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Chapter 5

THE TRANSITION-EDGE MICROBOLOMETER (TREMBOL)

Operation of detectors at low temperatures has the advantages of lower noise

and better thermal conditions.  But detector responsivity for conventional

bolometers suffers from a drop in α as the temperature is lowered.  The large α for

a superconductor at its transition between normal conductivity and

superconductivity makes it an ideal detector material for low temperature

applications.  Figure 5.1 shows the resistive transition of a 250 mil long by 50 mil

wide lead resistor.  This transition is very steep, with a dR/dT of about 3.7 Ω/K.  If

a Pb detector could be biased near the center of this transition, it could be highly

responsive.  However, it may be difficult to control temperature to the center of

such a narrow transition.

In this chapter, the    tr   ansition-   e   dge      m     icro    bol   ometer (TREMBOL) is

introduced.  Following a brief background over superconducting bolometers, a

TREMBOL structure will be presented which uses the low transition temperature

(Tc) element Pb as the superconductor.  Then, several structures will be presented

which could result in useful devices.  The equipment used to test these devices near

liquid helium temperatures is then described.  The chapter concludes with directions

for future research.

5.1 Background of Superconducting Bolometers

Both conventional and composite superconducting bolometers have been

fabricated.  Conventional-type superconducting bolometers are large area structures

where the detector film also acts as the radiation absorber.  These have been built

using tin [1-234] and niobium nitride [5-67].  The first bolometer to actually utilize

the superconducting transition was a composite structure using a blackened

aluminum foil absorber in conjunction with a tantalum temperature sensor [8].

Another such composite structure makes use of aluminum as the temperature sensor

and bismuth
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Fig. 5.1: The resistive transition for a 50 mil wide, 250 mil long,
1000 Å thick Pb resistor.

as the absorber [9].  Recently, an infrared detector which utilizes a weak-link

mechanism rather than a bolometric type mechanism has been fabricated using a

bulk high transition temperature superconductor (HTcS) [10].  Other works have

focussed on using superconductors for optical and far-infrared detectors [11-
12131415].

The feasibility of a conventional-type bolometer using the transition of a HTcS

film has been discussed by Richards, et al. [16].  They obtained estimates of the

sensitivity for such a bolometer by carefully measuring the resistance and the low

frequency noise in the transition region of several HTcS samples.  By assuming that

sensitivity is not limited by thermal conductance out of the device, a noise equivalent

power (NEP) as low as 10-12 W/ Hz  was postulated.

The idea of coupling a small superconducting bolometer to a planar integrated

antenna was first suggested by Neikirk [17].  An antenna-coupled superconducting

bolometer structure must perform three functions.  It must absorb power from the

antenna (i.e. it must provide a matched load to the antenna impedance).  It must

sense temperature changes due to the absorbed power (i.e. there must be a thermal

detector).  And finally, it must bias the superconductor to its transition
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temperature.  If the ambient temperature is maintained below the transition

temperature, a heater can be used to provide this bias.  These three elements are not

necessarily separate.  In the simplest configuration of the TREMBOL, for instance,

the superconducting film would act as both the load and the detector.  In this case,

the heater must be separate, and most likely would control the overall temperature to

bias the entire array at the transition point.  Such a TREMBOL is discussed in

section 5.2 using lead as the superconducting material.  The feasibility of a HTcS

TREMBOL structure with an NEP as low as 2.5 x 10-12 W/ Hz  has recently

been discussed by Hu and Richards [18].

A problem with this simplest configuration of the TREMBOL is that the

superconducting thin film resistivity throughout the transition region may be too low

to provide a matched load to the antenna.  A 4 µm x 4 µm square of 1000 Å thick

YBCuO type superconducting thin film would have a transition region resistance of

no higher than about 20 Ω.  Typical planar antennas, on the other hand, generally

have impedances in the 100 - 300 Ω range.  One structure which could possibly

match to a HTcS resistor is a twin slot antenna [19,20] which is separated from the

detector by a thin dielectric.  It is theoretically possible to achieve antenna

impedances as low as 5 Ω with these slot antennas.

