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SUPERCONDUCTIVE BOLOMETERS FOR SUBMILLIMETER WAVELENGTHS "
J. Clarke, G. I. Hoffer, P. L. Richards, and N.-H. Yeh

Department of Physics, University of California
and Materials and Molecular Research Division
Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT

Three types of composite superconductive bolometer are described
in which the temperature sensitive element is a superconducting film at
the trénsition temﬁerature, a superconductor-normal metal—suﬁerconductor
Josephson junction, or a supercondu¢tor—insulator—normal metal quasipafticle
tunneling junction. The temperature sensitive element isvevaporated onto
a sapphire substrate on the feverse.side of which is a bismuth film to
abéorb the submillimeter radiation. The noise limitations of each type
of bolometer are calculated. The fabrication and measu¥ed perfprménce of
the transition edge bolometer and the Joséphsbn'juﬁction bolometer are
described. The best electrical NEP obtained with a transition edge

bolometér fabricated on a 4 x 4 x 0.005 m sapphire substrate,b is

1 .
? at 2 Hz at an operating temperature of 1.27 K.

(1.7 £ 0.1) x 107 "wHz
This NEP is within a factor 2 of the thermal noise limit. The effective
absorptivity of the bismuth film is.measurea to be 0.47 * 0.05, and the
corresponding detectivity, D*, is calculated to be (1.1 % 0.1)‘X 10 cm

1 .
W Hz%. Suggestions are made for further improvements in sensitivity.
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1. INTRODUCTION

The germanium bolometer -developed by Lowlvhas been the most widely
used broadband detector for slowly varying signals at infrared wavelengths
A 2100 um where well developed photoconductors are not yet available.

The power which must be dissipated in the bolometer to'broduce a éignal»
equal to the rms noise (often called- the electrical'noiSe—equivalentfpoﬁer

1
'

or NEP) can afproach 10" WHz 2 for small € 3 x 10—2-mm3)~boiometers
optimized for operation at pumped 4He temperaturesvon a low background
environment. The optical NEP (the opticél power'inéident in the geometrical
bolometer area required to produce a sigﬁal équal to the rms noise) ‘is

given by the electrical NEP divided by an optical efficiency factor €.

The bolometer area required for efficient coupling to a signal contéining

n modes increases with wavelength approximately as_nlz. Since the optical

ektinctibn lengths of mény absorbing materials (including black paints and

“semiconductors which are appropriately doped for bolometric applications)

_increase with A in this wavelength region, the bolometer thickness must



also increase with A for good optical efficiency. The electrical NEP of
a bolometer optimized for a specified modulation frequency in a low
background environment varies as the square root of the heat capacity.
Therefore, bolometers used at submillimeter wavelengths have typically
shown poor sensitivity because of poor optical efficiency and/or large
electrical NEP; We have developed a composite ébsorbing structure for
use in submillimeter bolometers. This structure consists of a thin
metallic film absorber (v 200 /0 of Bi) on the reverse side of a low
heat capacity dielectric substrate (sapphire or diamond). An absorber
of this general class is well known to infrared téchnology from its use
.in the Golay cell, but apparently had not previously been used in bolom-
.eters. A theoretical and experimental analysis ié preéented in Section 6
which shows thaﬁ a broadband absorptivity of ~ 507 is available in a
single pass. An absorptivity approaching 1007 is obtainable at selected
wavelengths.

Composite structures of different types have been used by other

workers to improve optical efficiency. These include the use of black

paint to reduce the dielectric reflectivity of semiconducting bolometersl,v

the use of black paint on a metal foil to extend the bolometer areaz, and
the use of a resonant slice of doped Si attached to a small Ge thermometer
to make a'large area bolometer that is efficient in one or more narrow
wavelength bands3, Only in the last mentidned case is the combination
of heat capacity per unit area and absorptivity in the submillimeter band
competitive with the structures described iﬁ this paper.

In order to make a bolometer from such an absorbing element, it is

necessary to attach a sensitive thermometer and to provide electrical
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apd tﬁermal contact as well as mechanical support while maintaining the
lowest possible heat capacity. One appfoéch is to glue a small doped Ge

thermometer to the absorber, and to provide electrical and thermal contact
via the wire leads to the thermometer. This approach was first used By

4, and haS'subsequently been extensively developed at

the Caltech group
Berkeleys. In large area bolometers, it has proved desirable to add
nylon threads for supplementary mechanical support to minimize micro-
phonic noise. Bolometers made in this way have'proved‘very useful for
‘submillimeter wave astronomy and laboratory experiments, but they are
.nqt éptimum in two important réspects. First, the combination of wire,
solder, Ge, apd glue used for the thermometer typically makes a signi-
ficant contribution to the heat capacity of the bolometer. Second, these
thermometers generate noise with an inverse frequency spectral density that
is propértional to the square of the bias current. The effects of this
noise on bolometer performance are considered elsewhere?.

