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ABSTRACT 

Since the recent discovery of a new class of high 

critical temperature superconductors (HTS), much interest has 

been shown in their potential use as optical detectors. The 

purpose of this research was to test thin film samples of the 

HTS Ŷ agCUjÔ  as detectors and investigate any response to 

optical radiation. A laboratory test facility was designed 

and built for this purpose. The experimental results exhibit 

a variety of optical responses that are dependent upon the 

physical characteristics of each HTS thin film. 

Polycrystalline films exhibited a different detection mode 

than did epitaxial films. This research demonstrates that HTS 

thin films are viable optical detectors and have the potential 

to become competitive high-performance detectors as the new 

technology continues to emerge. 
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INTRODUCTION 

Since the recent discovery of a new class of 

superconducting materials with transition temperatures as high 

as 125 K, much attention has been focused on their potential 

application as optical and infrared detectors.1 Several 

aspects of the high-temperature superconductors make them 

promising candidates for detectors, especially the 

possibilities of spectral response from the visible to the 

far-infrared and extremely fast response time without the 

requirement of liquid helium cooling. The mechanism of the 

response can be classified as either bolometric (i.e., 

thermal) or nonthermal in origin. A key issue to be resolved 

is whether the observed response at different temperatures is 

due to a thermal effect or to a nonthermal mechanism, i.e., 

a direct interaction between the superconductor and incident 

photons causing a nonequilibrium state. The experimental 

results presented here exhibit a variety of optical responses, 

suggesting the response is strongly dependent on the physical 

characteristics of the high-temperature superconductor (HTS) 

thin film, including crystalline structure, thickness, and 

method of fabrication. 

The purpose of this research was to design and construct 

detector devices from thin film samples of the high-

temperature superconductor Y.jBajĈ Ô  (hereafter referred to 

as YBCO) and investigate any response to optical and infrared 

radiation. The thin films were received from several sources 



and were fabricated by different methods, so that the samples 

exhibited a variety of physical characteristics and 

superconducting properties. This project also required the 

design and construction of a laboratory test facility and 

detector test dewar capable of evaluating the detectors and 

characterizing the optical response against several controlled 

parameters. The detector fabrication and testing procedures 

were modified accordingly with the evaluation of the data, 

with the intention of determining the characteristics best 

suiting a practical HTS optical detector. 
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1. BOLOMETRIC DETECTION IN HTS THIN FILMS 

A straightforward and practical device application of a 

HTS thin film is a bolometer; a thermal detector that 

undergoes a change in electrical resistance due to absorbed 

incident radiation, producing heat within the material. Since 

superconductors undergo a transition from normal resistance 

to zero resistance which is often very sharp, radiation can 

produce sufficient heat to cause a relatively large resistance 

change in this transition region. A diagram showing the 

detection principle of a superconducting transition edge 

bolometer is seen in Figure 1. 

The signal for a current-biased bolometric detector may 

be expressed as:2 

8<V> _ 6<V> ST _ <SR 1 
SP ST SP" b ST K(T) 

where <V> is the average voltage measured across the detector, 

P is the incident radiation power absorbed, Ib is the detector 

bias current, and K(T) is a thermal conductivity factor that 

takes into account the detector, substrate, and coupling to 

the temperature bath. Thus the peak bolometric signal should 

be observed at the temperature corresponding to the maximum 

change in resistance (SR/ST̂ ), i.e. near the midpoint of the 

transition to zero resistance, but shifted somewhat due to the 

K(T) conductivity factor. Equation (1) predicts that the 

bolometric response will vanish when the detector is cooled 

below the critical temperature (Tc) and becomes fully 
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superconducting, since 6R/ST=0 in this region. However, since 

the critical current (Ic) of a superconductor is also 

dependent on temperature, a different facet of the bolometric 

response might be seen below Tc if heating of the film by 

radiation reduces the critical current below the bias current. 

This type of bolometric response will be considered in the 

experimental results. 

Since the mechanism of the bolometric response involves 

an intermediary in the form of heat (phonons) , it is not a 

direct photon-HTS interaction. Although this ultimately 

limits the speed of the response to the order of milliseconds, 

it enables a HTS bolometer to have a flat spectral response 

and sensitivity out to far infrared wavelengths. This is a 

distinct advantage of the HTS materials since such a bolometer 

may be operated at or above liquid nitrogen (LN2) temperature, 

whereas other high sensitivity mid-to-far infrared sensors 

require liquid helium (LHe) cooling. HTS bolometers may 

ultimately have an important range of applications in this 

region of the spectrum. 



13 

2. NONBOLOMETRIC DETECTION IN HTS THIN FILMS 

Whereas the bolometric response described in the previous 

chapter is simply the result of a change in the resistivity 

of a thin film due to a small temperature change, the 

nonbolometric response arises from a photo-induced change in 

the current-voltage (I-V) characteristics of a superconducting 

sample. This detection mechanism relies on completely 

different principles than the well-established rules governing 

photoconductive, photovoltaic, photoemissive, or thermal 

detectors in wide use presently. This nonthermal response is 

more likely to be exhibited if the film contains weak links 

in its superconductivity. These weak links are often (though 

not always) present in HTS samples in the form of boundaries 

between grains or crystalline domains of different 

orientation. Each boundary can act as a Josephson junction, 

i.e. two superconductors separated by a thin insulating 

barrier.3 In a Josephson junction, the insulating barrier is 

thin enough that superconducting electrons in Cooper pairs can 

tunnel across with no resistive loss. A granular thin film 

superconductor can be thought of as a random array of 

Josephson junctions in series and parallel. Incident photons 

can alter the I-V curve of an individual Josephson junction, 

as shown in Figure 2. 