Two other ways to overcome the matched load problem are to place the

superconducting detector in series contact with a resistive load, or to build a

composite TREMBOL structure.  These methods are discussed in sections 5.3 and

5.4.

5.2 The TREMBOL using a Conventional Superconductor

To investigate the TREMBOL, a lead detector element coupled to a bow-tie

antenna was fabricated.  Pb was chosen as the detector material because its

transition temperature is above the boiling point of liquid He, and because it is easy

to evaporate.  TREMBOLs made with niobium and lead bismuthide were also

attempted.  However, fabrication of a good Nb superconductor requires high

vacuum and rapid evaporation rates, conditions very difficult to obtain in our

vacuum system.  Also, even though PbBi is easy to evaporate, it forms a

discontinuous film unless it is evaporated on a cold substrate (on the order of 77 K).
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Pb is not without its own problems; our devices oxidized and became useless after

about 48 hours of exposure to air.

The devices fabricated were 4.5 µm long, 5.0 µm wide, and 1000 Å thick Pb.

Prior to device fabrication, gold contact pads were electroplated on the glass

substrate.  The antenna metal was gold, and chrome was used to promote adhesion.

The Pb detector/Au antenna devices were fabricated using the photoresist bridge

technique described in chapter 3.  Following liftoff, the chip was stored in a

desiccator to slow down oxidation of the Pb elements.  Immediately prior to testing,

the devices were wire-bonded to the printed circuit board used in the cryogenic

testing apparatus.  Aluminum wire was used, since it bonds quite easily to

electroplated gold.  Figure 5.2 shows the placement of the wire bonds to the tested

TREMBOL.  For maximum accuracy, a 4 point current-voltage test is desired as

close as possible to the superconducting element.

electroplated gold

 aluminum wire

 bowtie antenna

 detector

V- I-

V+ I+

Fig. 5.2: The 4-point measurement setup for the Pb TREMBOL.
Aluminum wire is thermosonically bonded to electroplated gold contact
pads.
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Preliminary evaluation of the TREMBOL requires a resistance plot across the

transition, and the resistance across the device as a function of power dissipated in

the element (Chapter 2 discussed how these parameters can give the dc responsivity

of a microbolometer).  Figure 5.3 shows the Pb TREMBOL’s resistive transition.

The resistance was calculated based on the slope of the I-V curve from 0 to 1 mA at

each temperature tested.  Notice that there is a ‘foot’ at the base of the transition

which was not present for the larger Pb resistor R-T plot of Fig. 5.1.  This is most

likely ‘weak-link’ type behavior, resulting from finite sized crystals in the small

detector.  The dR/dT slope in the region represented by the dashed line is 3.6 Ω/K,

which is about the same as for the larger resistor of Fig. 5.1.

The resistance of the TREMBOL as a function of power dissipated is shown

in Fig. 5.4 at three temperatures near the transition.  If the device is biased at too

low a temperature (the curve for 7.46 K), the detector will remain superconducting,

and there will be no Joule-heating of the element.  Thus, no transition is seen for the

7.46 K plot.  At 7.66 K, the device is biased at a high enough temperature to

experience the transition.  At 7.75 K, which lies just about in the center of the
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Fig. 5.3: The resistive transition for the 4.5 µm long, 5.0 µm wide,
1000 Å thick Pb TREMBOL.
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Fig. 5.4: Resistance-Power plots at various temperatures near the
transition for the Pb TREMBOL.

dashed transition region shown in Fig. 5.3, the dR/dP plot starts out quite steep.  It

levels off because at sufficient power dissipated, the device is driven beyond the

transition region.  The parameters of interest for this device are summarized in

Table 5.1.  Best dc responsivity of 274 V/W was calculated at 7.75 K.

The TREMBOL has also been examined using the simple thermal model

developed in chapter 2.  One significant difference is that the dR/dT slope for a

superconductor is positive and very steep compared to the dR/dT slopes of Bi and

Te.  The model responded to the steep slope by undergoing a thermal runaway

when just the dR/dT slope was considered.  That is, as temperature rose within a

finite element of the detector, its resistance increased.  This increased resistance

produced more heat for a given bias current, resulting in higher temperature, etc.