We have explored the use of evaporated film superconductive thermom-
eters for‘éur composite bolometer structure. They are easy to attach to
the substréte, énd'have low heat capacity and high sensitivity. The idea
ofvusing the large temperature coefficient of resistance of a supercon-
ductor operated at its transition temperature ﬁor the thermometric

“element of a bolometer is an old one6;' These bolometers have not Eéen
competitive in low frequency applications, however, becausé of excessive
low frequency noise. Recently, the work of Clarke, Voss7, Hsiang8 s apd
vHawkinsg has shown that this noise arises from therﬁai fluctuatidns in

the metal film, and that by suitable procedures it can be made comparable

with or less than Johnson noise.



We have investigated three types of superconductive thermometers.
The transition edge bolometer mentioned above appears to be the most
promising at the present time. For operation at pumped 4He temperatﬁres
we use‘an aluminum film with a transition temperature in the range from
1.2 to 1.4 K,vand with a normal state resistance of a few ohms. For - ~
optimum system performance, it is necessary to provide a readout system
with a noise temperature TN <1 K at a frequency of a few Hz. This
performance can be achieved by.using an ac bolometer bias current to -
avoid low frequency amplifier noise, and a cooled transformer that steps

up the bolometer resistance to a value that is optimum for the preamplifier.

A second type of superconductive bolometer makésuse of the
temperature dependence of the criticél current of a super-
conductor-normal metal-superconductor (SNS) Jbsephson tunnel junctionlo.
Since the impedance of such junctions is 10_6 2, a Superconducting
QUantum Interference Devicell (SQUID) 4ig used as é first stagé

amplifier with T_ < 1 K. This bolometer performs comparably . to

N
the transition edge bolometer, but is more complex and generally more
difficult to fabricate and use. Consequéntly, the transition edge
bolometer is the more practical for most purposes.

We also considered a third type of superconductive bolometer, which
uses the temperature-dependent quasiparticle-tunneling resistance of a v
superconductor-insulator-normal metal (SIN) tunnel junctionﬂa The theore-
tical sensitivity of such a bolometer is comparable with that of the
traﬁsition edge and SNS Bolometers. For ﬁse as a thermometer, howéver,

the SIN junction must have a sufficiently small (temperature independent) leakage

current. We were not able to fabricate junctions with the required
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electrical properties which also had the fequired long term etability
over maﬁy thermal cycles. We_have not operated bolomecers of chis
type. |

In this paper, we discuss the design, optimization, and
fabrication of transition edge and SNS superconductive composite bolom—
eters. A short theoretical discussion of the SIN bolometerkis included
for completeness. Although comparable perforﬁance can be expected from
all three types of bolometer, the essential simplicity of the transition.
edge thermometer makee it more attractiVe.at present. This type of
‘bolometer has been developed more thoroughly and cohsequently shows the
best experimental performance. We have measured an electrical NEP of
(17101 x1078 WHZ % at 2Hz. in a large area (4 X 4 mm) '4He t}emperatureb
bolometer operated in a low background'environment with a time constant
of 8 x 10—25. This electrical NEP is within a factor 2 of the thermal
noise limit and is at least as good as -the best small Ge bolometers at
the same temperature. It would be improved somewhat by the use of a
lower heat capacity diamond substrate.

We furtherdescribe measurements of the submillimeter wave absorptivity
of Bi coated sapphire substrates, and cf the optical efficiency of com-
pleted bolometers. The theoretical prediction of 50 percent optical
efficiency for a bolometer designed for broadband applicetions‘has been
verified experimentally for frequenc1es in the v1c1n1ty of 20 cm 1.
Because of their large area and relatively high optical eff1c1ency, the
spec1f1c detectivity D* = &e(Area)%/NEP = (1.1 % 0.1) X lOlqcmr Wfl Hzl/2
of our best bolometer is the largest evet_measuredvfor a submillimeter
wave detector (&e is the effective absorptivity of the bolometer).

Preliminary reports of our development of composite.superccnducting

bolometers have appeared elsewherel3’14.



2. BOLOMETER THEOQORY
Consider a bolometer with heat.capacity C at temperature T connected
to a heat sink at temperature TS via a thermal conductance G.. The thermal
time constant, T, is C/G. In the case of a Composite bolometer, the -
substrate absorbs a fraction €(S 1) of the incident signal power,PS, and
the resulting increase in temperature is detected by a separate temperature-
sensitive element (thermometer) attached to the substrate. This element is

biased with a constant current I that generates a voltage V across it.

If the signal is chopped at a frequency w/2m, the responsivity S(w) is

given by15

S = v _ €9V/9T B €oV/9T 2.1)
- aPS ‘G - I3V/3T + iwC ~ Ge(l + iu)Te) ’ ’

In Eq. (2.1),.Ge = (G - I3V/3T) is the effective thermal conductivity,

and Te = C/Ge is the effective thermal time constant. To avoid thermal

funaway of the bolometer, we require ée > 0. If 9V/OT < 0 (negative

thermal feedback), Ge is always‘positive, whereas if 3V/3T > O (pbsitivé

thermal feedback), the bias current must satisfy the condition I < G/(3V/3T).
The square of the electrical NEP (per unit bandwidth) can be written as | -

the sum éf squares of statisticaly independent terms which arise from a

number of sourceslS:

2 - 2 2 2 2 ’
(NEP)® = 8k T €P, + 4k, T°G + Jl/f(f)/lsl + 4kBTR/|S|2+ JA(f)/|s| + (NEP)G . (2.2)

The first term arises from fluctuations in the background blackbody power ePB

absorbed by the bolometer. We assume that the background temperature TB >> T,
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and that cooled filters are used which limit the‘backgrnund power to
wavelengths A > hc/kBTB where - the Rayleigh-Jeans limit is valid.

