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ABSTRACT 

Since the discovery of a class of superconducting materials with critical 

temperatures as high as 125 Kelvins, there has been a great deal of research interest 

in their possible application to optical radiation detection, particularly in the infrared 

spectrum. The motivation for this research is the promise of a fast detector operating 

at elevated temperatures that is sensitive to low level optical signals and that operates 

out to the far IR. It has been shown that thin films of these high temperature 

superconductors (HTS) exhibit a change in their electrical properties when exposed 

to optica] radiation. However, in order to make a practical detector out of HTS 

materials, the mechanisms of this response must be fully understood. The purpose of 

this research is to investigate the spectral, temporal and thermal characteristics of this 

electrical response in an effort to better understand the mechanisms involved. 
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INTRODUCTION 

The phenomenon of superconductivity was discovered in 1911, when 

Kamerlingh Onnes observed that the electrical resistance of mercury suddenly 

dropped to one ten-millionth of its room-temperature value when cooled to 3 Kelvin 

with liquid helium.1 In the next several decades, researchers found many metals, 

alloys, and doped semiconductors that undergo a phase transition from a state of 

normal resistivity to a superconducting state when cooled below a critical 

temperature, Tc, near absolute zero. The basis for a quantum theoiy of 

superconductivity was not developed until 1957, when J. Bardeen, L. Cooper, and J. 

Schrieffer proposed a model (BCS) that could explain the phenomenon and account 

for its experimentally observed consequences.2 

Research into applications of superconducting devices were hindered by the 

severe cooling requirements imposed by the materials. By the 1980's, the highest-

temperature superconductors were Niobium alloys, with critical temperatures from 

20 to 30 Kelvin (Figure 1), temperatures much too low for practical applications in 

the electronics industry. In December 1986, Bednorz and Mueller reported the 

discovery of a ceramic copper oxide (La-Ba-Cu-O) with a critical temperature near 

40 Kelvin.3 A month later, another copper oxide (Y-Ba-Cu-O) was found with a 
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critical temperature of 90 Kelvin. Shortly thereafter, a number of similar compounds 

were discovered and the critical temperature was pushed to 125 Kelvin. 

The discovery of the superconducting copper oxides with critical temperatures 

above the boiling point of nitrogen has marked the dawn of a new age of research 

to exploit the potential of superconductors in the electronics industry. Bulk samples 

of these high-temperature superconductors (HTS) will be used in large-scale 

applications such as magnets and power transmission lines, while thin-film samples 

have potential as electronic devices such as transistors, switches and sensors. One of 

the most promising of these applications is the use of HTS thin films as broad-band 

optical radiation detectors, particularly for use in the infrared spectrum. 

Shortly before the discovery of HTS, Enomoto and Murakami studied the 

optical response of BaPb0 7Bi0 303 (BPB), an oxide superconductor with a critical 

temperature of about 13 Kelvin.4 Their results suggested a non-equilibrium response 

mechanism based on photo induced changes in the superconducting energy gap 

parameter. These changes are measured as a voltage drop across tunnel junctions 

formed along grain boundaries in the polycrystalline thin films. The reported 

detectivity of 3 x 1010 cm Hz'/W, and the frequency dependence of responsivity to 1.2 

GHz, made this non-equilibrium response mechanism appear very promising. HTS 

materials share the properties of BPB that were thought to contribute to this 

response mechanism ~ namely, a low density of electronic states and the natural 

formation of grain boundary junctions. The prospect of a non equilibrium detector 
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operating at or above 77 Kelvin spawned a significant research program to develop 

a HTS infrared detector. 

The observation of an optical response in a HTS thin film was first reported 

by M. Leung, et. al, in studies of the response of granular films of YBa2Cu3Ox 

(YBCO) to chopped blackbody radiation.5 They found that the response peaked at 

a temperature near Tc, rather than at the point of the maximum change in resistance 

with temperature. They concluded that a thermal response mechanism could not 

account for the observed temperature dependence, and suggested that optical 

absorption causes phase slips between grains resulting in the observed response. 