Although it is not the purpose of this research to 

investigate the mechanism of the detector's response on a 

quantum mechanical level, it is informative to examine the 
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causes of the shift in the I-V curve. Cooper pairs carry 

current across a non-illuminated Josephson junction without 

resistance until the bias reaches the critical current (Ic) , 

at which point a voltage develops across the barrier. This 

switching ability of Josephson junctions is extremely fast, 

with such a shift to the voltage state taking as little as a 

few picoseconds.4 This corresponds to a jump from A to B in 

Figure 2. However, if photons are incident on the junction, 

several events occur that cause a reduction of Ic and a shift 

in the I-V curve. 

No widely accepted theory of high temperature 

superconductivity has been proposed yet. Consequently, this 

discussion is based on the BCS theory of conventional 

superconductivity, since the basic phenomena are similar, if 

not identical. According to BCS theory, a superconductor has 

an energy gap A in its density of states that corresponds 

directly to the binding energy of the Cooper pair. A photon 

with energy hi/ > 2A that penetrates the superconductor can 

break a Cooper pair, creating quasiparticles, i.e., high 

energy single electron-like excitations. The factor of two 

is due to the creation of two quasiparticles from one Cooper 

pair. The quasiparticles decay rapidly to energy states in 

the gap range via collisions and emission of phonons, 

generating additional quasiparticles which also decay.5 This 

process is detailed pictorially in Figure 3. In a chain 
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reaction manner, each absorbed photon rapidly leads to an 

excess of quasiparticles and phonons in the gap range. The 

superconductor then contains a nonequilib7,;ium population of 

quasiparticles, equivalent to an equilibrium population 

distribution at a higher temperature.6 The nonequilibrium 

state is characterized by a decrease in A (T) , so that the 

superconductivity of the sample is weakened if the incident 

optical power is increased. This continues until the 

superconductor finally goes normal. The maximum 

superconducting tunneling current of the junction (Ic) is a 

function of the gap energy:7 

Ic = 7r[A(T)/2eRn]tanh[A(T)/2kBT] (2) 

where Rn= the normal resistance of the junction, e=l.60xl0'19 

C, and kB=1.38xlo"23 W sec K"1. Thus the reduction of A causes 

Ic to be reduced to Ic' under irradiation (see Figure 2) . The 

decrease of A upon irradiation also leads directly to voltage 

and current shifts in the I-V hysteresis loop due to 

quasiparticle tunneling through the junction.8 The shape of 

the I-V curve is directly affected, as seen in Figure 2. 

The nonbolometric response may be expressed as:9 

6<V> _ 6<V> SXL SA Sn 
6P ~ SIr SA Sn„ 75? 1 ' c q 

where nq is the quasiparticle density. The terms on the right 

side of equation (3) have proven difficult to quantify for the 

HTS materials, and many assumptions and approximations need 

to be made in order to model the response. Equation (3) 
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illustrates the dependence of the nonequilibrium response on 

the various thermal and superconducting parameters of the 

material, and serves as a phenomenological model for 

experimental results. The effects of the nonbolometric 

response are seen only below Tc. 

The high-temperature superconductors possess an advantage 

over previous conventional superconductor detectors in that 

they are not highly reflective. A YBCO thin film appears 

black to an observer, indicating a significant amount of 

absorption of visible radiation. This property enables 

photons to more easily penetrate a HTS detector and interact 

with the Cooper pairs. Direct quasiparticle generation by 

incident photons occurs only within the optical absorption 

depth, which is much greater in the ceramic-like HTS materials 

(«0.12 Am10) than the skin depth of the metallic low-

temperature superconductors («0.01 pm). 

The decaying quasiparticles recombine into Cooper pairs 

in an attempt to restore the equilibrium. For pulsed or 

chopped incident radiation, the detector signal results from 

the oscillation between the dark (equilibrium) and illuminated 

(nonequilibrium) I-V curves of Figure 2. The recombination 

time (rr) of the quasiparticles is then the limiting factor 

determining detector response speed. In a strong coupling 

conventional superconductor (possibly similar to YBCO), rr can 

be as short as 0.1 nanosecond.11 Other effects such as heat 

dispersion out of the detection area are dependent on the 
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detector thickness and geometry and may limit the risetimes 

of practical detectors. However, the important point is that 

the detection mechanism is a direct photon-electron 

interaction, whereas the bolometric response is dependent on 

an intermediary in the form of heat. Thus the nonbolometric 

response is intrinsically faster and is of special interest 

for detection schemes requiring high frequency response or 

narrow pulse measurements. 

