, and a detectivity D * of more than W0' cm Hz'/ 2/W.

Since the discovery of high-temperature superconduc- Our fabrication procedure and details of film morpholo-
tors (HTS's) in 1986, there has been a great deal of interest gy have been reported elsewhere,7 " and only a brief sum-
in their technological application, both in electronics and in mary will be given here. Films were deposited on single-
large scale applications such as magnets and energy trans- crystal SrTiO 3 (100) and (110) substrates, by sequential
mission. While processing of bulk conductors is still at a magnetron sputtering from Y, Ba, and Cu sources, in oxygen
rudimentary stage, thin-film fabrication is sufficiently ad- partial pressures ranging from 3 X 10 6 to 3 x 10-" Torr,
vanced that some potential electronic applications may now and were typically 350 nm thick. Annealing was performed
be evaluated. One of the most promising of these is the use of in an atmosphere of oxygen, either entirely in situ, or partial-
HTS films as broadband optical and infrared sensors. ly in situ. Of relevance here is that for films both annealed

Optical detection has previously been demonstrated in and coated with gold in situ, we were able to achieve contact
granular films of both low- and high-temperature supercon- resistances below our measurement sensitivity of 4x 10-10
ductors, including BaPb,-Bi2 O.,' NbN/BN, 2 and f5 cm'."
YBa 2Cu.1O7 -6 (YBCO) . The detection mechanism in The resulting films were epitaxial, with the c axis in the
such films, for photons with energies above the gap, is film plane, and consisting of a random mosaic pattern of
thought to be an optically induced phase slip process ia the crystalline grains with perpendicular c axes. Measurements
relatively weak "boundary Josephson junctions" (BJJ's) of transport critical current density versus magnetic field,
between the grains. Photons with energies above the gap J, (H), in films patterned into 25-pim-wide bridges suggest
break Cooper pairs, producing a nonequilibrium population that these grains are, however, strongly coupled, so that the
of quasiparticles, and thereby diminishing the critical cur- films do not exhibit the "granular" type behavior character-
rent of the BJJ's. A film biased near its critical current will istic of weakly coupled grains. Specifically, transport J's in
thus exhibit a voltage change across the BJJ's upon irradia- zero field at 4.2 K were typically 2 X I0 A/cm2, consistent
tion, with a characteristic time scale determined by the qua- with transport along the c direction in single crystals,' and
siparticle recombination time, which can be as short as typically decreased by a factor of 3 in a field of 20 kOe. This is
10- "s in a strong coupling superconductor. BJJ's arranged in sharp contrast to granular materials, which typically
in series may contribute coherently to the signal, but inco- show a sharp drop in J, (H) at fields of less than I kOe."'
herently to the noise, so that the signal to noise ratio will go For this work we deliberately chose to measure films of
as I //VN, where N, is the number ofjunctions in series.' lower quality than our best films, in the belief that they

In this letter we report the results of measurements of should be more likely to exhibit intrinsic weak link behavior,
the optical response ofepitaxial YBCO films, at wavelengths and hence higher sensitivity to radiation. Thus, although our
of 0.63 and 10.6 pm.' Although such films do not exhibit best films have T, (zero resistance) of 85 K, those used in
classic granular behavior, with strongly superconducting this study had T, =35-60 K. The films were patterned by
grains and weak intergrain Josephson coupling, they could conventional photolithography into 10 pum X 90 /m micro-
potentially contain an intrinsic weak link structure due to, bridges and, in one case, into a 25Am X 22 mm meander line.
for example, weakly coupled Cu-O planes, defects such as For samples with gold overlayers the gold was first patterned
stacking faults,' or boundaries between single-crystal do- by reactive ion etching, to form contact pads, and to define
mains of different orientation. If this were the case then, in a the area of superconducting films which would be exposed to
sample of a given size, N, might be much higher than in a radiation. For all samples the YBCO pattern was then de-
granular film, making the signa larger for a given incident fined by Ar ion milling at 200 V. Using this process we have
flux and improving the signal to noise ratio. In addition, found no appreciable degradation in superconducting prop-
epitaxial films have the advantage that they exhibit lower erties for linewidths of 10pim and larger. Figure I shows an
intrinsic noise than granular films,6 so that one can expect example of a sample produced in this manner. The broad
higher detectivity. lines on the left and right are the gold-coated current bias
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' (a) 1 -2 mA

0.4 800

T 0.3 600

E 0.I200 _0
o.0Im -- A)

0.6•
FIG. 1. Micrograph of an YBCO detector with gold-coated signal and bias -60
lines. The 10pmo X9Opm photosensitive area is at center.

.. 0.40 11 > 0 "Slow" 400

lines, while the narrower lines at the bottom are the voltage ._ry "
signal lines. The 10pzm X 90Opm photosensitive area is at the 0.2 200
center.

Our radiation sources were a 3 mW HeNe laser of wave- o.0 _____.. . . . ..______ o
Iength=0.63pm, and a7WCO2 aser with ----10.6/m. 20 40 60 80 100

The CO2 laser beam was attenuated to approximately 40 T (K)

mW b relecton ff aNaC crytal Bot laers ereme- FIG. 3. Temperature dependence of fast and slow responses, 6 V, for
chanically chopped, typically at frequencies of several A - 0.63 pm. at (a)I---2 mA and (b)---4 mA, with corresponding R ( T)

hundred hertz. curves. Note that both responses peak near the steepest part of the transi-
Our experimental procedure was to bias the sample at a tion, independent of current. Also shown in (a) is a low-current R( T)

fixed current at or above its critical current, and observe the showing T"< 35 K.

ac voltage response to radiation, 5V, either directly on an
oscilloscope, or with a lock-in amplifier, as a function of sample at two different bias currents. Also shown for each
temperature Tand bias current I. The response of a 10 pm current is the sample dc resistance versus temperature R (73
bridge to 0.63/pm radiation, chopped at 725 Hz, .is shown in athtcurn-feivlacretdo ntdrssie

!" Fig. 2, and exhibits two characteristic time scales. Upon the transition curve. [ Figure 3 (a) also shows R ( T) measured at
turning on of the laser beam there is an initial fast rise in a low currents for comparison. ] One sees that the temperature

::time of order a microsecond, followed by a slow rise with dependences of the fast and slow responses are similar, and
time scale of order a millisecond. Although there is not al- that for a given current both reach a maximum near the
ways a sharp division between the two parts of the response, steepest portion of the R( 7 curve measured at that current.
we have used an arbitrary but consistent criterion to separate This is in contrast to the behavior seen in granular YBCO
the two, in order to study their temperature dependences films, where the response peaked at the temperature where
independently, observing the signal directly on an oscillo- R (7 went to zero, and was attributed to an optically in-
scope. duced phase slip process. 3