Several researchers have since investigated the optical response in both granular and 

epitaxial thin films of HTS, achieving little or no consensus about the mechanism or 

mechanisms involved. In studies of granular films of YBCO, J. Wilson, et. al, report 

the observation of two distinct response mechanisms: a thermal response at 

temperatures near the critical temperature and a non-thermal response at low 

temperatures.6 This non-thermal response is attributed to an intergranular Josephson 

coupling mode caused by optically induced pair breaking. Conversely, M. Forrester, 

et. al, studied the response of epitaxial and granular thin films of YBCO, and 

observed only a thermal response.7 Furthermore, they claimed that previous reports 

of non-thermal responses below Tc can be explained in terms of a thermal response 

mechanism by modelling the film as a series array of Josephson junctions.8 
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To make a practical detector from HTS materials, the response mechanisms 

must be fully understood. A key issue is to determine whether an observed response 

arises from a thermal or from a non-thermal response mechanism. The purpose of 

this research is twofold: 1) To test HTS thin films for a response to optical radiation, 

and 2) to determine the thermal, temporal and spectral characteristics of the 

observed response in an effort to better understand the mechanisms involved. 
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CHAPTER 1: MATERIAL PROPERTIES OF HTS 

All HTS materials identified so far belong to a family of perovskite copper 

oxides. These materials differ considerably from the metallic superconductors, but 

exhibit many of the phenomena associated with superconductivity, including the 

characteristic resistive transition from the normal to superconducting states, the 

Meissner effect, the critical-field curve, and the existence of an energy gap. There is, 

as yet, no widely accepted theory explaining high temperature superconductivity. 

Experiments with HTS materials do not always provide results that would be 

expected from BCS theory, most notably in measurements of the energy-gap 

parameter, where results from different measurement techniques often don't agree. 

However, it will be useful to consider BCS results as a guide to understanding the 

basic phenomena. 

Many methods of depositing HTS thin films have been reported in the 

literature. Early methods involved evaporating or sputtering stoichiometric amounts 

of yttrium, barium and copper onto a room-temperature substrate, and required a 

post-deposition anneal at temperatures of about 950 ° C in an oxygen atmosphere to 

obtain the correct amount of oxygen and to set the proper phase. The necessity of 

a high-temperature anneal proved to be a major obstacle in the development of 

electronic devices from HTS thin films for a number of reasons, particularly because 



14 

of incompatibility with semiconductor processing, reaction between substrate and film, 

and problems with reproducibility of the superconducting properties. More recently, 

methods of producing superconducting films in situ have shown promising results. 

Superconducting thin films of YBCO with critical temperatures of - 85 K have been 

deposited by plasma-assisted laser ablation at substrate temperatures as low as 

400 0 C, without the need for a post-deposition anneal.9 Advances in molecular beam 

epitaxy may provide novel structures for electronics applications through atomic-layer 

growth of HTS materials.10 

Figure 2 shows characteristic resistance-versus-temperature curves for three 

HTS materials. The shape of the curves are generally the same, but with different 

critical temperatures, Tc, defined here to be the temperature at which the resistance 

through the sample is zero. From room temperature to temperatures near Tc, the 

curve can have metallic, semimetallic or semiconductor behavior (metallic behavior 

is shown in the figure). The transition to the superconducting state begins at a 

temperature Tc(onset), somewhat above the critical temperature, and may have a 

width as small as a few kelvin, or as wide as 40 or 50 kelvin. Details of the shape of 

the transition vary from sample to sample, and are often used as a guideline to 

determine the quality of a film. 

Other guidelines used to judge the quality of superconducting thin films 

include the film surface morphology and the maximum current that can pass through 

it without resistance, called the critical current, Ic. The critical current is strongly 
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dependent on temperature, and is generally reported either as the critical current 

projected to absolute zero, Ic(0), or measured at 77 Kelvin, Ic (77K). Figure 3 shows 

a typical curve of critical current and resistance versus temperature. Note that the 

critical current is, by definition, zero until below Tc The film morphology is 

determined by various processing conditions, and is categorized as either granular or 

epitaxial. Although not always the case, highly granular films generally have wide 

transitions and reduced critical temperatures and currents, and are therefore deemed 

to be of lower quality than epitaxial films. Figure 4 shows SEM micrographs of two 

HTS thin films, one displaying a large degree of granularity and the other typical of 

what is referred to as epitaxial. 