Although the gap energy of the HTS materials is not yet 

as well known as in conventional superconductors, the value 

of A for YBCO is on the order of 10 meV12, far less than the 

gap energy of semiconductor detectors (usually several hundred 

meV) . This property should translate directly to photon 

detection out to far infrared wavelengths. For example, a 

value of 2A=30 meV corresponds to a cutoff wavelength Ac = 

hc/2Aq = 41 /m. Since present detectors in this region of the 

spectrum are generally unsatisfactory for a variety of 

reasons, it is hoped HTS devices can provide fast and 

sensitive detection in the mid-to-far infrared, while 

requiring only LN2 cooling. 
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3. PHYSICAL CHARACTERISTICS OF HTS THIN FILMS 

At this stage of the developing HTS technology, the best 

way to produce high quality, reproducible thin films of the 

material has yet to be established. A wide variety of 

deposition techniques exist, including sputtering, molecular 

beam epitaxy, laser ablation, and sol-gel casting, with no one 

method showing a clear superiority over the others. Many 

different substrates have been used for YBCO thin films, 

including strontium titanate (SrTi03) , magnesium oxide (MgO), 

and sapphire (Al203), with each substrate having different 

effects on the films. In addition, there exists a wide 

variety of annealing techniques to incorporate oxygen into 

the deposited films, and this step is critical in determining 

the physical characteristics of the thin film. As a result, 

any two YBCO thin films, though nominally of the same 

composition, can vary widely in both appearance and 

superconducting properties. 

The YBCO thin films received for this research came from 

different sources and were fabricated by different methods. 

Those with a designation beginning with ARL were produced by 

the Arizona Research Labs at the University of Arizona. These 

films were deposited by a dc triode sputtering process 

described elsewhere.13 Two films (designated UAH1-89 and LAl-

88) were received from the University of Alabama at 

Huntsville. All thin films studied in the research were on 

SrTi03 substrates. 
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The thin films exhibit great differences when examined 

with the scanning electron microscope (SEM). Figure 4 shows 

a SEM photograph of an ARL thin film (ARL1-89) . The 

polycrystalline film is composed of randomly-oriented grains 

approximately l /xm in diameter. A granular film of this type 

is usually characterized by a broad superconducting 

transition, relatively low Tc, and low critical current, 

arising from the convoluted path and point contacts through 

which the superconducting current must flow. The YBCO unit 

cell is anisotropic in current carrying ability, so the 

current is forced travel along "difficult" directions in some 

grains. Figure 5 is a SEM photograph of LA1-88, showing an 

area of oriented crystal growth, along with what might be 

other non-superconducting phases of the material. Thin films 

that exhibit this epitaxial growth are usually characterized 

by sharp transitions to the superconducting state, high Tc, 

and high critical currents (all of these properties were 

exhibited by this sample). However, the properties of a HTS 

thin film that result in maximum response to optical radiation 

are not clear, and determining these characteristics is one 

of the purposes of this research. A high-quality epitaxial 

HTS thin film is not necessarily a good candidate for an 

optical detector, and some of its characteristics may actually 

be detrimental to this purpose. Polycrystalline thin films 

possess the superconducting weak links necessary for the 

nonbolometric response, but also have the associated 
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Figure 4. SEM Micrograph of ARLl-89. 

Figure s. SEM Micrograph of LAl-88. 
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disadvantages of lower Tc's, poor fabrication repeatability, 

and electrical contact difficulties. 

A serious obstacle in attaching electrical leads to a 

YBCO thin film is the likely presence of a layer of 

nonsuperconducting compounds on the surface of the film. This 

layer arises from the reactivity of YBCO with atmospheric H20 

and C02 to form undesirable compounds on its outer surface. 

The nonsuperconducting layer creates two main problems for 

device applications: an increase in contact resistance for 

lead attachment, and a decrease in the mechanical attachment 

strength of the contacts to the thin film through thermal 

cycling. Although low contact resistance is not necessary for 

such characterization measurements as resistance versus 

temperature, it is required of Josephson junction device 

circuits. Since a Josephson junction in the voltage state has 

a resistivity of about 10"6 n-cm2 (14), the contact resistance 

for device leads in a two-probe arrangement must be at least 

two orders of magnitude less, a very low value indeed. 

The contact resistance problem was approached by 

sputtering noble metal contacts onto the YBCO samples. The 

noble metals are not readily reactive with YBCO, and it was 

hoped that the metal would penetrate the nonsuperconducting 

layer on deposition and reduce contact resistance. Gold, 

silver, and a gold-palladium alloy were all tried as contacts, 

sputtered on a masked thin film to produce four contacts 

approximately 1000 A thick and 1 mm2 in area. No one metal 
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showed a clear superiority over the others as an electrical 

contact. Electrical leads were attached to the sputtered 

contacts by a variety of means, including silver epoxy, silver 

paint, indium solder, and wire bonding techniques. Silver 

paint and wire bonding proved to be the most successful in 

producing low resistance, mechanically strong contacts. The 

resistivity of the contacts was not measured, but it proved 

in most cases to be small enough to obtain data on the thin 

films' optical response. 

The task of producing reliable, repeatable, low-

resistivity contacts to the thin films proved to be nontrivial 

at best, and a major obstacle at worst. Certain YBCO samples 

were impossible to make reliable contacts on with these 

methods. Although seemingly ohmic and mechanically strong at 

room temperature, the contacts would show increasing 

resistivity with lower temperature (in semiconductor fashion) 

which eventually became too high to measure. Upon later 

examination, it was found that the sputtered noble metal 

contact had been completely removed from the thin film surface 

along with the detached lead. This problem is attributable 

to the troublesome oxidation layer on the film, which causes 

poor adhesion between the superconductor and the leads. New 

methods in thin film fabrication, including the incorporation 

of fluorine into the deposition process, are aimed at 

decreasing the film's reactivity with the atmosphere and thus 

alleviating problems caused by this nonsuperconducting layer. 
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4. DETECTOR TEST FACILITY 

The HTS detector test facility is located in the 

Superconductor Detector Research Laboratory in the Optical 

Detection Laboratory of the Optical Sciences Center, 

University of Arizona. 