Figure 3 shows the temperature dependence of both The fact that the response to radiation has a maximum
parts of the response (denoted "fast" and "slow") for one near where AC( ) is steepest suggests that the observed fast

and slow responses are both bolometric in origin. That is, the
radiation is simply heating the sample and thereby increas-
ing its dc resistance. Superconducting bolometers have

•-1 msec-- shown characteristic time constants from about 10 ns up to~~several milliseconds," depending on the details of the mate-

~rial, the substrate, the sample mounting, etc., so that both of
= our observed time constants are within this range.
O> j Clearly one can increase the detector's responsivity by

increasing the bias current, subject to the limitation that, at
I the same time, the optimal temperature will decrease, and

_____________________________both the power dissipated and the shot noise due to the bias
Time current will increase. Near the base temperature of our

closed-cycle refrigerator (25 K) we have measured respon-
FIG. 2. Ral-time responseo aa 10/pm X 90/pm detector to 0.63 pm radi- svtefrtefs epneaoe shg s4X13VW
ation. In repos to the turning on of the laser beam the sample voltage svtefrtefs epneaoe shg s4xi~VW
exhibits "fast" and "slow" components, with characteristic times o orde From measurements of the sample noise we can esti-
10' and 10-s a, respectively. mate the detectivity D - (A Af)"'2 (r/ VN ), where A is the
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sample area, r the responsivity in volts per watt, VN the rms presence of weak grain boundaries in the former case and
noise voltage, and Af the measurement bandwidth. For a 10 their absence in the latter. 3

pm x90 pm detector with responsivity 4X 10 V/W, noise Our results suggest that development of a practical
measurements in a 100 Hz bandwidth at I kHz yielded high-speed detector based on HTS thin films should empha-
VN = I/V, which givesD * = 10 cm Hz"/2/W . This value of size either granular films, or artifically weakened epitaxial
D * is 100 times larger than that reported for granular YBCO films. We are currently investigating both of these ap-
films, but represents an intrinsically slower mechanism. We proaches.
are currently investigating the nature and source of the noise We are pleased to acknowledge the assistance of H. Bu-
which exhibits an approximately " I/f" power spectrum, and hay in patterning the films. This work was supported by Air
which may be partially extrinsic due to the measurement Force Office of Scientific Research/Strategic Defense Initia-
circuit, and partially intrinsic to the superconducting film. tive Organization contract No. F49620-88-C-0030.

Measurements of the response to 10.6,um radiation
yield a response similar to the slow response seen at 0.63 pm, 'Y. Enomoto 3nd T. Murakami, J. Appi. Phys. 59. 3807 (1986).
with no apparent fast component. The temperature depen- 2M. Leung, U. Strom, J. C. Culbertson, J. H. Claassen, S. A. Wolf. and R.

dence is equivalent to that shown in Fig. 3 for 0.63 pm. Since W. Simon, Appl. Phys. Lett. 50, 1691 (1987).
the amplitude of the signal is obviously dependent on the 'M. Leung, P. R. Broussard. . H. Claassen, M. Osofsky, S. A. Wolf, and U.

in this case, no direct comparison of Strom, Appl. Phys. Lett. 51, 2046 (1987).chopping rate nresponsi- 'A preliminary report of these results was made at the APS March Meet-
vities for 0.63 and 10.6 pm can be made. However, a typical ing, New Orleans. 1988.
figure for a chopping frequency of 200 Hz is approximately 'Y. Enomoto, T. Murakami, M. Suzuki, and K. Moriwaki, Jpn. J. Appl.
400 V/W, roughly consistent with the slow response seen at Phys. 26, L1248 (1987).

0.63 jm in the same sample at a similar chopping frequency. 'Unpublished presentation by J. Clarke. at the APS March Meeting, New
Orleans, 1988.

The reason for the fast response at 0.63 pm and its absence at 'R. M. Silver, J. Talvacchio, and A. L. de Lozanne, Appl. Phys. Lett. 51.
10.6um is currently unknown but may be due to absorption 2149 (1987).
of the different wavelengths by different portions of the film/ 'I. R. Gavaler, A. 1. Braginski. 3. Talvacchio, M. A. Janocko, M. G. For-

ecombination. rester, and J. Greggi, in High Temperature Superconductors 1I, edited bysubstrate D. W. Capone 11, W. H. Butler, B. Batlogg, and C. W. Chu (IV. aterials
The fact that epitaxial films show no evidence of a non- Research Society, Pittsburgh, 1988), p. 193.

equilibrium response to radiation suggests that they do not 'T. K. Worthington, W. 3. Gallagher, and T. R. Dinger, Phys. Rev. Lett.

contain links weak enough to be significantly affected by the 59, 1160 (1987).
i J. W. Ekin, A. J. Panson, A. 1. Braginski, M. A. Janocko, M. Hong, J.

incident radiation."2 This ;s consistent with the relatively Kwo, S. H. Liou, D. W. Capone I, and B. Flandermeyer, in Proceedings
high value of the transport Jc of these films, as well as with of the Symposium on High Temperature Superconductors, edited by D. U.
its magnetic field dependence. Although one might expect Gubser and M. Schluter (Materials Research Society, Pittsburgh, 1987),

that epitaxial films could have intrinsic weak links which are p. 223.
"See, for example, K. Rose, C. L. Bertin, and R. M. Katz, in AppiedSuper.

sensitive to radiation, our results suggest the contrary. Our conductivity, edited by Vernon L. Newhouse (Academic, New York,
findings are also consistent with the work of Koch et al. at 1975), Vol. 1, Chap. 4.
IBM, where polycrystalline YBCO films (with weak inter- '"Similar conclusions were reported by Y. Enomoto, T. Murakami, and M.

into dc SQUID's exhibited modu- Suzuki, in Physica C 153-155, 1592 (1988).
grain coupling) patterned into d, hi itm - "R. H. Koch, C. P. Umbach, M. M. Oprysko, J. D. Mannhart, B. Bumble,
lation of critical current versus magnetic field, while epitax- G. J. Clark, W. J. Galagher, A. Gupta, A. Kleinsasser, R. B. Laibowitz, R.ial films did not. The difference has been attributed to the D. Sandstrom, and M. R. Scheuermann, Physica C 153$155, 1685 (1988).
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OPTICAL RESPONSE OF EPITAXIAL AND GRANULAR FILMS OF YBaSCu307p (IEEE Trans. Man.
AT TEMPERATURES FROM 25 K TO 100 K MAG-25. 1989)