The second term arises from the rendom exchange of energy Between the
bolometer and the heat sink via the thermal conductance. No treatment

has been given‘of the fluctuations of a bolometer using correct non-
"equilibripm thermodynamics in the presence of thermal feedback. Conse-
quently'we have used in Eq. (2.2) the conventional'approximete'expressions.
derived from equilibrium thermodynamics. The third term arises from

().

voltage noise in the thermometer which has an 1/f spectral density Jl/f
The fourth term is the contribution of Johnson noise in the thermOmeter
which has a resistance R. This term is slightly modified for a‘'Josephson
junction (see Section 4.3). The fifth term is the contribution of the
amplifier that detects voltage changes across the thermometer.  Here,:
JA(f) is the spectral density of the amplifier voltage noise. The last
term is from miseellaneoué sources, such as temperature fluctuations in
the helium bath, microphony of the bolometer, and pick-up from radie and
television statiens. One attempts to reduce the noiee fron_these sources
to a level below that of the first or second term.

1f the resistance of the bolometer is.measured with an ac bias
current and the ac voltage is subseeuently lock-in amplified, additional -
numerical facters are introdueed into Eq (2, 2) The first three terms
arise from resistance fluctuations in the thermometer and are treated
. by the detection system in exactly the same way as the signal On the
other hand the fourth and fifth noise sources do not involve resistance
fluctuations, and are treated dlfferently by the lock-in amp11f1er A

proper considerationl®

of the lock-in ampllflcatlon shows that the (NEP)?
due to Johnson noise and amplifier noise should be increased by a factor

of 2. Depending on their origin, the misceilaneous noise contributions

to the (NEP)? may or may not contain this factor. Eq. (2.2) also reveals



that the background and thermal fluctuation (NEP)? (first and second tefms)
are independent of the value of wT,. However, the third, fourth, and

fifth terms are proportional to (1 + w?TZ), and therefore increase as

w? for frequencies higher than l/2WTe.

We may draw several general conclusions about the optimization of
bolometers from the form of Eqs. (2.1) and (2.2). First, the temperature
TS of the heat sink should be as low as possible. The lower limit is
usually fixed by the type of cryostat used. The fapid dependence of
important bolometer parameters such as R and C on temperature suggests
that the operating temperature of an optimized bolometer will be confined
to a small range above TS. The operating temperature is further restricted
in the case of the transition-edge bolometer by the transition teﬁperature
of available superconductors. The temperature rise of the bolometer is
T - Ts = (€PB + IV)/G. For bolometer applicétions in which the absorbed

background power €P_ is large, the value of G required to keep the bolom-

B

eter cold can be sufficiently large that G >> wC. In this limit, C does
not appear in Eq. (2.1) or (2.2). In the low backgrouﬁd limit,.on the
other hand, C should be made as small as possible. The value of Te is
chosen after consideringvthe requirements of the experiment, and G, is then
equal to C/Te. In this limit, the bolometer NEP varies as C%.. This
dependence is immediately clear if the NEP is limited by thermal fluc-
tuation noise (the second term in Eq. (2.2)). It is also true if the

NEP is limited by any of the subsequent terms in'Eq; (2.2) which vary

as |S|—2 o« G2/I(dR/JT). Since the largest useful values of I are limited
by bolometer heating to I = G(T - TS)/V, we see that the optimum I-Sl—2 * G.
Although the bolometers described in this paper are of value in both .
high background and low background limits, bolometers were constructed

only with parameters optimized for low background applications.
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3. SUPERCONDUCTING TRANSITION EDGE BOLOMETER

3.1 Principles of Operation

The:transition—édge bolométér consisfs of a thiﬁ film of supercon-
ductér (aluminum in the pfesent.work)'evaporated onto a suitable sub-
strate. The temperature of the bolometer is-maintained close to the
mid-point of the superconducting transition where the resistance R of
the film increases rapidly with increasing.temperature. An ac current
of rms amplitude I is passed through the film so that changes
in temperature generate changes in the ac voltage that are detgcted by
a 1ow'noi$e amplifier. vThe electfical responsivity is then given from.
Eq. (2.1) as § = I(BR/BT)/Ge(l'+ ine); The responsivity increases with -
increasing bias current but, since the thermal feedback is positive, 12
must.be less than G/(3R/3T). If ﬁe take as. typical values G = 5 x 10 °
WK ' and .3R/3T = 10° QK_I, fhis requirement implies that I < 7 pA. For

example, if we choose I = 1 pA, S a='2X’-IO"VI'J‘51aft: zero freqdency.