To prevent this thermal runaway, the leveling off of resistance at the top of the

transition was included in the model.  Since the thermal conductivity of the antenna

metal is very high at cryogenic temperatures, the peak temperature in the Pb element

reached only to about the top of the transition (about 7.81 K) for the 7.75 K ambient

case of Table 5.1.  The glass substrate thermal conductivity is very low at this
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Temperature
(K)

Bias current
(mA)

dR/dP
(kΩ/W)

Zth
(K/mW)

rdc
(V/W)

Pb: 7.66 1.75 138 38 242
7.75 1.0 274 76 274

Bi: 300 1.0 -20 -67 -20

Table 5.1: Performance of the Pb TREMBOL operated near the middle
of the transition regions shown in Fig. 5.4.  dR/dP is the slope in the
steepest region of each plot, centered at the bias current given.  Also
calculated is the thermal impedance Zth, and the responsivity rdc.  For
comparison, values for a room temperature Bi microbolometer are
included [17].

temperature, so there was little heat conduction into the substrate.  For higher

temperature rises, and therefore higher responsivities, a superconductor with lower

thermal conductivity is desired.

In actual operation, the Pb TREMBOL would have a severe problem coupling

to the bow-tie antenna since its middle of the transition resistance is only about

700 mΩ.  The following two sections suggest methods for improving coupling of

these kind of low resistance detectors to planar antennas.

5.3 The TREMBOL with Series-Added Resistance

One way to overcome the mismatched load problem is to place the

superconducting detector in series contact with a resistive load, as shown in Fig.

5.5.  The series resistance combination would form a load matched to the antenna.

As a rule of thumb, such a structure would only be feasible if the resistance of the

superconducting portion (in the middle of its transition) is no less than one-tenth the

value of the resistive load.  Some of the high temperature superconductors have

resistances high enough for this purpose.

If a TREMBOL structure is considered which has a HTcS film in series with a

load resistance, the temperature coefficient of resistance αTR for the complete device

can be estimated.  The literature reports a considerable range of resistivity values for

HTcS films.  A rather high value of ρ = 200 µΩ-cm has been reported [16] which

leads to a resistance of 20 Ω for a 1000 Å thick square of HTcS material.  If this is
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 substrate

Load

(a)

 Superconductor

 Antenna

Fig. 5.5: TREMBOL structure where the superconducting detector is
series connected with a resistor to create a load impedance matched to
the antenna.

placed in series with an 80 Ω resistor (assumed to have a zero α ), and assuming an

α for the HTcS film of 0.5 K-1 , then αTR is calculated to be 0.10 K-1.

The responsivity of a TREMBOL which has a HTcS detector placed in series

with a load resistor can be compared to the responsivity of a bismuth

microbolometer.  Responsivity r  in volts per watt is given by

r  = Vb α ZT (5.1)
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where Vb is the voltage bias across the bolometer, α is the temperature coefficient of

resistivity in K-1, and ZT is the thermal impedance of the device in degrees K per

watt.  ZT is approximately the inverse of the thermal conductance out of the device,

and depends on the thermal conductances of the substrate, detector, and antenna

materials.  It is also dependent on the device thermal mass, but this effect can be

ignored for low modulation frequencies.  Assuming that Vb and ZT are about the

same for both the bismuth microbolometer and the TREMBOL, then the

TREMBOL's responsivity rTR is related to the bismuth microbolometer's

responsivity rBi by

rTR
rBi

   = 
αTR
αBi

 (5.2)

where αTR and αBi are for the TREMBOL and the bismuth microbolometer,

respectively.  A typical thin bismuth film has an α = -0.003 K-1 .  The TREMBOL

structure with series added resistance therefore has the potential for thirty times

better responsivity than a conventional Bi microbolometer.

Two other considerations need to be mentioned concerning this comparison.