M. G. Forrester, M. Gottlieb, J. R. Gavaler, and A. I. Braginski
Westinghouse Research and Development Center, Pittsburgh, PA 15235

Abstrc obvious realization of an array of weak links it is also possible that
epitaxial films could contain an intrinsic weak link structure due to,

We present the results of measurements of optical detection in for example, weakly coupled Cu-O planes, defects such as stacking
epitaxial and granular films of YBa2Cu 30.7, at wavelengths of 0.63, faults, 10 or boundaries between single-crystal domains of different
3.39, and 10.6 jim, at temperatures-from 25X to 100 K. Both orientation. If this were the case then, in a sample of a given size, N,
types of film exhibit only bolometric detection, with no evidence for might be much higher than in a granular film, making the signal larger
nonequilibrium effects in this temperature range. For 0.63 gm for a given incident flux and improving the signal to noise ratio. In
radiation, mechanically chopped at 725 Hz, measurements of a addition, epitaxial films have the advantage that they exhibit lower
10 x 90 pm epitaxial ridge yield a bolometric responsivity of intrinsic noise than granular films, so that one can expect higher
approximately 4 x 10 V/W, and a detectivity D* of more than detectivity.
10 cm'/Hz/W. Granular films biased above their critical current are
found to exhibit two-level switching noise, resulting in Lorentzian Film2erationdeviations from an otherwise "i/f" noise spectrum. The fabrication procedure and details of film morphology for our

Introduction epitaxial films have been reported elsewhere,1 I and only a brief
summary will be given here. Films were deposited on single-crystal

Of the potential electronic applications for thin films of high SrTiO3 (100) and (I 10) substrates, by sequential magnetron
temperature superconductors (-TS) their use as sensitive sputtenng from Y, B, and Cu sources, in oxygen partial pressures
electromagnetic sensors is one of the most promising. Such ranging from 3 x 10' to 3 x 10- tow, and were typically 0.35 itm
applications include the use of HTS SQUID's, operating at liquid thick. Annealing was performed in an atmosphere of oxygen, either
nitrogen temperatures and above, for geomagnetic surveying, and for entirely in-situ, or partially in-situ. In-situ annealed films were
biomedical applications. Such devices have been fabricated from typically coated with 500 A of gold, for contact purposes. The
granular films, with naturally occurring intergrain weak links, and resulting films were epitaxial, with the c-axis in the film plane, and
from epitaxial films, with damaged areas serving as weak links. consisting of a random mosaic pattern of crystalline grains with

Another potential sensor application for HTS films is for perpendicular c axes. The films typically had Tc(onset) -90 K, and
broad-band optical detection. The most straightforward mode of Tc(R-0) - 35-80 K, depending on the deviations from stoichiometry
operation for such a detector is the bolometric mode. Here the film is and the details of the annealing schedule. Our optical studies have
held in the middle of its transition, where the temperature derivative emphasized the use of relatively low T. (35-60 K) films, in the belief
of the resistance, dR/dT, is large, and the incident radiation raises the that they should be more likely to contain intrinsic weak links.
temperature of the film and thus its resistance. Given a suitable
current bias this resistance change is detected as a voltage signal.
Bolometers made from low temperature superconductors have been
studied extensivq~y and have showed detectivities D* as high as
1012 cm4Hz/W. However, the low operating temperature and slow
response of such detectors make them noncompetitive with
semiconductor detectors of comparable sensitivity.

An additional detection mechanism in superconducting films is
the nonequilibrium mode, in which photons with energies above the
gap break Cooper pairs, creating a nonequilibrium population of
quasiparticles (as opposed to, for example, an equilibrium population
characterized by a higher temperature). In a granular film, with 0
strongly superconducting grains and weak intergain Josephson
coupling, this increase in the number of quasiparticles can lead to a
measurable decrease in the critical currents of the intergrain
weak links. A film biased at or above its critical current will thus
exhibit a voltage increase upon irradiation, with the limiting time
constant now of order Te quasiparticle recombination time, whic Figure 1. Micrograph of a granular YBCO film on BaF2/sapphire.
can be as short as 10-1usec in a strong coupling superconductor. The islands of needl-shaped grains are YBCO while the spherical
interprain junctions arranged in series may contribute coherently to grained material is a barium-rich phase, probably mostly BaF2.
the signal, but incoherently to the noise, so that the signal to noise
ratio wili go as 11N. , where N. is the number of junctions in Granular films were produced under the same sputtering
sem.. conditions, and were also typically 0.35 prn thick, the substrate in

Experimentally this meclqnism can be traced to the pioneering this case being sapphire with a 0.5 jim buffer layer of evaporated
work of Testardi on Pb films.2 More recently this effect has been BaF 2. The buffer layer served to reduce reaction and interdiffusion
investigated in gramaar films of both low- apd high-tenwerature of the YBCO and A12 0 , particularly the incorporation of Al into the

supe..ronductor, which leads todegraded film properties for films of
aCo0 (YCO) The resus oFomoo etal. for thickness much less than I jIm. ithout the B aF2 layer, 0.35 pm

BaP6I.,iao3 have bepn particularl prom.si hi films were usually insulating after annealing, while those on buffer
sponsvi~tes up to i 0V/W a!D -u3x10u cmHz/w i a 10 layers were superconducting, with T (onset) - 93 K, Tc(R-0) up to

x 10 m microbridge detector. The response time for this detector 70 K, and metallic resistivity above "re
was fas with optical response to chopped radiation being essentially Figure 1 shows a scanning electron micrograph of a granular
idependent of choppig frequency up to at least 0.7 GHA4  film. The structure shows islands of needle-like grains, whose

Hem wertthe nsults of measurements of the optical composition is close to 1:2:3 by EDS, separated by regions of a
bothYBCO flms, toboth visible Ba-nch phase, probably mostly BaF2, with small spherical grains.

m ia r radiation While a granular film provides a more The latter regions are found to be transparent under an optical
microscope while the former are opaque.