Several properties of HTS must be considered when attempting to optimize 

the material to make detector devices. As discussed below, a non-thermal response 

from a HTS thin film will occur only in a device which consists of some type of 

Josephson junction (a tunneling junction between two superconductors). According 

to BCS theory, the separation between the two superconductors must be less than the 

coherence length of the charge carrier, estimated to be about 30 A in YBCO. 

Although devices this small are extremely difficult to fabricate, weak links of this type 

occur naturally in the form of boundaries between grains in granular films. For this 

reason, a high quality HTS thin film may not be the type of film desired to optimize 

the optical response. The type of film that is best suited for detector applications has 

not been determined. 



Temperature (K) 

Resistance and critical current versus temperature for typical 
HTS thin film. 



SEM micrograph showing surface morphology of two HTS samples: 
(A) granular film and (B) epitaxial film. 
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There are several advantages that HTS thin films have over other materials 

for the detection of optical radiation. HTS materials have a lower density of 

electronic states than do metallic superconductors. A HTS device operating in a 

thermal response mode thus would have a lower reflection coefficient, as is evidenced 

by their flat black appearance, and would be able to absorb more radiation. In 

addition, the relatively high critical temperatures of HTS thin films imply that such 

a device would a have higher operating temperature and therefore lower operating 

costs. The energy gap associated with the superconducting state in HTS materials is 

on the order of 10 meV, while semiconductors exhibit energy gaps of eV. Assuming 

a device can be made from a HTS thin film that operates as a quantum detector, it 

would have a much wider spectral sensitivity and a cutoff wavelength of roughly 50 

microns. Such a device would also have a very fast response, limited by the 

recombination time of the excited charge carriers. 
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CHAPTER 2: DETECTION MECHANISMS IN HTS 

There are two fundamentally different manners in which HTS devices might 

respond to optical radiation, through a thermal or through a non-thermal mechanism. 

In the thermal response mechanism, radiation falling on the detector element of a 

HTS device is absorbed causing a rise in the temperature of the detector. The change 

in voltage across a current-biased device can be expressed as 

The change in temperature of the detector element can be determined from the heat-

balance equation, where the heat into the system is caused by the radiant energy 

absorbed by the detector, and losses are from thermal conduction from the detector 

to the heat sink.11 Assuming the incident radiation is a periodic function (i.e., 

chopped) with frequency f=w/27r and amplitude $>, the temperature change is 

where a is the absorptance of the detector element, K is the thermal conductance of 

the film/substrate/heat sink combination and r is the thermal time constant. The 

(1) 

(2) 

iKv/l+(i)2T2
> 
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voltage responsivity, expressed in terms of Volts output per Watt input, can therefore 

be written 

There are two ways a change in temperature can cause a change in voltage 

across a HTS thin film, depending on what temperature region the film is held in. At 

temperatures slightly above the critical temperature, radiation-induced heating can 

cause a significant change in the resistance of the detector. In the HTS transition-

edge bolometer, the detector element is held at a temperature near the transition 

region, and is current biased. The change in voltage with temperature for this device 

is 

The bolometric response is thus proportional to the slope of the resistance-versus-

temperature curve, but the peak may be shifted slightly by the temperature 

dependence of the thermal conductivity. 

The other thermal response mechanism that may be found in HTS is thermal 

modulation of the critical current through a Josephson junction. This mechanism can 

(3) 

(4) 

which gives a bolometric voltage responsivity of 

(5) 
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occur only when the material is superconducting and, therefore, only at temperatures 

below the critical temperature. As described in Chapter 1, the critical current through 

a superconducting sample of HTS is strongly dependent on temperature. According 

to the resistively shunted junction (RSJ) model of the current through a series array 

of Josephson junctions, this temperature dependence has the form Ic « (1 - T/Tc)2.12 

Consider a two-fluid model for the current flowing through a Josephson tunnelling 

junction: a supercurrent that passes with no resistance and a normal-state current that 

must overcome the resistance of the junction. By current biassing the junction at or 

above the critical current, a reduction in the critical current gives rise to an increase 

in the normal current, and therefore to an increase in the voltage drop across the 

junction. The change in voltage caused by radiation induced heating in this HTS 

device then is 

(6) 

dV 
dT 

fa v) 
/ 

W \ 

( d L  

{ar) 
ay] 
diJ 

T) 
1 ~ 

and the voltage responsivity of this thermal mechanism is 

J® ) thorm 

' d V  
Blc 

\ c /  
1 -

vK^1 + (i)2X2 , 

(7) 