First, it is not clear how much bias current a HTcS TREMBOL can handle in the

transition region.  A bismuth film can handle up to 106 A/cm2.  Therefore, unless

the HTcS film can withstand such current densities (which are near the maximum

values reported in the literature), the performance ratio will be less.  Second, a

driving force behind the TREMBOL is the need for a sensitive broad-band detector

of far-infrared radiation.  Sensitivity of such a device is improved at low operating

temperatures because there is less thermal noise.  The TREMBOL would operate in

the temperature vicinity of liquid nitrogen; the comparison above considers the

responsivity of a Bi microbolometer at room temperature.  Actually, at liquid

nitrogen temperature the magnitude of αBi is much lower [21], and  rBi will

therefore be much smaller.
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5.4 Composite TREMBOL

Another solution to the mismatched load problem is to separate the load from

the detector in a composite TREMBOL structure (Fig. 5.6).  This type of device

follows from the research using Te as the detecting element in a room-temperature

antenna-coupled composite microbolometer [22].  The load, which is matched to the

antenna, may now also serve as the heater by applying a dc bias through the antenna

leads.  The superconducting detector element is in intimate thermal contact with, but

is electrically isolated from, the load/heater element.  Changes in heater temperature

will be quickly followed by changes in detector temperature.  As the detector

changes temperature in the transition region, large changes in resistance will occur,

which are measured with a current biasing circuit.  Using the kind of analysis found

in section 5.3, the TREMBOL should have a responsivity almost two orders of

magnitude greater than that of a bismuth microbolometer.

An advantage of this device is that the entire substrate can be cooled to below

the transition temperature, and the detector can be "turned on" by applying a biasing

current through the heater element.  This can be quite useful for multiplexing as

discussed in section 5.4.1.   The superconducting film may also be used as a low-

loss signal line away from the detector, since the entire structure is cooled to below

the transition temperature.  The device speed is limited by both the thermal mass of

the heating element and by the thermal conductance between the heater and the

detector.  The detectable FIR frequency will be limited by the detector to load

capacitance, and therefore the overlap area must be kept small.  For a 4 µm x 4 µm

detector separated from the load by 1000 Å of SiO2, capacitance limits operation to

below 100 GHz (see section 5.4.2).

Fabrication of the composite TREMBOL involves a choice of superconducting

and resistive heater materials.  The resistance of the heater material must be known

over the temperature range of interest, and the proper dimensions must be chosen to

achieve an impedance match with the antenna.  Resistive heater candidates include

nichrome and bismuth.  Superconducting materials include the low Tc

superconductors (such as tin, niobium, lead, and lead bismuthide), and the new

high transition temperature superconductors.  The HTcS materials, primarily
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substrate

Antenna load/heater

insulator

signal line

superconducting detector

Fig. 5.6: Cross section (a) and top view (b) of a composite TREMBOL.
Radiation is coupled into the load/heater by the planar antenna structure,
causing a rise in the temperature of the load.  Due to the intimate thermal
contact between the load and the superconducting detector, the
resistance of the TREMBOL changes.  This resistance change is sensed
by the signal line.
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YBaCuO compositions and related compounds, were discovered by Bednorz and

Müller [23], and improved upon by a host of researchers (see [24,25] and references

contained therein).  A variety of techniques can be used to deposit thin films of these

materials [26-2728].  One way to fabricate a composite TREMBOL would be to use a

photoresist lift-off technique for patterning the superconducting thin film.

Following the deposition, patterning, and high temperature anneal  of this film, a

thin (1000-2000 Å) layer of silicon nitride or silicon dioxide would be deposited

over the superconductor.  This layer would serve as the electrical insulator, but is

thin enough to be a good thermal conductor.  Finally, the antenna/heater would be

fabricated by the usual photoresist bridge technique used to make bismuth

microbolometers [29].

Consideration must also be given to annealing and substrate effects, since

some of the more commonly cited substrate materials upon which superconducting

thin films are deposited (such as strontium titanate) are not particularly good rf

substrates.  The more common substrates used in microwave circuits have thus far

produced inferior YBaCuO films; for instance, sapphire tends to dope the YBaCuO

with Al during the high temperature anneal, which seriously degrades the film.