Films were patterned by conventional photolithography into
Manusipt received August22, 1988. microbridges from 10 to 200 jIm wide. For samples with gold
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ovetayers the gold was ut patterned by reactive ion etching, to These measurements reveal a strong difference between the
form contact pads, and to define the area of the superconducting film intergrain coupling for epitaxial vs. granular films. The low value
which would be exposed to radiation. For all samples the YBCO and strong field dependence of the transport Jc in the granular film
pattern was then defined by Ar ion milling at 200 V. Using this suggests that the superconducting grains in such films are rather
process epitaxial films with linewidths as narrow as 10 jim could be weakly coupled, as in a bulk material. Such a film should therefore
produced with negligible degradation in superconducting properties. be an ideal material in which to observe the nonequilibrium detection
In contrast, granular films typically showed a Tc degradation of mode, which relies on the existence of weak links in the film. The
10-20 K after patterning, even in 200 lim wide bridges. epitaxial films, however, show strong intergrain coupling, and, at

Figure 2 shows an example of a granular detector produced in least in measurements of J,(H), no evidence for intrinsic weak link
this manner. The broad lines on the left and right are the gold-coated structure. This is consistent with the work of Koch et al. at IBM,
current bias lines, while the narrower lines at the bottom are the where polycrystalline YBCO films (with weak intergrain coupling)
voltage signal lines. The photosensitive area, in this case 50 jim x patterned into dc SQUID's exhibited modulation of critical current vs.
100 gm, is at top centier. magnetic field, while epitaxial films did not. The difference was

attributed to the presence of weak grain boundaries in the former case
and their absence in the latter.1

Mlalesgnm

For studies of optical response our radiation sources were HeNe
lasers of wavelengths X = 0.63 gim and 3.39 pri, and a CO2 laser
with X = 10.6 jm. The laser beams were mechanically chopped,
typically at frequencies from 10 Hz to several hundred Hz.
Measurements were made in a closed-cycle refrigerator with base
temperature 25 K.

Our experimental procedure was to bias the sample at a fixed
current at or above its critical current, and observe the ac voltage
response to radiation, SV, as a function of temperature, T, and bias
current, I. The response of a 10 im epitaxial bridge to 0.63 pm
radiation, chopped at 725 Hz, is shown in Fig. 4(a), and exhibits
two characteristic time scales. Upon turning on of the laser beam
there is an initial "fast" rise in a time of order a microsecond,
followed by a "slow" rise with time scale of order a millisecond.

Figure 2. A granular detector sample, with gold-coated signal and Figure 4(b) shows the response of a similar epitaxia] sample to
bias lines. The 50 x 100 pm photosensitive area is at center top. 10.6 jim radiation, and shows only a slow response, with time scale

of order a millisecond. The response to 3.39 im radiation is
qualitatively similar to that at 10.6 gm, but with a time scale of

Crtical Current vs. Magnetic Field several tenths of a second.

While the resistive transitions ol the epitaxial and granular films (a) )L 0.63 tim
an similar, differences in their properties are clearly evident in .1 msec-
measurements of transport critical current, J., vs. magnetic field, l.
For epitaxial films Lc(H=O) at 4.2 K was typically 1-4 x 1W A/cm1,
consistent with transport along the c-direction in jingle crystals, while
for granular films a typical figure was 200 A/cm'. Figure 3 shows
the results of measurements of Jc(H) at 4.2 K, for a 25 gm wide
epitaxial bridge (closed symbol) ind a mechanically-scribed Imm
wide granular film (open symbol). The field was perpendicular to the
film, and the voltage criterion used for defining J was I jIV/cm.
For the epitaxial film Jc exhibits a relatively slow h dependence,
gradually decreasing to about a fourth of its zero-field value at __

20 kOe. In contrast the granular film exhibits a sharp decrease in Jc at
very low fields, dropping to one tenth of its zero-field value at only > (b) X -10.6 pm _5 ms -
100 Oe, and then decreasing more gradually at higher fields. The
behavior of the granular ftq is quite close to that of bulk I
polycrystalline maritals.

105 4 mV

10
4

Jc 103  
* __f_i__m_

(Ncrm2 )102"0 GrauW im Time

Rpm . Ral-me espose f fllm tochopped radiation with
101 (a) X 0.63 I- 0 and (b) 106 Am Granular and epitaxial films

show almost identical behavior. The response at 0.63 pm shows
"fast" (- isec) and "slow" (- msec) components, while that at

100 0.0 10 20 '10.6 pim shows only slow.0.0 1.0 2.0
H (1009) Fiure 5 shows the tempea:tur dependence of both *fast" and

"low components of the response of Fig. 4(a), measured separately
Pi 3. Transport aiical curnt density vs. magnetic field at on an oscilloscope, for one sample at two different bias currents.
4. for epitaxial (closed symbol) and granular (open rymbol) Also shown for each current is the sample dc resistance vs.
AIlms. The ganular film shows a low JC ad strong field-dependence temperature, R(T), at that current [Figure 5(a) also shows R(T)
at low fields, indicadng dlt its gains we wealy coupled, measured at low current for comparison]. The temperature
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dependences of the fast and slow responses are similar, and for a to the results of Leung er al., who found the maximum response at
given current both reach a maximum near the steepest portion of the Tc(R=0l and only a weak bolometric response in the transition
R(T) curve measured at that currenL The same temperature regime.
dependence was found for the responses to 3.39 gim and 10.6 lim The fact that the response to radiation has a maximum near where
radiation. R(T) is steepest suggests that the observed response, for all

wavelengths, is bolometric in origin. That is, the radiation is simply
0.5 1000 heating the sample and thereby increasing its dc resistance. The

(a) 1 -2 MA origin of the different time constants is currently unknown but may be
due to the absorption of the various wavelengths by different portions

0.4 800 of the film/substrate combination. For example, both SrTiO 3 and
sapphire have transmission cutoffs at 6-7 im, and thus will transmit

: 0.3 * Ra.2 m) 600 0.63 jim radiation not absorbed in the YBCO film, but absorb at
*0.3 9A)6- 10.6 jgm, contributing to a slow thermal response. The extremely

0.2 4long (tenths of seconds) time constant at 3.39 im is particularly
0.2 ."slow 400 C9puzzling. It may, however, be necessary to take into account the

'Fas" absorption properties of a degraded surface layer on the YBCO,

0.1 200 formed during exposure of the sample to the ambient atmosphere.
As for the sensitivity of the bolometric detection, one can clearly

increase the responsivity by increasing the bias current, subject to the
0.0 0 limitation that, at the same time, the optimal temperature will

-(b) 1 4 mA decrease, and both the power dissipated and the shot noise due to the
bias current will increase. For samples with broad transitions, the

0.6 800 relatively lower values of dR/dT are typically compensated by a
higher sample resistivity, so that the resulting responsivitic,, are

600 similar, but with more power dissipated than in the higher-T'. lower
w0.4 uR(I- mA) resistivity samples. We have meajured responsivities, for the fast
, ." 400 response above, as high as 4 x 10- V/W in a 10 x 90 pm epitaxial

bridge. For 10.6 pm radiation, chopped at 200 Hiz, responsivities
were typically of order, 400 V/W.