3.2 Experimental Details

The bolometers were fabricated on single-crystal sapphire. substrates
with dimen.sions: 4x4x0.135 mm, 4x4%0.050 mm, or 4x2x0.135 mm (see Fig. 1).
Four rectangles of In_of size 0.7 X 0,15'X'd,0005mm were evaporated onto
the corners of the substfate, followed by 5 nm of Cu. (The thin Cu layer
appears to stabilize the In-Al interfacg and to iﬁhibit the growth -of an
‘oxide layer.) An Al strip 0.25 mm wide and 50 nm fo-150'nm thiék (the

. , . -7
superconducting thermometer) was evaporated at a pressure of v 2 x 10 = Torr
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and a rate of v 20 nm s--1 near one edge of the substrate, and a Bi'strip
0.5 mm wide and 0.1 um thick (the heater) was evaporated near the opposing
edge. Each end of the strips made good electrical contact Qith an In/Cu
rectangle. The edges of the Al strip were cut with a diamond knife to
reduce the width of the superconducting transition}Z The transition
width_was typically 3 mK. The transition temperature of the films varied
from v 1.2 K for the thicker samples to v 1.4 K for the thinner samples.
At low temperatures, the resistance of a 50 nm thick Al film in the |
normal state was 2 to 4 (, while the resistance of the Bi film was about
1500 Q.

Four small pieces of lead foil were attached with epoxy to an OFHC
copper mount as shown in Fig. 1. (OFHC copper was used to minimize the
thermal equilibration time of the mount.) The epoxy provided electrical
insulation between the foils and the mount. Nylon threads with a diameter
of v 15 uﬁ were separated from a multifilament thread, and cleaned with-
trichloroethylene. Two threads were attached to the lead foils with
GE 7031 varnish as shown. An indium film about 2 um thick was evaporated
on the In/Cu rectangles on the substrate and on the corresponding posi-
tions on the nylon threads. The substrate was then carefuily pressed
onto the threads so that the indium films were éold;welded togetﬁer..

We found that this assembly technique was highly reliable, and that fhe
bolometer could be thermally cycled repeatly with no tendency for the
nylon threads to become detached. The remaining portionsbof the threads
were coated with 0.75 um of indium to provide thermal and superconducting
electrical connections to the thermometer and heater. This thickness

-8 -1 .
gave a thermal conductance of about 5 x 10 ~ WK ~ at the operating temper-
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atﬁre of the bolometer. A 0.08 pm bismuth film was evapofated on the
back of the substrate as a far infraredbaﬁsorber.

The mount was suspended from the top-plate of 5 vacuum can by four
1-72 nylon screws about 10 mm long. Below the mount was attached a . |
block of copper(wﬂnmedéé*loanmﬁ)on which was wound a 1 kQ mahganin
heater.  This arrangement provi&ed a low-pass thermal filter to reduce
the effects of temperature fluctuations in the helium bath. The thefmal'
time-constant of the block and bolometer mount was about 20 s. A vacuum—
tight"sapphire window was sealed into the top;plate of the vacuum can _
above the bolometer. A stainless steel light-pipe with an i.d. of about
12 mm connected the sapphire window tolthe top of the cryostat. The iight—
| pipe was closed at the tepvwith a black pquethylene eheet-ZOO-um thick.
The .vacuum can was evacuated thrqﬁgh a 3 mm stainless steel tube that
eontainéda radiation baffle. Leads from the boloﬁetef cifcuit Qere'
brought out through a vacuum seal in the top-plate.

The Al>strip'formed one arm of a Wheatstone bridge, each of the other
thfee arms being a manganin wire - resistor e> ‘ (see Fig. 2). The
bridge was operated at 1 kHz. The outpgf voltage from the bridge was
amplified by a Triad G-4 transformer with a turns‘ratio of 1:350. The
u-metal can had been removed from the transformer which was mounted,
together with the manganin resisfors,cmtside'the vacuum can. The output
of the transformer wae connected to a room—tempefapure FET ﬁreamplifier."
The cooled trensformer—preamplifier combination achieves a noise temper—‘
ature of about 1 K18. The preamplifier ﬁad a gain of 10" and was foliewed
by a tuned amplifief,‘and a lock-in deteetor referenced to the.l kHz

oscillator. The output from the lock-in was available via a 1 kHz
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notch-filter, and was also connected to a feedback circuit that regulated

the temperature of the bolometer.

It is, of éourse, essential that the Al’strip be maintained on the
superconducting transition. Both the temperature of the ﬁelium bath and
the level of the background radiation pontain drifts and low frequency
fluctuétions (whose spectral densities vary approximateiy as 1/£2 at low
frequencies) sufficiently large to drive the temperature of the bolometer
well away from the transition temperature in the absence of temperature
regulation. The temperature of the bolometer was regulated by feedback through

an amplifier that fed Qurrent into the manganin heater on the copper block.