In the non-thermal response mechanism, photons incident on the detector 

element interact directly with the superconducting charge carriers, exciting them 
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across the energy gap. This creates a non-equilibrium excess of normal-state electrons 

(quasi-particles) in the superconducting material, and results in a change in voltage 

across a current-biased Josephson junction. The change in the number of quasi-

particles for each incident photon is equal to twice the quantum efficiency, since two 

electrons must be excited for each superconducting pair to be broken. The voltage 

responsivity for a device operating in this mode is 

where N is the quasi-particle density, rj is the quantum efficiency, and A/ftc is the 

number of interacting photons per watt of incident radiation. 

At temperatures above the critical temperature, the response arising from this 

mechanism will be zero, as there are no superconducting electron pairs to break up. 

Below Tc, the change in voltage across the device caused by the change in quasi-

particle density can be expressed in terms of a change in the energy-gap parameter, 

A, between the normal and superconducting states. Because there is an attractive 

interaction between pairs, as well as between electrons in a pair, the reduction in pair 

density reduces the energy-gap. Because the critical current is also a function of the 

energy-gap parameter, this response mechanism can be thought of as a critical 

current reduction caused by a non-equilibrium distribution of pairs and quasi-

particles. Therefore, 

(8) 

' d ¥ \  =  (at/l ( M c  

(9) 

UnJ ' (s/JUAJ 
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The RSJ model predicts that the temperature dependence of the change in critical 

current with gap parameter is given by 

and that the change in gap parameter with quasi-particle density is approximately a 

constant.13,24 The voltage responsivity of this photon response mechanism can, 

therefore, be written as 

When attempting to determine which type of response is observed in a HTS 

device, it is important to consider differences in the characteristics of the two 

response mechanisms. The thermal response mechanisms given by Equations (5) and 

(7) involve a photon-lattice interaction, resulting in heating and cooling of the 

detector element. Response times are limited by the thermal time constant to the 

order of milliseconds, as determined by the thermal properties of the film, substrate, 

and heat. sink. In addition, from Equation (5) we see that the bolometric response is 

proportional to the change in resistance with temperature, and will have a maximum 

value for temperatures near the transition region. In contrast, the response 

mechanism given by Equation (7) is not observed until below Tc, and increases as the 

temperature decreases. Because the thermal responses are proportional to the 

(10) 

(11) 
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amount of absorbed radiant energy, their spectral characteristics are determined by 

the absorptance of the detector material. 

The non-thermal response mechanism of Equation (11) involves a photon-

electron pair interaction, and is limited only by the recombination time of the charge 

carriers. This recombination time is predicted to be as short as 10"10 seconds, making 

this response mechanism orders of magnitude faster than the thermal response.15 

Equation (11) shows that this response is also expected to increase with decreasing 

temperature. Finally, a device operating in this non-thermal mode would have a 

response proportional to the number of incident photons. The response would 

therefore increase linearly with wavelength up to a cutoff wavelength determined by 

the energy required to break an electron pair. 
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CHAPTER 3: TESTING HTS THIN FILMS 

The HTS samples were characterized in a liquid-helium test dewar designed 

and built by Infrared Laboratories, Inc. for the University of Arizona's Optical 

Sciences Center.16 The dewar, shown in Figure 5, has two liquid cryogen vessels for 

cooling the test sample. A sample mounting assembly, consisting of a brass cold 

finger, a copper stage and a leadless-chip-carrier (LCC) socket, was designed 

specifically to provide both thermal and electrical contact to the HTS sample, as 

shown in Figure 6. To provide the necessary pressure for these contacts, a standard 

68-pin LCC socket was inverted and fitted over the top of the LCC. Four screws are 

tightened to apply an evenly distributed pressure, and to provide mechanical stability. 

The base of the inverted LCC socket had to be partially milled to allow optical access 

to the test sample. The mount proved to be a reliable means of providing electrical 

contact to the test sample through cryogenic cycling, while also providing good 

thermal contact between the LCC and the sample stage. 