In designing a vacuum dewar for testing HTS detectors, 

the following requirements needed to be met: 

1. LHe and LN2 hold capability in order to characterize 
response over a wide temperature range. 

2. Convenient access to detector mount area to provide 
interchangeability of detectors. 

3. Significant "cold work height" to accommodate 
coldfinger and detector mount socket. 

4. Sufficient optical access and electrical connectors 
to allow future expansion to more advanced detector 
configurations (e.g., focal plane array). 

5. Multi-position filter wheel at cold temperature to 
characterize blackbody spectral response. 

6. Window allowing transmission out to at least A<30 
H m. 

7. Optical baffle box allowing interchangeable aperture 
stops to accommodate detectors of various sizes. 

A standard dewar (Infrared Laboratories Model HD-3(8)) was 

modified to accommodate these special requirements. The 

modified dewar is shown in Figure 6. 

It was necessary to construct practical detectors from 

the as-received thin film samples. After noble-metal contacts 

were deposited, each sample was attached to the well of a 

modified version of a standard 68-pin leadless chip carrier 
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(LCC) by a small amount of thermally-conductive grease. The 

LCC provided interchangeability of detectors, convenient 

electrical contacts to instrumentation outside the dewar, and 

the capability of adapting to more complex detector 

configurations using current semiconductor detector bonding 

technology. At this stage of the research, it was necessary 

to attach four leads to the detector, two for the current bias 

and two for the voltage sensors. These wires were connected 

from the LCC well to the detector contacts with silver paint, 

although wire bonding techniques were sometimes utilized. 

The detector mount also had to meet special design 

requirements. It was necessary to accurately control the cold 

surface temperature, keep the detector in good thermal contact 

with the cold surface, and maintain electrical contact with 

the LCC-mounted detector throughout the thermal cycling. The 

final design is shown in Figure 7. 

The temperature control requirement was met with a 

cylindrical brass coldfinger wrapped with resistive nickel-

chromium (nichrome) wire between the cold plate and the 

detector backing plate. In conjunction with the temperature 

controller and sensor, the brass coldfinger/nichrome wire 

tandem could maintain about a 30 K per watt temperature 

gradient and stabilize the detector temperature to a given 

value with an accuracy of ±0.05 K for temperatures less than 

100 K. 

It was determined that the pressure applied to the LCC 
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for both thermal contact and electrical contact should be in 

the same direction (toward the detector backing plate) for the 

most reliable mount. To achieve this, a standard 68-pin LCC 

socket was inverted (requiring the LCC to have electrical 

contacts on its top side) in order to provide pressure from 

the top. The base of the inverted LCC socket was partially 

milled out to provide optical access to the detector. With 

this arrangement, tightening the four screws on top of the 

mount applied an evenly-distributed pressure to simultaneously 

strengthen the LCC's electrical contacts and improve the 

detector's thermal contact with the detector backing plate. 

This mount proved to be reliable in providing electrical 

contacts to the LCC that survived thermal contractions at 

cryogenic temperatures, while maintaining good thermal contact 

between the LCC and the detector backing plate. This 

maintained the detector at or very near the temperature 

indicated by the temperature controller's sensor. 

A schematic diagram of the detector test dewar appears 

in Figure 8. The detector mount is installed inside the dewar 

with the detector centered along the optical axis defined by 

the window and aperture stop. The window material KRS-5 

(thallium bromide-iodide) transmits a nearly constant 72% from 

the visible out to 30 /um, falling off slowly thereafter. 

Since few electrical connections to the outside were required 

for these initial detector tests, copper wires were used for 

internal dewar wiring. When more complex HTS detector 
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arrangements become practical, more connections will be 

required and the internal wiring should be replaced with 

manganin or constantan wire to reduce thermal leakage. 

Before a test, the dewar is evacuated to approximately 

10'5 mm Hg and cooled initially with LN2. When the evacuated 

dewar is filled with LHe (T=4 K) , the detector temperature can 

reach 10-15 K, with the gradient resulting from the several 

thermal interfaces between the detector and the LHe vessel. 

The hold time of the dewar at this low temperature was found 

to be about 12 hours. Filling the dewar with LN2 only (T=77 

K) results in a detector temperature of about 78 K and a hold 

time of about 48 hours. 

A schematic of the optical bench layout, detector test 

dewar, and associated instrumentation is seen in Figure 9. 

The HeNe laser has been the most often-used source, both to 

irradiate the detector and also as an alignment aid when using 

the infrared sources. The chopper is capable of 5 kHz for 

small source apertures, although lower chopping frequencies 

are usually used in the tests. The source is aligned on the 

optical axis by adjustments to the stage of the dewar mirror 

assembly. 

The detector test electronics and instrumentation are 

shown in schematic form in Figure 10. The detector is biased 

by a constant current source and the signal is read out using 

the voltage probes in a four-probe technique. If a contact 

fails during thermal cycling, the signal can be determined 
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with a two or three-probe arrangement, although the resulting 

signal-to-noise ratio suffers due to noise arising from 

contact resistance. The wave analyzer, oscilloscope, and 

lock-in amplifier are used to evaluate the effect of several 

parameters on the properties of the signal and determine 

preliminary figures of merit for HTS detectors. 