In operation, the temperature of the helium bath was about 1.1 K, at
least 0.1 K below the transition temperature of the Ai. The feedback
circuit supplied the appropriate current to the heater to raise the
temperature of the bolometer until the resistance of the Al strip was
1 Q. The response of the feedback circuit was small at the modulation
freduency (> 1 Hz) so the amplified signal at the modulation frequency
© was avéilable at the output. A slow drift in the temperature of the
helium bath or in the amount of background power, on the other hand,
was compensated so as to keep the boloﬁeter at its operating temperatufe.
- Typically, T is 10_2to 10—.1 s, and tHe time coﬁstant of the copper
mount,.Tm, is v 20 s. Thus, T << T Let 0. be the loop gain of the

feedback system, typically 50. Consider fluctuations APB cos(wt + 61)

N
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in the background radiation and ATﬁe cos(wt + 52)_in the temperature of

the helium bath at frequency w. Here 61 and 62 are arbitrary phase

factors. A straightforward analysis using standard feedback theory
shows that the change in the temperature of the bolometer is

2.2 - '
(eAPB/G)(l + w.Tm) cog(wt + 61) + ATHe cos (wt + 62) (1)

AT = I
TTm[(w2 - wg)2 + wZ/TZ]

L .
In Eq. (3.1), W, e (a/TTm)Z- v 10 Hz for typical values. Clearly,
- - =1 '
T !> O > Tml, For a frequency w << T, Eq. (3.1) simplifies to
 ;§IN=“[§AEB/G9] cos(wt + &, ) + [AT / 0 ] cos(wt + 6, )

(w << Tm ). (3.2)

We see that the feedback reduces the effect of either type of flﬁctuation

by a factor o = 50. For a frequency w >> 7,

= (€APB/GwT) cos(wt + 61) + (ATHe/wz'rTm)' cos (wt + 62) |
| >, (3.3
In this limit, the chaﬂge.in the tempgraturefof the bolométer iS'detefmiﬁed
by tﬁe appfopriate'lbw pass_thermal filters,'énd'tﬁe feedback circuit plays
no role. |

/a calculation of the/ _ 7
" In Fig. 3 we plot/the relatlve squared response (AT)? vs. frequency

for_fluctuations: (a)_(APB)?cosz(Qt +v61) and (b)-(ATHe)Z'bos‘(wt'; 82).;
The contiﬁuous line is the response withoutvfeedback, and thé daShedrlihe
is the response in the presence of feedbaék:"Tﬁe follqwingiparaméters
were used: € é l, C = 10—9JK_1, G=5X 10_8 WK—I, = 20 s, and o = 50.
At'low fréQuencies, the effect of the_pértﬁrbation on (A‘I)2 has Seen

reduced'by~a factor of g2 =~ 2,500 - by the feedback,vwhereaé at high

frequencies, the feedback has no efféct.
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- 3.3 Theoretical Noise Limits
A signal power PS cos wt absorbed by, or generated on, the

bolometer produces an rms voltage V coswt across the bridge, where

- L
V = y2I(3R/3T) P /o (1 +w?t2)® (3.4)
The correction (v 10%) due to the attenuation of the signal by the bridge
circuit has been neglected.

We now estimate the contributions of the various noise sources to
the electrical NEP for typical values of the parameters, in order to
determine which of the sources are moét important. We consider only the
case Wt << 1, and.éssume throughout that T = 1;2 K, G=5x 10_8 WK-I,

R =18, and (OR/5T) = 103 QK !. The thermal noise contribution is (NEP)Th =
(4kBT2G)%Q52 X lO—ISWHZ—%. The 1/f noise can be estimaied from the work |
of Clarke and Hsiang8 who measured the low-frequency noise in tin films
at the superconducting transition. -For films that were deposited on
glass substrates, they found that the power spectrum of the noise voltf
age varied as 1/f, and was in good agreement with the prediction of
Clarke and Voss7:

32 (3R/3T)* K, T
Sy B = ¢ [3+2 (R, /2)1f "
F 1772

(3.5)

In Eq. (3.5), 2 22, and C_, are the length, width, and heat capacity of

1’ F
the film, and J is the constant current bias. For the bolometer in a
bridge circuit, Eqs. (3.4) and (3.5) lead to

Ge'{kBTZ/cF[3 + 2 Rn(ll/Kz)]f}z'- (3.6)

{

(NEP)l/f =



is independent of I. If we take the film dimensions as

1/f
_ oy - 19
4 % 0.25 % 10" mm and use Cp (A1) = 1.6 x 10 3K em? at 1.2 K,

(NEP)

we find that at 10 Hz (NEP) 107" wHz"'. This estimate is a factor.

/€
5 higher than (NEP)Th. However, Clarké and Hsiang8 found that if
the films were strongly thermally coupled to the substrate, the noise
power spectrum flattened at low frequencies. . The strong thérmal.coupling
was achieved by depositing 5 nm of Al on the glass or sapphire substfate
prior to the evaporation of the Sn. At 10 Hz; tﬁe p§wer spectrum was
reduced by a factor of 20 or more by this procedure. Thus, if a comﬁar—
able flattening of the noise power spectrﬁm occurs with Al fiims on
sapphire, (NEP)1/f is expected to be comparable with (NEP)Th. It is
difficult to make a priori estimates of Ehe low frequency noise in this
regime, and one should not assume from the outset that this contributioq
is negligible. |
The Johnson noise contribution is found by equating the rms signal
voltage V from Eq. (3.4) with(lékBTR)-li (the extra factor of 2 arises
from the Vggggdulation.scheme):
(NEP) | = G_(8k,TR) %/T(3R/0T) - B ER)

(NEP)J decreases as I is increased. We can operate the bolometer at a

current amplitude (say 2 pA) at which the Johnson noise is ﬁegligible
compared with the thermal noise, and at which I.<<'[G/(8R/8T)]i. Thus, .
self-heating effects are negligible, and Ge ~ G.