A LakeShore model DT-470 temperature sensor is mounted to the copper 

sample stage, just above the cold finger. The cold finger is wrapped with a resistive 

nickel-chromium wire to provide a thermal gradient of 30 Kelvin per watt between 

the cold stage of the cryogen vessel and the temperature sensor, and to maintain the 
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sample stage at the desired temperature. When the inner vessel is filled with liquid 

nitrogen, the sample temperature reaches 78 Kelvin, with a hold time of 

approximately 48 hours. The lowest attainable sample temperature is 21 Kelvin, when 

liquid helium is used as the cryogen, with a hold time of about 12 hours. 

Optical access to the test sample is provided through a KRS-5 (thallium 

bromo-iodide) window, which has a transmission of 72% for wavelengths from the 

visible to greater than 30 microns. A multiposition filter wheel option is also available 

to enable characterization of the spectral response of the sample to blackbody 

radiation. Background radiation is suppressed by limiting the field of view of the 

sample to a full angle of 20.9 degrees with a 4 Kelvin cold aperture. 

A schematic of the test electronics is shown in Figure 7. The sample is 

mounted on a leadless chip carrier (LCC) and four wires are attached in a linear 

arrangement for the required electrical connections. The chip carrier is mated to its 

socket and placed in thermal contact with the copper sample stage above the cold 

finger, as described above. The temperature of the sample stage is monitored and 

regulated by a Lake Shore model 805 temperature controller, which provides a 

temperature stability of ±0.005 K for temperatures less than 100 Kelvin. The sample 

is current biased through the outer two electrical connections by a low noise Keithley 

model 220 programmable current source. The inner two contacts are used to monitor 

the voltage drop across the device. 



era* 

C/D o ET o» 
3 

o" 
& 5" 0Q 
3 
3 
o i-h 
w » 
3 
cT 
r? 

03 O 

03 
a CL 
2L ?T 
o 

o 3 

Dewar 

Chopped 
Radiation 

CW Loser Source 
[Choppei 

Test Sample 

bias (dc) 

0-

0" 

k 

Temperature 
• Sensor 

Controller 

Keithley 220 
Current Source 

^signal (gc) 

Keithley 619 
Multimeter 

/Ts/'N 

PAR 113 
Pre-amp 

LakeShore 805 
Temperature 
Controller 

HP 86 Computer 
— */ HP-IB Interface 

PAR 5210 
Lock-In Amplifier 



31 

Sample resistance versus temperature is measured using software written for 

a Hewlett Packard model 86 personal computer. The PC is interfaced to the current 

source and temperature controller, as well as a Keithley model 619 multimeter, 

through a HP-IB interface bus. The dewar is cooled to the lowest desired 

temperature and allowed to slowly warm up. The temperature is monitored by the 

PC through the temperature controller, and a DC current is applied to the sample 

at specified temperature intervals. The voltage drop across the device is monitored 

by the Keithley multimeter and recorded by the PC. To suppress any thermal emf, 

the voltage is measured for both bias polarities and averaged. This measurement 

technique gives resistance-versus-temperature curves for HTS samples that in most 

cases closely match the curves supplied by the sample manufacturer. 

For response measurements, light from the desired source is chopped with a 

mechanical chopper, and directed through the KRS-5 window to the sample. The 

radiative power incident on the sample is determined by placing a Laser Precision 

Corp. model Rk-5710 power radiometer in the same location as the sample. A 

Princeton Applied Research model 5210 lock-in amplifier, with reference channel 

tuned to the mechanical chopper frequency, is used to measure the AC voltage drop 

across the inner two contacts to the sample. The output signal and noise are 

measured while varying the parameters of temperature, bias current, chopper 

frequency and source wavelength, to determine the desired response characteristics. 
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Establishing a method to provide reliable, low-resistivity electrical contacts to 

the HTS sample proved a difficult problem to solve. Initially, contacts were made by 

attaching thin copper-wire leads to the sample surface with an electrically conductive 

silver epoxy or silver print. Contacts made by this method were generally 

characterized by a fairly high resistivity, and occasionally showed increasing resistivity 

with decreasing temperature. These contacts often failed mechanically during 

cryogenic cycling, becoming detached from the sample before reaching the critical 

temperature. It is believed that a layer of surface contamination caused by a reaction 

of the HTS sample with the atmosphere contributed to this problem. 

The electrical contact problem was solved by sputtering a noble metal through 

a shadow mask to form contact pads directly on the surface of the HTS sample. 