35 

5. RESEARCH RESULTS AND EXPERIMENTAL DATA 

The data presented in this section is introduced in the 

chronological order of the research. Since this area of 

research was new, the data often served as a guideline for 

modifying the experimental approach. The procedure followed 

in characterizing the HTS samples as optical detectors is 

outlined in Appendix I. This data is presented in this 

section in the form of graphs (where possible) , and the 

conclusions drawn from them are discussed in the following 

chapter. 

Much of the early portion of the research was concerned 

with the practical considerations mentioned earlier, such as 

making reliable contacts for device applications and designing 

a detector mount to fit the thermal and electrical 

requirements. The YBCO samples tested during this period did 

not produce any repeatable data due to electrical contact 

difficulties. The first sample to exhibit an optical response 

was LA1-88 (Figure 11). This film was highly oriented with 

a sharp transition and a relatively high Tc of 71 K (Fig. 12) . 

The sharp superconducting transition resulted in a strongly 

peaked bolometric response to sources of A= 0.63 urn, X= 1.3 

fim, and 800 K blackbody radiation. The peak signal occurred 

at 74 K, which corresponds closely with the point of maximum 

dR/dT (Fig. 13) . The 10%-90% risetime of the response, 

measured directly from the oscilloscope and also by varying 
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Figure 11. Detector LA1-88. 
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the radiation chopping frequency (Fig.14), was determined to 

be about 10 ms. Such a slow response indicative of thermal 

detection. The peak signal scaled linearly with the applied 

current bias for both 0.63 fxm and 1.3 /urn laser sources (Fig. 

15). No optical response was detected at temperatures below 

the transition region, also suggesting the detection mechanism 

was purely bolometric. However, only a limited range of 

current biases were attempted when the detector was fully 

superconducting, due to limited knowledge of the device's 

critical current. 

The next HTS thin film to successfully exhibit an optical 

response was ARL1-89. This HTS was a polycrystalline film 

with a broad superconducting transition and a relatively low 

Tc of 3 0 K (Fig. 16) , typical of a granular sample. The 

optical response at X= 0.63 fim showed a completely different 

temperature dependence than LA1-88. A bolometric response 

first appeared when the device began the superconducting 

transition at about 80 K, peaked near the point of maximum R 

vs. T slope, and fell off slowly thereafter. However, when 

the device went fully superconducting, the response sharply 

increased with decreasing temperature and continued rising 

until the minimum system temperature of 12 K was reached (Fig. 

17). The same type of response, although shifted slightly to 

lower temperature, was seen with smaller detector bias 

currents and lower optical chopping frequencies (Fig. 18) . 
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The 10%—90% risetime measured at low temperature was about 6 

ms, not appreciably different than the bolometric risetime in 

the transition region. The frequency response at low 

temperature also indicates a time constant on the order of 

milliseconds (Fig. 19) . ARL1-88 did not have sufficient 

sensitivity to exhibit optical response to blackbody 

radiation. 

The next YBCO sample successfully tested was ARL2-89. 

This HTS thin film was similar in physical and electrical 

characteristics to ARL1-89, i.e. poly-crystalline with a broad 

superconducting transition (Fig. 20) . After initial 

difficulties making electrical contact to the film, it was Ar 

ion milled for a short time to remove approximately 100 nm of 

material from the top surface. After this process, 

electrically and mechanically reliable contacts were attained. 

This sample also exhibited an optical response to X= 0.63 fim, 

and again had a unique temperature dependence relative to the 

previous detectors. Several tests were conducted with this 

detector, including frequency response, signal vs. bias 

current for various temperatures, and signal vs. temperature 

for various bias currents. The signal exhibited an unusual 

temperature dependence: a strong bolometric peak followed by 

a weak rise between 50 K and 40 K (Tc=50 K) , and then a 

gradual fall-off (Fig. 21) . This type of response was seen 

for all bias currents, although the relative positions and 
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magnitudes of the peaks varied (Pig. 22) . The signal also 

exhibited a completely different dependence on detector bias 

current while at low temperature than the bolometric signal 

in the transition region (Fig. 23) . The bolometric signal 

peaked at 20 mA and fell off rapidly thereafter due to IJR 

detector heating. The response at 16.3 K, however, increased 

non-1inearly with detector bias with no heating, since R=0 in 

this region. This disparity suggests a separate detection 

mechanism when the detector is superconducting. 

At this point of the research, detector LA1-88 was 

mounted on a 68-pin LCC and retested with new contacts. The 

purpose of this experiment was twofold: to examine any 

changes in the optical response over the passage of time, and 

to attempt higher bias currents in order to attain a response 

when fully superconducting. The experiments with subsequent 

HTS samples had indicated that the bias must exceed the 

device's critical current to exhibit any response below the 

transition. Since LA1-88 was highly oriented, Ic was probably 

much higher than that of the polycrystalline samples. This 

was verified experimentally: Ic was measured to be 5 mA at 69 

K (just below Tc=70 K) , increasing rapidly to 24 mA at 65 K. 