0.2 200 From measurements of the sample noise we can estimate the
detectivity, D* - (A-Af)' 2.(r/VN), where A is the sample area, r
the responsivity in volts per watt, V the rms noise voltage, and Af

0.0 0 the measurement bandwidth. For a "0 gm x 90 gim epitaxial detector
20 40 60 80 100 with responsivity 4 x 103 V/W, noise measurements in a 100 liz

T (K) bandwidth at I kHz, yielded VN - 1 pV, which gives D* - 105
cm.Hz' 21W. Our value of D* is ope hundred times larger than that
reported for granular YBCO films, but represents an intrinsicallyFigure 5. Temperature dependence of fast and slow responses, 8V, slower mechanism. Noise-levels in our granular samples were

of a 10 x 90 pm epitaxial bridge, forX - 0.63 jum, at (a) I - 2 mA typically an order of magnitude larger than in epitaxial samples at the
and (b) I = 4 mA, with corresponding R(T) curves. Both same d.c. voltage, yielding correspondingly lower detectivities.
responses peak near the steepest part of the transition, independent of Some preliminary details of noise spectroscopy in our granular films
current, indicating that they are bolometric. Also shown in (a) is a are discussed in the next section.
low-current R(T) showing Tc -35 K for this sample.

Noise in Granular Films

In the course of our optical measurements on granular films we
have observed interesting noise phenomena of relevance to the

0.6 I 10 IPA application of granular HTS films. Specifically, we have observed
200 two-level switching or "telegraph" noise in the d.c. voltage across a

granular 200 jm bridge biased above its critical current, similar to
that observed in single low-T€ tunnel junctions.' 1There the noise
was attributed to the presence of localized electronic states in the

57 0.4 -. tunnel barrier, which "trap" electrons, thereby modulating the barrier
cresistance on a quantum level

GoL(0Op 100

0.2

TT TK 5w

4A0  50 60 70 80 90 1O I .
T(K) 2?msec

Figur 6. Similar to Fig. 5, but for a gnular film measured at low Time

cuen (I - 10 ILA). Again the response is bolometric, peakingwhere dP./dT is largest, with no evidence for a peak at Tc(R-0O).
Figure 7. Two-level switching noise in the voltage of a

Measurements made on panular fin produce qualitatively 200 x 200 pm granular bridge biased in the resistive state at
similar results, with the maximum response again corresponding to 232 mV.
the maximum in dR/dT, over a broad range of bias curtents, and with
similar response times. Figure 6, shows an example at low current, Figure 7 shows a particularly clear example of such behavior, as
I , 10 mlA, for a 200 x 200 jim granular sample, for 0.63 Lm observed directly on an oscilloscope with a bandwidth of 10 kHz.
radiation, chopped at 725 Ha. Regardless of current level the This behavior appea reproducibly within certain naow windows
temperature dependence of the response follows that of dR/dT, with of bias level, each sample having a characteristic set of such
no evidence for s peak in the response at Tc(R-O). This is in contrast windows. Although our samples are cwrent biased, measurements
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ai, a function of both temperature and current, along with techniques, and fabrication of better-characterized weak links in
measurements of the current-voltage characteristics, reveal that these epitaxial films.
windows appear at fixel voltage levels, as was the case in the low-Tc  We are pleased to acknowledge the assistance of H. Buhay (film
tunnel junction studies. 3 We iuggest that the origin of this noise is patterning), T. Mullen, and A. Karanovich (EDS). This work was
localized electronic states in the the various natural tunnel bariers supported by Air Force Office of Scientific Research / Strategic
between the superconducting grains. Defense Initiative Organization Contract No. F49620-88-C-0030.

Such a two-level fluctuator exhibits a Debye-Lorentz power Raferences
spectrum of the form

([1 See for example, R. H. Koch, C. P. Umbach,
S,() ) M. M. Oprysko, J. D. Mannhart, B. Bumble, G. J. Clark,

I + (21t 2 W. J. Gallagher, A. Gupta, A. Kleinsasser,
NO R. B. Laibowitz, R. D. Sandstrom, and

M. R. Scheuermann, "DC SQUIDS Made From
where 'teff = 'Y('ZtC+T2), 't, andt2 are the mean lifetimes for the two YBa2Cu3O, EysicaC_ Vol. 153-155, pp. 1685-1689, 1988.
voltage estates, and S, is the noise power density. Measurements of [2] K. Rose, C. L Berlin, and R. M. Katz, in Aplied
the noise power density in the granular films reveal a generally "i/r,' Suerconductivity, Vol. 1, V. L. Newhouse ed., Academic
behavior, with deviations which can be well fitted to a sum of a Press Inc., New York, NY, 1975, Ch. 4, pp. 267-308.
limited number of such Lorentzians, with various values of'teff. Two [3] S. B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. Chang,
examples are illustrated in Fig. 8, which shows data for one sample at S. Jafarey, and D. J. Scalapino, "Quasiparticle and Phonon
two different voltage levels. The solid curves are fits incorporating a Lifetimes in Superconductors", Phy.. ev.a,Vol. 14,
constant term, a I/f background, plus five Lorentzians for the upper pp. 4854-4873, Dec. 1976.
data, and two for the lower. The I/f background may be attributed to 141 Y. Enomoto and T. Murakami, "Optical Detector Using
further unresolved fluctuators of the form (1), or perhaps to another Superconducting BaPb 0 7 Bi 0 30 Thin Films", 1. Appl. Phys.,
mechanism such as flux noise. As can be seen from the upper data in Vol. 59, pp. 3807-3814;Jun196.
Fig. 8, a single such fluctuator can increase the noise power density [5] L. R. Testardi, "Destruction of Superconductivity by Laser
by more than an order of magnitude above the 1/f background. Light", R , Vol. 4, pp. 2189-2196, 1971.
Clearly, device operation at such an operating point is undesirable, [6] M. Leung, U. Strom, J. C. Culbertson, J. H. Claassen,
and formation of intergrain barriers with fewer or no such localized S. A. Wolf, and R. W. Simon, "NbN/BN Granular Films - A
states, such as normal metal barriers, will improve the noise Sensitive, High-Speed Detector For Pulsed Far-Infrared
characteristics of granular devices substantially. Radiation", Apllhys. Vol. 50, pp. 1691-1693, 1987.

17] M. Leung, P. R. Broussard, J. H. Claassen, M. Osofsky,
S. A. Wolf, and U. Strom, "Optical Detection in Thin
Granular Films of Y-Ba-Cu-O at Temperatures Between 4.2 and

-10 100 K", ApL PhJ..Lft, Vol. 51, pp. 2046-2047, 1987.
+ Data [8) P. L. Richards (private communication) has suggested that the

detectivity claimed by Enomoto es al. is exaggerated, due to
-11 Fit incorrect measurement of detector noise.