Contacts with good mechanical strength and low resistivity are produced by sputtering 

a 1000-A-thick pad of gold, or silver, or a 60/40 alloy of gold-palladium, and attaching 

leads to the pads with either silver print or epoxy. The best contacts were made by 

sputtering a contact pad of silver, and bonding gold leads to the pad with an 

ultrasonic wire bonder. Other methods reported in the literature involve depositing 

metal contact pads in situ, or annealing the sample after depositing the metalization.17 
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CHAPTER 4: EXPERIMENTAL RESULTS 

As this project involved evaluating (rather than fabricating) HTS thin films for 

use as optical detectors, samples had to be obtained from outside sources. Over the 

course of this project all samples that became available were tested as received, with 

no effort made to pattern the films into a geometry that might increase the 

magnitude of the optical response. Samples tested in the early stages of the research 

did not exhibit a repeatable optical response, but were used to establish a test 

procedure and to solve the problem of making electrical connections to the samples. 

An optical response was observed in several samples tested from April through 

October 1989, as reported elsewhere.18 This report is concerned with measurements 

taken to identify response mechanisms in HTS thin films during the period January 

through June 1990. 

The first sample tested (HCAO-1) was received from the Center of Applied 

Optics at Huntsville, Alabama. It is a Y1Ba2Cu3Ox thin film approximately 1 cm 

square and 0.5 /im thick deposited by RF sputtering from a composite target onto a 

strontium-titanate substrate. The as-deposited thin film was annealed in a reducing 

atmosphere at 875 ° C for approximately one hour to incorporate the proper amount 

of oxygen. SEM micrographs of the sample (Figure 8) reveal a film composed of 
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Fig. 8 SEM micrographs of sample HCAO-1 
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needle-like crystals randomly oriented in the plane of the film. The current-voltage 

characteristic of the sample at 21 Kelvin is shown in Figure 9. The sample displays 

characteristic Josephson-junction behavior and indicates that the critical current at 

this temperature is approximately 2.5 mA. The resistance-versus-temperature curve 

(Figure 10) for this sample is typical of a granular film, showing a very broad 

transition that begins near 80 K, but it is not fully superconducting until below 40 K. 

The temperature dependence of the response for this sample to 1.5 mW of 

0.63 radiation chopped at 5 Hz with a constant bias current of 10 mA is shown 

in Figure 11. Comparing these results to the temperature dependence of the slope 

of the resistance-vs-temperature curve (Figure 12) shows that they have the same 

shape: both displaying two peaks -- one near 75 K and one around 50-55 K. The 

response does not vanish when dR/dT goes to zero near 35 K, and is still observed 

at the lowest attainable temperature of 20 K. The response in the transition region 

is clearly bolometric, but the low-temperature response (below 35 K) is not so easy 

to identify. 

The wavelength dependence of the optical response (Figure 13) was 

investigated for two different temperature regions: one near the onset of the 

transition where the response is purely bolometric, and one below the critical 

temperature. The low-temperature response is compared to the bolometric response 

to determine if there is any evidence to support a photon response mechanism. The 

spectral characteristics of the bolometric response are assumed to arise from the 
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Fig. 9 Current-voltage characteristics for sample HCAO-1 at 21 Kelvin. 

Tamporoture (K) 

Fig. 10 Resistance-vs-temperature curve for sample HCAO-1 with 1-mA 
bias. 
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Temperofure (K) 

Fig. 11 Temperature dependence of response to 1.5 mW of 0.63-^m 
radiation chopped at 5 Hz for sample HCAO-1 with 10-mA bias. 
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Fig. 12 Temperature dependence of the slope of the resistance-vs-
temperature curve for sample HCAO-1. 
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Frequency dependence of response to 1.5 mW of 0.63-/xm 
radiation for sample HCAO-1 with 10-mA bias at temperatures 
above and below the critical temperature. 
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wavelength dependence of the amount of absorbed radiation. As shown in the figure, 

the low-temperature response has spectral characteristics that are somewhat similar 

to those of the bolometric response. The temporal characteristics of the response in 

either temperature region are compared in Figure 14. In both temperature regions, 

the response falls sharply with increasing frequency at very low chopping frequencies. 