Optical response at 69 K to A= 0.63 fim and 800 K blackbody 

radiation was exhibited when the applied bias was close to or 

exceeded Ic. The superconducting I-V characteristics of the 

device at 69 K and 65 K were measured for both the irradiated 
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and non-irradiated conditions (Figs. 26 and 27) . In addition, 

Tc and the peak bolometric response were found to have shifted 

about 2 K from the previous test eight months earlier, 

probably due to atmospheric degradation of the sample (Fig. 

25) . 

The next sample to show optical response was UAH1-89 

(Figures 28-31), a highly oriented epitaxial YBCO thin film 

with a scored effective detector area of 1.2 mm x 5 mm. This 

sample exhibited a sharp transition to superconducting and the 

highest Tc of the samples, 77 K (Fig.28). As expected, a 

strong bolometric response was present in the transition 

region, rising and falling sharply with dR/dT (Fig. 29) . 

Below Tc, the response did not vanish but decreased in a 

steady, linear fashion. At all temperatures, the response had 

a time constant on the order of a few milliseconds, again 

suggesting a thermal detection mechanism. The superconducting 

I-V characteristics for illumination with A= 0.63 /ttm and 800 

K blackbody radiation were measured, exhibiting a lesser 

sensitivity in both cases than detector LA1-88 (Fig. 30). 

A third ARL sample, ARL3-89, was found to have an optical 

response. This film had similar physical characteristics to 

the previous ARL films, but showed a higher Tc (55 K) and a 

sharper transition followed by a "tail", although this may 

have been an artifact due to contact resistance (Fig. 32). 

Once again, a sharp bolometric peak was noted during the steep 
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portion of the transition, followed by a secondary peak and 

a gradual fall-off with decreasing temperature (Fig. 33) . The 

risetime of the response was about 3 ms at all temperatures, 

not clearly indicative of photon detection. However, the 

secondary peak in the signal versus temperature plot can not 

be attributed to a bolometric effect, since it is not 

dependent on dR/dT in this region. 
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6. CONCLUSION 

A total of five YBCO thin films were demonstrated to show 

some type of optical response. The experimental data used to 

characterize the samples as optical detectors is summarized 

in Figure 34. The following equations were used to calculate 

the figures of merit D* (specific detectivity) and Noise-

Equivalent Power (NEP): 

D* = <Ad Af)* _S_ NEP = (4) 
<Pd N (S/N) 

where Ad is the detector area, Af is the noise bandwidth, <£d 

is the radiant power incident on the detector, and S/N is the 

measured signal-to-noise ratio. D* is a widely used figure of 

merit that is a normalized SNR for a detector of area 1 cm2, 

noise bandwidth of 1 Hz, and illuminated by 1 watt of incident 

power. D* permits direct comparison between detectors of 

different sizes whose performance was measured using different 

bandwidths.15 NEP is defined as the incident radiant power, 

0d, which results in a rms signal-to-noise ratio of 1. 

The figures of merit calculated for the HTS detectors are 

reasonable for a new, non-optimized optical detector material, 

but not exceptional relative to other widely used detectors. 

However, the figures are highly consistent among the detectors 

tested in the present work, and the data indicates that the 

new HTS materials are capable of optical detection and are 

viable candidates for high performance detectors as the 

technology continues to improve. 



University of Arizona High-Tr Superconductor Detector 1 aborotorv 
Detector Characterization Datn and Figures of Merit 

X Td Ib SPMI N S/N Af fchop A0 <P0T^ D* NEP 

Qim) (K) (mA) (Vrms) (Vrms) (Hz) (Hz) (cm2) (W) (ms) (~(W) 

.63 74 5 20 JAV .06 mV 333 3 7 .22 .8X10_J 10 3.4x105 2.4xl0~6 

LAI -88 1.3 74 5 8.9 JJV .08 JJV 111 3 5 .22 .4x10"1 10 2.4x10s 3.6x10 

800 K 
BB 74 5 1.9 jjV .05 JUV 38 .008 5 .22 4x10"6 10 4.1x10s 1.1x10"7 

ARL1 -89 
.63 71 7.2 17 JUV .06 JJV 283 3 268 .25 .8X10"3 6.5 3.1x10S 3.0x10"6 

ARL1 -89 
.63 12 7.6 19.6 JUV .06 JJV 327 3 343 .25 .8X10~3 6.0 3.5x10S 2.4x10"6 

ARL2 -89 .63 66 20 27 ;W .06 YV 450 3 286 .25 .8X10~3 1.2 4.9x10S 1.8x10~6 

UAH1 -89 .63 88 2 33 JJV .05 JIV 550 3 200 .06 .8X16° .9 2.9x10s 1.5xl0"6 

ARL3 -89 .63 82 2 42 PV .06 JIV 700 3 100 .25 .8x10"1 4.5 7.6x10S 1.1x10** 
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As evidenced by the graphs, the optical response 

exhibited by each detector varied widely from that of the 

others. Each device showed a unique dependence on the 

experimental parameters. The variations in the response 

reflect the variety of physical and electrical characteristics 

of the samples. 