-2t [9] A report .of our results on epitaxial films is scheduled to appear
in Appi. Phys. Lett., October 7, 1988.

V.20mV 11 Y. Enomoto, T. Murakamni, M. Suzuki, and K. Moriwaki,
) -13 V -200 mV "Largely Anisotropic Superconducting Critical Current in

Epitaxially Grown Ba YCu3G Thin Film", Jpn. 1. Appl.
-14 Eh=, Vol. 26, pp. N4 S016(1987).

--14 V -85mV III] J. R. Gavaler, A. I. Braginski, J. Talvacchio,
M. A. Janocko, M. G. Forrester, and J. Greggi,

-15 "Fabrication of High-T Superconducting YBaCu'O 7 Films",
in High Temperature Superconductors 1I, D. W. Capone 1I,

-16 W. H. Butler, B. Batlogg, and C. W. Chu eds., Materials
-1 0 1 2 3 4 5 6 Research Society, Pittsburgh, 1988, pp. 193-196.

log f [12] J. W. Ekin, A. I. Braginski, A. J. Panson,
M. A. Janocko, D. W. Capone II, N. J. Zaluzec,
B. Flandermeyer, M. Hong, J. Kwo, S. H. Liou, and
0. F. de Lima, "Evidence for Weak Link and Anisotropy

Figure 8. Noise power density, Sv(f), in volts2/Hz, for the same Limitations on the Transport Critical Current in Bulk
sample as Fig. 7, at two bias points. Deviations from a generally Polycrystalline YtBa Cu0 J. Appl. Phys.. Vol. 62,
"I/fr behavior am well fit by a limited number of L.orentzians of the pp. 4821-4827, Dec.987. " -- Vl
form (1). The solid lines are fits to a sum of a constant, a "I/" term, [13] C. T. Rogers, R. A. Buhrman, W. J. Gallagher,
plus five Lentzians for the upper data and two for the lower. S. I. Raider, A. W. Kleinsasser, and R. L Sandstrom,

"Electron Trap States and Low Frequency Noise in Tunnel
Summary and Conclusions Junctions", IREE Trans. nMa n.. VoL MAG-23,

pp. 1658-1661 (1987).
Our measurements of the optical response of both epitaxial and

Branular YBCO films show only the bolomeric detection mode, and
no evidence for the nonequilibnum effect at temperamres from 25 K
so above the onset of the pr nducting trnsition. Although
taport meaurements o- (H) in the granular films show that the
grains in such films we weakly coupled, these weak links ae not
measurably affected by radiation in the visible through mid-IL This
is in disagreement with the results of Lang eta., suggesting that
there nmay be some fundamental diffeence between the weak links in
their films ad ours. Alternatively, the behavior of our granular fIlms

be dominated by a small number of weak links, few that the
unniessurable. A td possibility is that the

me rea mbe se only at lower umpeuuums tm
we ccesse to u duing this wor.

Our fMtm work will involve extmding our owmments so
4.2 K, rmies ofgranilar films made by other non-vacuum ceramic 29
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PHOTODETECTION WITH HIGH-T SUPERCONDUCTING FILMS

J. Talvacchio, M. G. Forrester, and A. I. Braginski
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Pittsburgh, Pennsylvania 15235

INTRODUCTION

One of the promising applications of high-T. superconducting thin films
is the detection of infrared radiation. The purpose of this paper is to clarify
which measurements are needed to identify the basic mechanism responsible
for a photo-response, and to summarize the measurements made to date.

The motivation for studying high-T, photodetectors stems largely frop
the results shown in Fig. 1. Figure 1 is a comparison of the detectivity, D ,
of two different superconducting Josephson junction detectors 1 , 2 with
semiconductor detectors and D calculated for a 300 K background-limited
photoconductor with a 180" field-of-view.s The shaded regions include data
from 19 d~ferent semiconductor detectors.3 Each semiconductor detector has
a high D in a narrow wavelength range compared to the potentially
broadband sensitivity of Josephson junction detectors.

- Photocnductor Limit
a- 12 BP9. 6K

1. Nb jcts.. 4K

10 10

• ; 7K Oeration T < 29K

2 5 10 2D 5M
Wwelonqth (pfn)

Fig. I -Detectivity of a granular BaPb0 .7Bio.s03 film measured at 6 K, 1

and discrete Nb tunnel junctions measured at 4.2 K,2 compared
with semiconductor detectors.3
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In superconducting detectors exposed to radiation with energy greater
than the gap energy, A(T), the absorbed radiation reduces the gap energy,
modifying the current-voltage characteristics of Josephson junctions. Two
possible mechanisms for gap-energy reduction will be considered here. The
first is an equilibrium mechanism in which the film acts as a bolometer and
the response is proportional to the temperature coefficient of resistance of a
Josephson junction. The disadvantage of a bolometer is that the response is
slow unless the amplitude of the response is traded off for efficient cooling.
The second mechanism is dependent on the creation of quasiparticle pairs by
the incident radiation. This non-equilibrium quasiparticle density is measured
in Josephson junction I-V curves as a reduced gap energy. The response
time of the non-equilibrium mechanism is determined by the quasiparticle
recombination time - as short as 10"10 s in a strong-coupling superconductor
at T " T!. 4

The data from superconducting detectors shown in Fig. 1 were measured
in detectors composed of different types of Josephson junctions. The lower
D data is from a Nb/AI2 0 3/Nb Josephson tunnel junction.2 The response
at 4.2 K was attributed to a bolometric effect since it decreased by
approximately three orders of magnitude when the sample was measured in
superfluid helium at 2 K. The BaPb 0 7Bio 0 3  (BPBO) detectors were
granular films which had grain-boundary Josephson junctions with I-V
characteristics similar to point-contact or microbridge junctions. 1  These
detectors not only had very high D values, but had response times on the
order of 1 us - attributed to a non-equilibrium response mechanism. Three
of the important properties of BPBO which contributed to the detector
results are also present in high-T. oxide superconductors, typified by
YBa 2CusOT (YBCO).

1. Both BPBO1 and YBCO S have higher absorption and lower reflection
coefficients than transition metal superconductors due to their lower
density of electronic states.

2. The decrease in gap energy due to an excess quasiparticle density is
inversely related to the density of states and is, therefore, greater in
the oxide superconductors.

3. Grain-boundary Josephson junctions are readily formed in the oxide
superconductors. A higher density of junctions can be realized in
granular films than with discrete microbridge junctions lithographically
defined. Tunnel junctions of these materials have not been made due
to their short coherence lengths, unstable surfaces, and high processing
temperatures.