The 3-dB point for the bolometric response regions is about 15 Hz, which indicates 

a time constant greater than 10 millisecond. The low-temperature response falls off 

somewhat faster, with a 3-dB point of roughly 10 Hz corresponding to a 15 

millisecond response time. 

Figure 15 shows SEM micrographs of a sample (SNL-3) obtained from Sandia 

National Labs. This is a DyBa2Cu3Ox - the same structure as YBCO but with 

dysprosium substituted for yttrium - thin film approximately 0.5 cm by 1 cm and 0.3 

ixm thick. It was deposited by molecular beam epitaxy onto a strontium titanate 

substrate and underwent a post-deposition anneal. The figure reveals a film that is 

mostly epitaxial with a few defects, at 2000 times magnification. At 10,000X 

magnification the SEM shows that this film is composed of small crystals about 

0.25 fim wide and up to 1 jim long in a sort of woven pattern. The current-voltage 

characteristic of the sample at 50 K (Figure 16) displays typical Josephson-junction 

behavior, and reveals that the critical current is about 4.5 mA. The critical current 

at 20 K could not be determined because of limitations imposed by the current leads 

attached to the film, but there was no measured resistance for bias currents up to 



Fig. 15 SEM micrographs of sample SNL-3 
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Fig. 16 Current-voltage characteristics for sample SNL-3 at T=50 K. 
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Resistance-vs-temperature curve for sample SNL-3 with 1-mAbias. 
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100 mA. The resistance-versus-temperature curve (Figure 17) shows a relatively sharp 

transition to the superconducting state and a critical temperature of about 55 K. 

The results of measurement of the optical response for this sample are shown 

in Figures 18-21. These results are similar to those for sample HCAO-1. The 

temperature dependence of the response for sample SNL-3 (Figure 18) peaks at the 

point of maximum change in resistance with temperature (Figure 19), but does not 

disappear at temperatures below the critical temperature. The frequency dependence 

of the response (Figure 20) for temperatures above and below the critical 

temperature are very similar, with a time constant of about 13 millisecond. The 

wavelength dependence of the response (Figure 21) is also similar to that of sample 

HCAO-1, although the response at T < Tc is spectrally flat in this sample. It is 

interesting to note that a response was observed at temperatures below the critical 

temperature when the film was biased below the critical current. Figure 22 shows the 

current-voltage characteristics of the sample at 40 K, and indicates that the critical 

current has risen to above 30 mA. A slight response was observed at this 

temperature, however, when the sample was biased with just 1 mA. 
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Temperature dependence of response to 1.5 mW of 0.63-/im 
radiation chopped at 5 Hz for sample SNL-3 with 1-mA bias. 
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Fig. 19 Temperature dependence of the slope of the resistance-vs-
temperature curve for sample SNL-3. 
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Frequency dependence of response to 1.5 mW of 0.63-jum 
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Fig. 22 Current-voltage characteristics for sample SNL-3 at 40 K. 
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CHAPTER 5: CONCLUSION 

Since the discovery of HTS materials in 1986, there has been a great deal of 

research interest in their application to optical radiation detection. This interest has 

been fueled by the potential for a fast detector that operates at elevated 

temperatures and is sensitive to low-level optical signals ranging from the visible to 

the far infrared. A number of researchers have investigated optical response in thin 

films of HTS, but have reached little or no consensus about the response mechanisms 

involved. 

Possible optical response mechanisms in HTS thin films have been identified; 

relations describing their characteristics were developed in Chapter 2. The response 

at temperatures above the critical temperature is determined to be attributable only 

to a thermal (bolometric) response mechanism and has the form 

while the response at temperatures below the critical temperature may be due to 

either thermal or non-thermal response mechanisms. The thermal response 

mechanism is not bolometric in this temperature regime, but involves the temperature 

(5) 
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dependence of the critical current through the sample. This thermal response is 

governed by the relation 

Unlike the thermal response mechanism, the non-thermal response mechanism 

involves an interaction between incident photons and the superconducting charge 

carriers. This response mechanism is given by 

A HTS thin film characterization lab has been established at the University 

of Arizona's Optical Sciences Center to test for and to characterize the optical 

response in these materials. This facility consists of a modified liquid-helium dewar, 

visible and infrared coherent sources and power supplies, a blackbody source and 

controller, a mechanical light chopper, low-noise bias and measurement electronic 

equipment, and a personal computer and specialty software for test monitoring. HTS 

thin films were obtained from outside sources and evaluated in this facility. Several 

samples exhibited an optical response. The thermal, spectral and temporal 

characteristics of the optical response were determined for two of these samples. 