Highly oriented epitaxial YBCO films (LA1-88 and UAH1-

89) exhibited a strong bolometric response in the transition 

region, and little if any response below Tc. The response 

seen below Tc had a characteristic response time on the order 

of milliseconds, and would appear to be attributable to a 

critical current bolometric effect. In a weak link-free BCS 

superconductor, the critical current's temperature dependence 

is known experimentally to follow within a few percent the 

relation:3 

IC(T) = Ic(0) [1— (T/Tc)2 ] (5) 

Thus Ic=0 at Tc and increases to a maximum Ic(0) as the 

temperature decreases. Below Tc, heating of the film by 

incident radiation could then reduce Ic to below the level of 

an appropriately selected bias current of the device, which 

then would result in a voltage impressed on the 

superconducting device. The resultant optical response would 

still be characterized by a thermal response time, since 

heating of the entire film induces the effect. Equation (5) 

predicts that this type of response will diminish rapidly 

below Tc as Ic increases beyond the constant bias current 
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level, until radiation heating can no longer induce the 

voltage state in the superconductor. This was verified 

experimentally with LA1-88 and UAH1-89 by their decreasing 

response below Tc and the weakened optical effect on the I-

V curve at lower temperatures. Other researchers have 

proposed that optical effects in epitaxial films are entirely 

thermal in origin,16'17 and this research supports that 

conclusion. 

The optical response of the polycrystalline films (all 

three ARL samples) showed a greater variation with 

temperature. A bolometric response was exhibited by each 

device in the transition region, although weaker than that of 

the epitaxial films due to a lower dR/dT. Below Tc, however, 

the temperature dependence of the signal can not be explained 

by a bolometric dR/dT response or the critical current effect. 

A separate detection mode appears when the detector becomes 

fully superconducting. ARL1-89 shows this effect most 

strongly, while ARL2-89 and ARL3-89 exhibit the effect weakly, 

followed by a fall-off with decreasing temperature. The 

effect also shows a strong dependence on detector bias 

current, as seen in Figure 21. ARL2-89's low-temperature peak 

becomes more pronounced as the bias current is increased 

beyond the critical current of the device. The shape of the 

signal's dependence on bias current for ARL2-89 is clearly 

different at low temperature (Figure 23) , and its non-

linearity is not characteristic of the thermal mechanism 
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described by Equation (1). The presence of weak links in the 

form of grain boundaries enables this type of response in HTS 

thin films. 

Although evidence for nonbolometric detection in 

polycrystalline films is seen in the response versus 

temperature data, the speed of the response did not improve 

appreciably when superconducting. Since the nonbolometric 

response is not a thermal mechanism, one might expect to see 

a decrease in the risetime of the response below Tc. However, 

several factors prevented this decrease from being evident. 

This research was concerned with finding an optical 

response in the as-received HTS thin film samples, but did not 

emphasize maximizing the speed and sensitivity of the devices 

made from them. However, the experimental data suggests 

several paths to improving the detectors' performance. The 

most important may be ensuring the thickness of the detector 

is on the order of the optical penetration depth of the HTS 

material. Direct quasiparticle generation by photons occurs 

only in this penetration depth, which is about 0.12 /im for a 

granular film, and is only weakly dependent on wavelength.7 

If the film is optically thick to the incident radiation, the 

nonbolometric response can be short circuited by the 

superconductivity of the dark portion of the film.18 The 

thickness of the films in this research was not measured 

explicitly, but each was believed to be about 1 fxm thick after 

annealing by the fabricator. In addition, the film thickness 
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has a direct effect on the detector's speed, since heat is 

removed more rapidly from a thinner film.19 Thinner films not 

only improve bolometric detection, but increase the likelihood 

of observing nonthermal effects below Tc. 

Fabricating a YBCO film of sufficient thinness is a 

difficult task. The problem of maintaining the correct 

stoichiometry is compounded by poisoning by elements in the 

substrate, increased sensitivity to atmospheric degradation, 

and reduced Tc, especially if granular films are sought. 

However, as HTS thin film techniques improve, ultrathin films 

will be the best candidates as optical detectors. Such films 

are of optimum thickness («0.1 jum) to maximize absorbed 

radiation and exhibit the highest sensitivity and detection 

speed. 

Another factor affecting HTS detector performance is the 

geometry of the device. All detectors in this research were 

tested as-received, i.e. the size and shape of the original 

thin film were not altered. However, techniques to pattern 

the film into a device of dimensions on the order of the grain 

size (photolithographic and otherwise) can effectively make 

use of the Josephson junctions' ability to detect radiation 

and improve the nonbolometric response. Fabricating a 

microstrip of high length to width aspect ratio serves several 

purposes for optical detection. Most importantly, it places 

many of the weak-link junctions in series, enabling them to 

contribute coherently to the signal. Such an arrangement of 
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junctions simultaneously contributes incoherently to the 

noise, so that the S/N ratio goes as \/Ng, where Ns is the 

number of junctions in series.16 The responsivity of such a 

device should be directly proportional to the length of the 

strip, so "meander"-type geometries may increase detector 

sensitivity to an even greater extent.20 In addition, device 

patterning also effectively defines the detector area, and 

facilitates the dissipation of heat from the optically active 

area. A sufficiently narrow microstrip reduces the local 

critical current, enabling the detector to be biased at or 

above Ic, while the wider portions of the film remain 

superconducting. This is especially demanded of films with 

high critical current density (such as LA1-88), since biasing 

at or above the critical current of the unpatterned film is 

impractical at low temperatures. 

Although device patterning can greatly increase the 

detector's nonbolometric sensitivity to optical radiation, 

weak-link detection should still be evident in a nonpatterned 

polycrystalline film. The effect was seen in the response 

versus temperature data for the ARL films. However, due to 

the random arrangement of the junctions in series and 

parallel, the nonbolometric contributions are incoherent and 

the improved speed and sensitivity are effectively "washed 

out." It became evident that it would be necessary to pattern 

a microstrip in the thin film in order to isolate these 



Figure 35. Photolithographically-patterned microbridge 
on ARLl-89. 