Finally, we consider the contribution of the preamplifier noise.

At frequenciés above the 1/f noise region, the rms noise of our preampli-
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1
5

fier with a source impedance of 10° Q is about 2 nVHz This value

-12 -1
corresponds to an rms voltage VT of about 6 X 10° ~VHz ° referred to
the input of the transformer (the cooled transformer does not contri-
bute significantly to the preamplifier noise). Equating V2 VT (the

factor of V2 arises from the demodulation scheme) to V in Eq. (3.4),

we find
(NEP)A = VTGe/I(BR/aT) . ’ (3.8)

1 -5

Choosing I = 2 pA, we find (NEP)A_N 2 x 10" *wHz , a value that is well
below (NEP)Th.

Provided that the 1/f naise in the Al film is reduced sufficiently by
strong coupling of the film to the substrate, it is evident that the
electrical NEP should be limited by the intrinsic thermal fluctuations
of the bolometer for the values of the parameters we have chosen. Tt
is, of course, necessary to make the contributions of the miscellaneous

noise sources negligible. It seems impractical to make reliable q priori

estimates of these contributions.

3.4 Experimental Measurements

The values of G, T, and C were estimated with the feedback ciréuit
disconnected and with I << [G/(JR/3T)] , so that Ge ~ G. First, we
vdetermined the resistance of the Al'strip as é function of témperature.
Second, the value of G was found by dissipating a known amount of power
in the Bi heater and measuring the changé in temperature. Third, an ac
current of frequency (w/2) was applied to the Bi heater, so that the
bolometer temperature oscillated at frequency w. By measuring the re-

sponse of the bolometer as a function of frequency, we determined T,
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and hence C = TG. Ihe'nspdnshdtywmm ﬁhen determined with the boloﬁeter in
the feedback mode. A current at a low’frequeﬁcy w/2 was passed through
the Bi heater, and the output of the closed loop was lock-in detected.
From this measurement, we determined the responsivity of the bolometer
referred to the output of the cooled transformer. The spectral density =
of the vdltage noise at the output of the closed loop was measured using
an on-line PDP—ll7 "computer, and its value, referred to the output of
the transformer, was calculated. From these two measurements the NEP

was determined.

Wé.eﬁéluated fhe.performance of five bolometers in some detail.
Their important parameters are listed in Table I. The large range of
vélues of dR/dT is evident. (Notice that the Al films on bolometers'i
andv2 did not have cut edges.) .However, good valueé of the NEP gould be
obtained in each case by adjusting the bias current so-that IdR/dT had
the same value. Large bias currents are undesirable for low back-
ground operation because the high dissipation produced raises the tem—
perature of the bolometer significantiy above the bath temperature.
Consequently, values of dR/dT below aboﬁt 100 QK™ were considered too
low for practical bolometers. When the edges of the Al film were
trimmed, values of dR/&TonOOS%T%m:geatervwere aiways obfained. The
bias current listed fepresent minimum.valueé; higher valﬁés (up to a‘
factor of 10 higher for the smaller bias currents)_produced essentially
the same value of NEP at frequencies near SAHz. This result indicates

that the NEP was limited by thermal noise and/or 1/f noise in the film,

rather than by Johnson noise or preamplifier noise.
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The parameters for bolometer 5 are given in greater detail in Tables
II and ITI. Table II lists the calculated heat capacities of the com~
ponents of bolometer 5, and Table III lists its relevant measured elec-—

trical and thermal parameters. The measured heat capacity, 1.2 X 10-9 JK ,

is in good agreement with the calculated value, 1.15 X lO—9 JK_I.
In Fig. 4 the dashed line represents the responsivity referred to the
output of the bridge calculated from Eqs. (3.1) and k3.4) using the ap—A
propriate parameters from Table III. The roll-off below 1 Hz is due to
the effect of the feedback system, and the roll-off above 1 Hz is due to
the time constant of the bolometer. The dots are the measured‘respon-
sivity, and aré in excellent agreement with the calculated values. In
Fig. 5, the dashed line is the sum of the thermal noise, Johnson noise,

preamplifier noise, and bath noise power spectra referred to the bridge
with the bolometer in the feedback mode. A power spectrum of 1.6 X J_O_]2

(1 Hz2/£f2) K2Hz ' has been fitted to the data for the hélium bath temper-
ature fluctuations.  Above 1 Hz, it is evident that the measured noise

power spectrum is about a factor two greater than the calculated

noisé. It is likely that the excess noise arises from the intrinsic
"1/f noise" of the Al film, which is expeéted to have a white power spec-

trum in this frequency range (see Section 3.3). The excess noise in the range
0.1 to 1Hz probably arisesfrom an instability in the feedback system.

Fig. 6 shows the calculated and measured NEPs, obtained by taking the

square root of the ratio of the data in Figs. 4 and 3. Above about 1 Hz,

the measured NEP is somewhat higher than the calculated NEP. For example,

A
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' -15 -
at 2 Hz the measured NEP is about 1.7 x 10 WHz *

5

, compared with a
thermal noise value of 1.3 X'IO—ISWHZ_ . As the frequency inpreaseé,
~the NEP slowly degrades, for example, to 2.0 X 10 Wiz % at 5 Hz.