SIMULATED RESPONSES TO RADIATION

This section will present the results of simple models for the bolometric
and non-equilibrium responsivities, rB and rNE, of granular films modeled as
microbridge Josephson junctions connected in series. The responsivity will be
considered as a function of bias current, IB, and reduced temperature,
t = T/T.. The important results - those which are neither obvious without
invoking a model nor overly model-dependent - should clarify which
characteristic forms of the responsivity are useful in identifying equilibrium
and non-equilibrium response mechanisms.

The series arrays used in this model each consisted of 100 junctions
with critical currents at T = 0 which had a Gaussian distribution centered
at I-0g and standard deviation, o, expressed as a percentage of k... No
junctions were permitted to have a critical current in the "tails " of the
distribution, that is, lea than zero or greater than 21,,.,,g. The resistance at
currents much greater than the critical current, R, was assumed to be the
same for each junction and independent of temperature. The particular
distribution chosen for R. was not an important assumption. However, the
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YBCO Film
- 0 =0% 2

-010

/

o/

Bias Current

Fig. 2- Calculated I-V curves for three series arrays with a 0, 10, and
40%, and the I-V curve of a bridge patterned in a YBCO film.
The critical current of the bridge at T = 30 K was 0.25 mA and
its resistance at 1 mA was 45 0.

assumption of temperature independence for It. will give a poor simulation of
those superconducting films which exhibit strongly semiconducting behavior of
resistivity for T > T. . The t -= 0 I-V curves for these series arrays were
calculated in the RSJ model'5 and are shown in Fig. 2. The I-V curve of a
10 ism wide by 90 #m long bridge patterned in a sputtered YBCO film is
also shown in Fig. 2 for comparison of the model I-V curves with that of a

/7

film for which photo-response data has been published,.

The general form of the bolometric and non-equilibrium responsivities is
given below for a single current-biased junction where 4 is the incident
photon flux in W/cm 2, IB is the bias current, Ic is the temperature-dependent
Josephson critical current, and na is the quasiparticle density. The only
approximation made in Eque. I and 2 in that RU in independent of
temperature. Note that the responsivity is expressed in units of V-cm2/W -
in agreement with Ref. 2 - since the response, 5V,, is independent of detector
area for a fixed photon flux for either mechanism.

'The~ 6 bolmei repose V I d 6 T B 8/T6,weebig

- a IB - - V- m-cI 1

0X - - w_ 2
04 11 21an 6

resistance, R, is independent of area for a fixed aspect ratio, 6T is
independent of area f'or a fixed ratio of cooling area to detection area, and
IB is assumed to be adjusted for maximum response.

a2
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() (b)

t-g.05 -

r475b 1 5 J~N 7/

0Olt21,_ - - .. "
Ic-w, 2 Ic-w 0 Jtqw9 21I.w9

Nm Current In Currnt

Fig. 3- The simulated bolometric response of junction arrays with
(a) a = 0, and (b) o = 40% for reduced temperatures of 0.05, 0.25,
0.5, and 0.75. The discontinuities in (a) at IB = I,(T) were
rounded by the discrete nature of the calculation.

The only factor in Equs. 1 and 2 that depends on IB is 8V/8I, and it
appears in each equation. Therefore, the general shape of measured photo-
response plotted as a function of bias current cannot be used to distinguish
which response mechanism is dominant. Simulated curves of response versus
bias current are plotted in Figs. 3(a) and (b) for series junctions with a = 0
and 40%, respectively, using 8V/BI, calculated from the RSJ model. The
qualitative features of 5V(IB) data published in Refs. 1, 8, and 9, are present
in the curves in Fig. 3.

In contrast to the effects of changing bias current, the effect of changing
temperature is completely different in Equs. 1 and 2. The temperature
dependence of 8V/81€ is described by 4(T). The following relationships were
used in the simulations for .4(TA) and 6nq:

I c a (1-t)2  (Ref. 10) (3)

51 a (1-t) 1/ 2  (Ref. 11) (4)
86

Sflq(T) a %f f (T) a t - 1/2 A (0)/kT . t - 1 / 2  1.76/ t  (5)

where reff is an effective quasiparticle recombination time.1 2 The effective
lifetime was assumed to have the same dependence as the simple
recombination time,4 and a weak coupling BCS relationship was assumed for
A(0)/kT . Following Ref. 1, Oa/anq was taken as a constant - an
appropriate assumption for 6nq small compared to the equilibrium
quasiparticle density.

The only temperature dependence which has not been specified at this
point is that of the change in temperature of a bolometer, 6T = P/(KA/d),
where - for a particular bridge of area, A = 10x90 #m 2 - P 2 0.6 '#W was
the laser power incident on the bridge,1 4 and K(T) was the thermLl
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Fig. 4- Calculations of resistance Fig. 5 - Calculations of bolometric
plotted for various values response plotted for
of the bias current as a various values of the
function of temperature bias current as a
for series arrays with function of temperature

a = (a) 0, (b) 40, and for series arrays with
(c) 90%. or =(a) 0, (b) 40, and

(c) 90W
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conductivity of the thermal barrier of thickness, d. The temperature rise was
estimated to be 10 mK from the slope of V(T) measured at constant bias
current. The thermal barrier was assumed to be a degraded film layer
-100 nm thick which is known to exist adjacent to the interface with the
substrate.1 s The thermal conductivity calculated from 6T and P, K !
10 " W/cm/K, is the same order of magnitude as that of oxygen-deficient,
tetragonal YBCO. 13  The temperature dependence of the thermal conductivity
of tetragonal YBCO, K(T) M tl/ 2 ,1 3 was used in our model of photoresponse.

Since K varies slowly at high temperature (t > 0.5), the bolometric
reiponse follows the temperature derivative of R(I ,T) as T # T. Figure 4
contains a series of calculated R(IB,T) curves for three series arrays with o' =
0, 40, and 90%. The curves in Fig. 4 show that an infinitely sharp
transition to the superconducting state has been assumed (for small IB). and
that the transition appeared to broaden as the bias current was increased.
The most significant feature of the curves in Fig. 4 was that - depending on
a and I - the largest value of dR/dT was found anywhere from T = 0
(Fig. 4 fa) I Cvg) to a temperature approaching T, (Fig. 4(c),
I = 0.1 The temperature dependence of the bolometric response is
shown in ig. 5 for the same three series arrays. The most significant
feature in Fig. 5 is the appearance of a peak in the response near T. coupled
with a rising value of the response as the temperature is reduced to <0.1T c.