60 



61 

effects, and the first attempt was made with ARL1-89. After 

the detector had been thoroughly tested as a nonpatterned 

film, it was treated with standard optical lithography 

techniques to produce a microstrip of dimensions 30 /im by 200 

Atm, as seen in Figure 35. The SEM micrograph of ARL1-89 

revealed the grains to range from about 1 pm - 5 jttm in size. 

The unwanted portions of the film were removed by Ar ion 

milling. Unfortunately, the process of removing the residue 

of the milled potion of the film scratched the delicate 

microstrip, resulting in an open circuit, and the sample could 

not be tested in this configuration. Another polycrystalline 

film is currently being patterned by this method, and a set 

of devices consisting of meander lines and microstrips 

patterned from a Tl-Ba-Ca-Cu-0 HTS thin film (Tc«125 K) has 

recently been received from an outside source. The testing 

of HTS thin films as optical detectors will emphasize device 

patterning as the research project continues. 

Although the response curves for the ARL films do not 

show definitive evidence of the nonbolometric response, they 

do suggest a different detection mode than that seen for the 

epitaxial films. Further testing is required to determine if 

the response below Tc is truly due to a nonequilibrium state 

in the superconductor, or to some other masked bolometric 

effect dependent on other thermal properties of YBCO. These 

tests should be performed on a patterned microbridge to 

isolate the nonbolometric effect. However, it should be kept 
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in mind that the true response mechanism at various 

temperatures does not directly impact the potential usefulness 

of HTS thin film detectors, as long as the spectral 

sensitivity, speed, and detector signal-to-noise ratio are 

sufficient for the particular application. 

In conclusion, this research has demonstrated that HTS 

thin films are feasible optical detectors in both the 

bolometric and nonbolometric modes. It is expected that HTS 

detector performance will increase to competitive levels as 

the technology becomes more thoroughly understood and 

fabrication techniques continue to advance. These techniques 

must result in reproducible, high quality, ultrathin epitaxial 

and granular thin films, for maximum bolometric and 

nonbolometric responsivity, respectively. The difficulties 

involved in fabricating high quality granular HTS thin films 

may require the development of methods to artificially 

introduce weak links into epitaxial films, such thin film 

deposition on a grooved substrate21 or some other technique. 

Artificial Josephson junction fabrication has not yet been 

realized due to the extremely small coherence length, unstable 

surfaces, and high processing temperatures required for the 

HTS materials. Josephson junction fabrication as reproducible 

HTS weak links may be the key to practical high performance 

nonbolometric detectors. Although the HTS materials have thus 

far been difficult to apply as practical superconducting 

devices, the great potential of the materials is fueling the 
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drive to meet these challenges rapidly. HTS thin films show 

great promise as fast and sensitive radiation detectors and 

certainly deserve much attention as the new technology 

emerges. 
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APPENDIX I; DETECTOR CHARACTERIZATION PROCEDURE 

The instrumentation involved in the HTS detector 

characterization is shown in Figures 10 and 11. Under 

experimental conditions, the following procedure represents 

a guideline for determining the detector's performance. The 

procedure for measuring signal versus temperature is outlined 

here, but it is easily extended to other characterization 

measurements such as frequency response and signal versus bias 

current. 

1. Cool the detector with LN2 and LHe cryogens while 
measuring its resistance vs. temperature. 

2. Align the optical source and chopper on the bench 
to irradiate the detector. If using a blackbody 
source, record the blackbody temperature, aperture 
size, and distance from the detector. 

3. Set the wave analyzer to the chopper frequency with 
an initial bandwidth of 3 Hz. 

4. Check for optical response on wave analyzer. If no 
response is immediately evident, check source 
alignment and wave analyzer and amplifier settings 
and/or vary the detector bias and source chopping 
frequency until a signal is found. If no optical 
response can be found at low temperature, go to step 
13. 

5. Adjust the bandwidth and gain settings on the 
amplifier for acceptable signal level and signal 
frequency bracketing. 

6. Maximize the source flux on the detector by 
adjusting the dewar mirror while maximizing the 
signal on the wave analyzer. This adjustment may 
also determine optically sensitive areas of the HTS 
thin film by spot scanning with a laser source with 
a small spot size. 

7. Record the signal from the wave analyzer. 

8. Block the source radiation. 
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9. Record the noise by visually averaging the 
fluctuations displayed on the wave analyzer. 

10. Record the detector temperature from the temperature 
controller. 

11. Increase the detector temperature by incrementing 
the set point on the temperature controller 
gradually, so that thermal equilibrium is reached 
at each data point. 

12. Measure the 10%-90% risetime of the signal directly 
from the oscilloscope trace of the signal. Observe 
any changes in the trace as temperature is 
increased. 

13. Monitor the signal level as the temperature is 
increased and repeat steps 7 to 12 for each data 
point. 

14. Increase the detector temperature gradually until 
the transition region has been passed and the signal 
vs. temperature characteristics have been fully 
measured. 

The entire procedure must be repeated several times with 

different parameters (such as detector bias and source 

chopping frequency) in order to fully characterize each HTS 

detector. 
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