This degradation reflects the fact that the responsivity falls as the
frequency increases, while the Johnson noise and preamplifier noise

remain constant. A sligﬁtly improved responsivity could probably have
been obtained at thevhigher frequencies by operating the bolometer with _

a higher bias current. However, the thermal feedback would then be higher,
and the bolometer nearer to thermal runaway.

The dynaﬁic range of the bolometer is approximately S8TG/(NEP),
where.GT is the half—ﬁidth of the transition and (NEP)/G is the temper-
ature fluctuation per Hz%. Taking 6T n 2 mK and (NEP)/G " 10—7 KHZ—%,
we find a dynamic range of about 10" in a 1 Hz bandWidth. The maximum
long-term change in temperature (due to a change in the background ra-
diation or a change in the temperature of the heliuﬁ bathj that can be
cancelled by the feedback system is n odT n 0.1 K. This value corres-

ponds to a changé in background radiation of about 1 nW.
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4. SNS BOLOMETER

4.1 Principle of Operation

A SNS Josephson junction consists of a layer of normal metal
sandwiched between two superconductors.10 Since the critical current
of the junction rises rapidly as the temperature is lowered, the junction
is a useful thermometer.

For metallurgical reasons, the preferred metals are lead for the
superconductor and copper for the normal layer. We have found that the
long term stability of SNS junctions is enhanced if the mean free path
of the copper is shortened by alloying with a few percenf of aluminum:
this procedﬁre minimizes the effect of lead diffusing into the copper.
The copper is then in the dirty limit % << hVF/ZHRBT (2 is the electronic

mean free path, and v_ is the Fermi velocity). At low critical current

F
densities, the supercurrent flows uniformly through the junction. For a

square junction of side w, the critical current IC is related to the

critical current density IO and to temperature bylO

I, =w’I =w’ Aexp(- d/E) . (4.1)
Here, A is a temperature independent constant for temperatures below about
Tc/2 (TC is the transition temperature of the superconductor), and EN =
(thSZ,/GTTkBT)I/2 is the decay leﬁgth of Cooper pairs in the normal metallo.l
When the critiecal current density becopes high enough, the current is
excluded from the interior of the junction by its self field, and is

confined to a peripheral strip whose width is of the order of the

Josephson penetration depth
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= [h/2 110(d>+>2)\)e10];i . ,(4;2)

>\J

In Eq. (4.2), » is the penetration depth of the superconductor. Such a
junction is said to be self-field limited (SFL). For a square junction
of side w, self-field limiting Eecomes importaﬁt when AJ < w/2 (the
exact numerical factor depends on the symmetry of the current feedlo),
or Qhen tﬁe critiéél current Iow2 2.2h/uo(d + 2M)e v 1 mA for (d + 2)\) v
0.5 um.

All of our more sensitive bolometers had critical currents consi-
derably greater than 1 mA,-and were heévily self-field limited. In this

1iﬁit, the c¢critical current is given by B

1 @ 1 wh) = B exp(-d/2E) = B exp[-(T/T )71 , (4.3)

A

where B is a temperature independent gonstént for T < TC/Z,and-To =
2hv Q/BWdez For d = 0.5 um, VF ~ le ms_%, and & ~ 10 nm, we find
T~ 0.06 K. | |

| The junction is biased with a constant current I greater than IC,.
so that changes in éritical current are measured as changes in the volt-
age across the junction. The voltage V acroés a heévily SFL jﬁnction is
related to thé junétionvresistance R (typically 2 uQ),II, and I;‘by the
_apprdximafe expfeséion | |

¥R.(I—Ic). D R | (4.4

From Eqs. (4.3) and (4.4) we can readily calculate

SFL RI o | |
SV - . v :
. , _ (4.5)

Since.(3V/8T)I is proportional to IC, the advantage of using high critical

currents (i.e. SFL junctions) is evident. For a SFL junction, with



- 22 -

R = 2 1R, IC =50 mA, T =2K, and T, = 0.06 K, we find (BV/BT)iFL ~

1.4 x 1077 vk .

The yalue of I/Ic is typically 1.01l. For Ic = 50 mA and R = 2 uQ,
we find V = 107° V, and the dissipated power is approximately 5 X 10 1w,
The thermal feedback is positive: an increase in temperature decreases IC
and thereby increases V. However, the thermal feedback is negligible;
typically, I(BV/BT)I ~7 x 107 wK_i, a value that is  about 10 times

smaller than G. The electrical responsivity for wt << 1 is given by

Eq. (2.1), with. G = Ge and T = Te,and Eq. (4.5):

§ = RI /2(TT )1/2 G . , (4.6) -
C (o)

. 1 - - . -
Using RI_/2(TT )%~ 1.4 x 10 7yK and G~ 5 x 10°° WK ', we find

S~ 3 VW .