Recently, however, a high Tc superconductor was successfully deposited on a

LaAlO3 substrate [30], which has desirable rf properties.

5.4.1 Matrix Addressing in a Composite TREMBOL Array

There are a variety of applications for microbolometer arrays in the FIR

spectral region that require imaging, which is the mapping of the radiation intensity

of a distributed source [31,32].  A single detector with mechanically scanned optics

may be too slow to build up an image, especially in applications where the required

integration time is long (astronomy), or where events occur quickly (plasma

diagnostics).  Thus, an array of detectors is highly desirable for imaging.  A number

of one dimensional line arrays have been fabricated using conventional bismuth

microbolometers [33].  To image two dimensional objects, however, these line

arrays still require mechanical scanning in the direction orthogonal to the array axis.

Two dimensional arrays using conventional microbolometers have proven to

be very difficult to design, since it is not possible to matrix address resistors.  A
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unique feature of the composite TREMBOL, however, would allow each individual

detector in a 2–D array to be matrix addressed.  Figure 5.7 shows a simple 3 x 4

array where each TREMBOL heater is connected to two address lines (row and

column), and the detector element is connected to a signal line.  If the entire array is

chilled to below the superconducting transition temperature, then without an applied

heater bias the detectors will act as electrical shorts.  A specific detector may be

turned on by setting the appropriate pair of heater address lines high and low.  Only

the signal generated by the activated detector will be transmitted out the signal line

since all the other detectors on the line will be at zero resistance.  In actual operation,

a clocked cycle could be used to sample data out of one row at a time.

Proper operation of a TREMBOL array would require that each device be

biased at its transition temperature.  This may be difficult in an array where the

heater resistance will vary from device to device.  In this case, a look-up table could

be used to set each device's bias across the heater to a predetermined optimum

value.

5.4.2 Capacitive Roll-Off in a Composite TREMBOL

A capacitance exists between the superconducting detector and the load/heater

of the composite TREMBOL which will set an upper limit on the frequency of

radiation it can detect.  An electrical representation of the composite structure is

shown in Fig. 5.8.  In this figure, Rh is the load/heater resistor, Rd is the resistance

of the HTcS detector, and C is the capacitance between the load/heater and the HTcS

detector.  Assuming the simplest case where the impedance of the antenna is purely

real (i.e. the antenna is resonant),

Zant = 1
1

Rh
 + 1

Rd + 1
jωC

 = 1
1

Rh
 + 1

Zd

 (5.3)
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Fig. 5.7: Multiplexing in a composite TREMBOL array.  A 3 x 4 array
is shown where each device consists of a heater connected to two
address lines and a detector connected to a signal line.  The device is
turned on by applying enough heat to bring the detector to the center of
the transition region.
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Z ant Rh

C

R d

Fig. 5.8: Equivalent circuit of a composite TREMBOL.  For maximum
transmission of energy, the antenna impedance Zant is matched to the
parallel combination of the load/heater resistance Rh and the detector

impedance Rd + (jωC)-1.

where Zant is the antenna impedance, ω is the angular frequency, and the magnitude

of the detector impedance Zd is indicated by absolute value bars.  The capacitance C

is desired minimum, and is given by

C = εr εo A
d

(5.4)

where an insulator of thickness d and relative dielectric constant εr separates the

load/heater from the HTcS detector, which has an area A.  If a 1000 Å thick layer of

SiO2 is used as the electrical insulator, and the area is 4 µm x 4 µm, then C =

5.4 x 10-15 F.  The area considered in this example is a minimum capacitive area,

assuming a signal line running perpendicular to the direction of the bow.  In the

present TREMBOL configuration, the signal line runs along the top of the antenna,

which would result in a severe capacitance problem.