The optical response in both samples was similar. At temperatures above the 

critical temperature, the magnitude of the response followed closely the slope of the 

resistance versus temperature curve for the sample, indicating that the bolometric 

(jo .« (• (1-J] (_ 
W I e) kic/f 

(7) 
a 

(11) 
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response mechanism given by Equation (5) dominates in this temperature region. The 

response times in this temperature region are also indicative of a bolometric response 

mechanism, with thermal time constants on the order of 0.01 seconds. The differences 

in the response times of the two samples is attributed to their different thermal 

conductivities. 

The wavelength dependence of the bolometric response is more difficult to 

interpret. The only parameter in Equation (5) that has a wavelength dependence is 

the absorption coefficient. Measurements of the reflectance and transmittance of thin 

films of YBCO indicate that the absorption spectrum is fairly flat from 0.5 nm to 

about 10 nm, while the measured response has a strong wavelength dependence.19 

One explanation for the observed wavelength dependence may be that reflection is 

affected by surface roughness with a corresponding affect on the amount of incident 

radiation absorbed. For wavelengths on the order of the mean surface roughness, the 

reflection coefficient varies linearly with wavelength, while for wavelengths much 

larger than the mean surface roughness, the reflection coefficient is wavelength 

independent. Based on SEM micrographs of the two samples, the effects of surface 

roughness would be expected to yield a linearly decreasing response out to 10 /xm for 

sample HCAO-1, and a response that levels off at about 2.5 fim for sample SNL-3. 

Such behavior was observed for the samples in the temperature region above Tc. 

At temperatures below Tc the response mechanism cannot be bolometric, 

because the change in resistance with temperature is zero. Equations (7) and (11) 
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both predict a response that increases with decreasing temperature. The measured 

temperature dependence of the response is fairly flat from 35 to 20 Kelvin for sample 

HCAO-1, while for sample SNL-3 the response decreases and is barely observed at 

40 Kelvin. One explanation for this observation is that the radiation-induced heating 

causes a temperature change of several degrees Kelvin, resulting in a small 

bolometric response when the detector temperature is held below the critical 

temperature. The response time of sample SNL-3 is nearly the same below Tc as 

above it, while the response time of sample HCAO-1 increases by almost a factor of 

two when it is cooled from 80 to 20 Kelvin. This is in good agreement with measured 

values of the thermal conductance of these materials.20 The temporal characteristics 

of the observed response suggest that a thermal response mechanism is responsible 

for the observed response below the critical temperature. The wavelength 

dependence of the low-temperature response does not increase linearly, further 

evidence that the response is not due to a photon response mechanism. 

Although the results reported here suggest that a photon response mechanism 

is not observed in HTS thin films, there is reason for further study. The samples 

evaluated in this project were obtained from outside sources and tested as received. 

Tailoring of the samples for detector applications could certainly improve the results, 

and perhaps yield the desired photon response at temperatures below Tc The 

samples received were all large area films, typically 0.5 cm square. These films consist 

of a large number of Josephson junctions arranged in series and in parallel. Because 
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the signal of series junctions will add coherently while the noise will not, the signal-to-

noise ratio can be increased by patterning the sample into a microbridge or meander 

geometry and restricting the junctions to a series array. The films tested were also 

somewhat thicker than the reported penetration depth in HTS. Because photons can 

only break superconducting pairs up to this depth, the photon response mechanism 

may effectively be short circuited by the remainder of the film. Film thickness also 

has an effect on the response time in a bolometric mechanism, because heat can be 

removed faster from a thinner film. Future research should emphasize the geometry 

of the sample in an effort to isolate the photon response mechanism and to improve 

the bolometric response. 

In conclusion, an optical response in HTS thin films has been observed at 

temperatures in the transition region, as well as below the critical temperature in the 

superconducting region. The spectral and temporal characteristics of the response 

have been characterized, yielding results that are very similar in both temperature 

regions. These results clearly suggest that the response observed at temperatures 

below the critical temperature arises from a thermal mechanism, rather than from a 

photon response mechanism. 
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