The calculated temperature dependence of the non-equilibrium response is
shown on a linear scale in Fig. 6(a) and on a logarithmic scale in Fig. 6(b).
The results in Fig. 6 were calculated for junctions with a = 10% but are
representative of simulations performed with distributions with 0 a < 100%.
The curve for In/.&V = 0.4 had zero response at low temperatures since
8V/8 = 0 for B < (T). However, for any detector biased at a current
greater than the critica current, the exponential temperature dependence of
effective quasiparticle lifetime dominated the response. A comparison of the
calculations for bolometric and non-equilibrium responses shown in Figs. 5
and 6 indicate that measurements at low temperatures can be used to
increase the possibility of observing the latter type of response. However, the
large values of -reff expected at these low temperatures could make it
impossible to distinguish the two effects on the basis of response time.

I 9 I I 10 6

t o i e " ' i i , ( a ) t o L G ' c! s n ( b )Ii IV

L2 
f 

L2

I

rI 
Ia

LO 0 LO

Fig. 6 - The calculated non-equilibrium reponse plotted on (a) a linear and

(b) a logarithmic scale for various values of the bias current for a
series of junctions with o = 10%.
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Fig. 7 - (a) A comparison of measurements of dR/dT and the response of a
YBCO detector to 10.6 pm radiation which indicates that the
response is purely bolometric. (b) Measured photo-response plotted
as a function of bias current for a YBCO detector held at various
temperatures.

DISCUSSION OF EXPERIMENTAL RESULTS

With the exception of one report on the response of LaSr1 Cux04,16
YBCO films have been used for all photodetection measurements wit high-T e
films. Figure 7 shows response data which is typical of YBCO samples
thought to have a purely bolometric response. The data in Fig. 7 (a) is from
a granular YBCO film sputtered onto a BaF 2 buffer layer as described in
Ref. 14, and is a comparison showing close agreement between the
temperature dependence of dR/dT and photo-response. A comparison of
Fig. 7(a) with Fig. 5 shows that the model series array with the broadest
distribution and biased at low IB (Fig. 5(c); a = 90%) had a peak in the
response at high reduced temperatures in agreement with the experimental
results. However, the correlation between measured response and dR/dT was
better than indicated by Equ. 1 or Figs. 4 and 5. The difference is that the
thermal conductivity was modeled as K(T) g t1/ 2 and the thermal
conductance of the measured detector apparently varied more slowly than that
in the vicinity of T . The interface layer between the high-T. film and the
substrate was modeled as tetragonal YBal.Cu3 0 6 , but certainly consisted of
other oxides as well - especially BaO. The important aspect of the
temperature dependence of K is not the detailed dependence near T., but the
fact that, in simulations, K(T) led to a rising response as the temperature
was decreased <<T,. Equally important, although not considered in the
steady-state model, is that K(T) affects the time response of a bolometric 6V
measured at various temperatures.

Fig. 7(b) shows the dependence of photo-response on bias current for a
detector which behaved as a bolometer based on the measurements of
response versus temperature and time presented in Ref. 7. In contrast to the
conclusions of Ref. 9, the presence of a peak in 6V(I ) is not inconsistent
with a bolometric response. The peak is consistent with the calculated curves
of Fig. 3(b) and the discussion of Equs. 1 and 2.

A summary of published photo-response measurements is presented in
Table 1. Since the dependence of response on bias current does not help to
identify the detection mechanism, only the temperature and temporal
dependences are included. The temperature dependence is indicated by a
sketch of 6V(T). The temporal dependence i. indicated by the measured
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Table I - Summary of reported infrared responses of YBCO films.

Reference Temperature Temporal Possible mechan-
dependence response ism, sensitivity

Forrester A Bolometrkc
et al. 0.1 sec r - 4x1p V/W
(14) L L . T D - 10acm4Hz/W

Strom I~fBolometric +
Strae. AV -1/2 "Optically inducedtal. v- C) flux flow"(19) LT

9T D= -10 7

Osterman T <0.25 Bolometric +
et al. v sec nonequilibrium?
(9) T atl.8K 2

r - 0.01 V/(W/cm)

Wilson AV Bolometric +
et al. s0. 1 nonequilibnum?
(8) T msec r- 3000 V1W

D'-5x 0

Enomoto -1/2 Bolometric
et al. r 10 V/N

(20) ' (@ 10 kHz)

Brocklesby "On" - Bolometric
2) 10-100ns r-0.1 V

response time, the maximum response time with a limit determined by
measurement apparatus, or the dependence of 6V on the frequency at which
incident radiation was chopped. Some reports of bolometric responses 17,18
were excluded from Table I since such data is adequately represented and
typical data are shown in Fig. 7.

The most interesting data in Table 1 are the points measured at low
temperature by Osterman et al. 9 and Wilson et al.8 Although the time
response is unknown for this data, even a slow response (>>psec) would not
rule out the non-equilibrium detection mechanism since recombination times
should be long as T * 0. With the temperature dependence as the only
remaining guide, the low-temperature data of Ref. 8 can be explained as the
effect of K(T) on a bolometric response. The change of response with
temperature is not exponential as predicted by the non-equilibrium model.
The single low-temperature data point of Ref. 9 was measured with the
sample immersed in superfluid helium to increase K(T) and minimize a
bolometric response. Additional measurements made with small changes in
the helium bath temperature could be sufficient to identify the detection
mechanism.

The response data from Ref. 19 is noteworthy in that a second peak in
the response was measured at a temperature (-25K) where the slope of R(T)
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was not a maximum. The response was relatively slow and decreased as
"w-1/ 2 for kHz frequencies. Measurements of the response time as a function
of temperature could be used to identify the non-equilibrium mechanism
considered in this paper.

SUMMARY AND CONCLUSIONS

The issue of which response mechanism is active in the detection of
infrared radiation by high-T. films does not have a direct bearing on their
potential usefulness. The response of any detector simply needs to be large
enough to raise the level of the detector noise higher than that of other noise
sources in the system, and fast enough for the particular application at hand.
For most applications, a bolometric (equilibrium) response is inadequate to
meet these two needs simultaneously, but a non-equilibrium detection
mechanism has not been unambiguously observed in high-T superconducting
films. Measurements of peaks in 5V versus bias current and increases in 6V
at low temperatures are not sufficient indicators of a non-equilibrium response.
Both the temperature and time dependence of the response of a non-
equilibrium detector are expected to be dominated by the exponential
temperature dependence of effective recombination times for quasiparticles.
Therefore, the two most convincing tests for establishing that a non-
equilibrium detection mechanism is active are response measurements which
show:

1. An exponentially increasing magnitude of response as the temperature is
decreased.

2. An exponentially increasing response time as the temperature is
decreased.
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