The HTcS detector resistance for a 1000 Å thick square with ρ = 200 µΩ-cm

is just 20 Ω.  Using these values, the magnitude of the detector impedance is

determined for several frequencies below.  If the heater/load resistance is chosen as

100 Ω, then the total impedance of the composite TREMBOL, Rh || Zd, can be

calculated.  This data shows that reasonable coupling is possible between an antenna

of impedance 100 Ω and the composite TREMBOL for frequencies below
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100 GHz.  However, given the present composite TREMBOL configuration with

the signal line lying atop the bow arms, the capacitance could prove fatal.  More

study is needed to verify the feasibility of this device.

frequency (Hz) |Zd| (Ω) Rh||Zd (Ω)

1010 3000 97

1011 300 75

1012 36 26

1013 20 17

Table 5.2: Composite TREMBOL impedance as a function of
frequency.

5.5 Cryogenic Apparatus

Operation of superconducting detectors requires a low temperature

environment.  This low temperature has been achieved for the most part by using

liquid He (boiling point 4.2 K) for low Tc superconductors, and liquid nitrogen

(boiling point 77.3 K) for the high Tc superconductors.  Closed cycle refrigerator

systems are also used.  These are especially important in space applications, where

replacement of liquid coolant is impractical.  These units are typically multistage

refrigerators employing a Joule-Thompson expansion [34-3536].

In the study of the low Tc superconducting TREMBOL, liquid He was used to

achieve temperatures down to 5 K.  A sample rod was built which allows control of

substrate temperature while immersed in liquid Helium.  A simple sketch of the

dewar assembly and sample rod is shown in Fig. 5.9.  Prior to immersion, the

sample rod is evacuated and flushed several times with He gas.  Then, it is

precooled by immersing in liquid nitrogen.  After slowly inserting the cooled rod

into the He dewar, the pressure of He gas is increased to about 1 torr.  This gas

provides for most of the thermal conduction between the outer walls of the sample

assembly and the copper sample plate.  The low thermal conductivity of stainless

steel provides a good thermal barrier to the outside ambient temperature.
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Fig. 5.9: Sketch of the helium dewar and sample rod assembly shows
basic operation.  Temperature of the copper plate (sample holder) is
maintained by control of He gas pressure in the rod in addition to a
small heater mounted on the plate.
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The sample plate is shown in expanded view in Fig. 5.10.  Temperature

control is maintained by a feedback loop between the temperature sensor and the

heater.  A Lakeshore Cryotronics Temperature Controller (Model DRC81C) is used

in conjunction with a Lakeshore silicon diode temperature sensor (DT-470-BO-13),

and the heating element is a 63 Ω, 5 W resistor which is in good thermal contact

with the copper sample plate.  The temperature sensor is mounted on a small copper

block, which is also in good thermal contact with the sample plate.  To prevent any

temperature reading problems due to lead resistance, a 4-point type connection is

made very close to the temperature sensor.  Using this setup, the temperature is

controllable to within 0.01 K for any selected temperature between 5 and 8 K.

5.6 Direction of Future Research

In this chapter the TREMBOL (transition-edge microbolometer) and the

composite TREMBOL have been introduced as detectors for FIR imaging arrays.

The TREMBOL utilizes a superconductor's sharp change in resistance at the normal

conduction to superconduction transition.  The structure of the composite bolometer

enables heating of the individual detectors in an array up to their transition

temperature, and can thus be used in multiplexing, which would be very

advantageous for two-dimensional arrays.

Much work remains, however, to characterize the TREMBOL.  A more

thorough study of the Pb device is needed, perhaps with the inclusion of a

polyimide passivating layer to protect the Pb from oxidizing.  Other

superconductors could be investigated for this application, including the high Tc

superconductors.  With the HTcS, the series-added resistance structure, as well as

the composite TREMBOL, could be studied.

A composite TREMBOL mask set is presently being designed which will

provide for electroplated contacts on both the load/heater level and on the signal line

level.  It will also contain a number of test structures, including a signal line

perpendicular to the bow-tie antenna.  This mask set will also allow further

evaluation of the composite microbolometer introduced in chapter 3.
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Fig. 5.10: Expanded front and back views of the 3/4” x 2” copper
sample block attached to the end of the cryogenic sample rod.  An
enlarged representation of a wire-bonded device is also shown.
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