4.2 Experimental Details

The bolometers were fabricated on 8 x 4 x 0.135 m single-crystal
sapphire substrates (see Fig. 7). The sapphire substrate was mounted on
nylon threads in the way described in Section 3.2, with a final coating
of Pb to make the.leads superconducting at 4.2 K. The juncfion wés
constructed as follows: first, a 10 nm film of Cu/Al (3% wt. Al) was
deposited on the substrate to improve the adherence of the Pb films.
Second, a strip of . Pb ~ 150 um wide and ~ 0.5‘um'thick was evaporated.'
Thifd, a disk and a square sheet (the heater) of Cu/Al Vv 0.4 um thick
were flash-evaporated from a series of pellets. Finally, a second strip
of Pb was deposited to form the SNS junction. |

The bolometer mount was attached to the top-plate of a vacuum can

-
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.(see Seétion.3.2), and superconducting leads (solder-coated copper) from
the SNS junction and the heater were brought through thé top of the can
in a vacuum feedthrough. The leads from the junétion were connected in.
series with a resistor, R, (1.1 p) and the input coil of a S.H.E.
corporation SQUID, as shown in Fig. 7. The SQUID was mounted in a solder- |
coated brass can just above the vacuum can, and the SQUID, vaéuum can,
series resistor, and connecting leads were enclosed in a can made-of
lead foil. Two concentric lU-metal cylinders around the cryostat reduced
_the-émbient magnetic field to N1 UT. This precaution largely eliminated
vibratiénal noise, and ensured that'the critical.éurrent of the SNS-jﬁnc—
tion was not significantly reduced. - Pairsof current leads were'
attached to the SNS junction, the heater, and the
seriés resistor (see Fig. 7). Current to the leads was provided by
stabilized supplies that contributed a negligible level of noise. The

- -
JOAHz 2,

rms current noise of the SQUID referred to the inpu; coil was 4 x 10
an or&ef of magnitude smaller.fhan the Johnson noise current of the
standard resistor and juﬁction in series. The electrical time constant
of the voltméter was abbut 0.1 s.

Abb?e the A-point, the temperature of the helium bath was regulated
- with a manostat. Below the A-point, regulation was providéd by.aﬁ“elec;

tronic feedback circuit that employed a carbon resistance thermometer and

a heater in the liquid helium.
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4.3 Theoretical Noise Limits

We estimate the contributions of the various noise sources to

determine which of the sources are dominant. We assume

that wT << 1, T~ 2K, G~ G_~ 5x 107 WK ', and S~ 3 W '.

1
-

The thermal fluctuation noise, (NEP). , is 3.3 x 107 WHz 2. The 1/f

noise can be estimated from the work of Clarke and Hawkins9 who studied
the 1/f noise in shunted Josephson tunnel junctions, and concluded that
an appropriately modified version of the thermal fluctuation theory of

7

Clarke and Voss’ was in excellent agreement with the measured noise.

This theory predicts that the 1/f noise voltage has a spectral density

T 2 2
(BV/BT)IkBT

(f) =- : : (4.7)
f 3CJf ,

J
1/
In Eq. (4.7), C, = w2[C (Cu)d + 2 C (Pb)E], where C (Cu) and C (Pb) are
J v v v v
the specific heats of Cu and Pb, and £ is the Ginzburg-Landau coherence

length. From Egs. (4.5)-(4.7), we find

Ty 1 »

, [3) /g1 kT2\?
NP yye =5 = C\3c © (4.8

Inserting the values w = 150 um, d = 0.5 ym, £ = 80 nm, Cv(Cu) = 2.5 x lO-“

JK—I cmfa, and Cv(Pb) = 1.0 X ].0'_3 JK—1 cm-a, we find (NEP)l/f ~

: _ 1 _ .
2.7 107" WHz % at 10 Hz. This contribution is an order of magnitude
higher than the estimated value of (NEP)Th' However, as with the Al films,
we expect that the low frequency.noise will be appreciably lower if the

films are strongly thermally coupled to the substrate8. Following the

, one would expect the noise power spectrum

work of Clarke and Hsiang8

to flatten at frequencies below D/mL2 N 10 kHz, where D v 10 cm? sec |

is the thermal diffusivity of the junction materials and L N 150 um is
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the'width.of the junction. In that case, the power spectrum at 10 Hz
would be reduced by three orders of mégnitude fo a value roughly 50 times
smaller thaﬁ the Johnson noise spectral density. We, therefore, expect
the "1/f" contribution to be negligible. However, it is evident that a
proper measure of the low frequency fluctuations can be obtained only
ffoﬁ>expériment.

We next calculate the'(modified) Johnson noise contribution of the
junction,jassuming that the result for a non—SFL shunted Jéséphson tunnel
junction is applicable to the SFL casé. The spéctral density of the

voltage fluctuations iszo

I (£) = [1+ %(IC/I?2]4kBTR . : o (4.9)

Using the values (IC/I) ~1, T=2K, R=2yuQ, and'S = 3.wa1’ we find
(NEP)J = [JJ(f)]%/S ~ 6 X lO-ISWHz—%; This contribut%gn is a facFor of
2 higher than the thermal moise.

Finally, we consider the SQUID noise. For resistances of the order
of 1 pQ, the noise temperature of the SQUID véltmetefu181much 1ess.than
1 K. The voltmeterrnqise is thus. quite negligible compared with the

~Johnson noise.:-
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4.4 Experimental Results

The current-voltage (I-V) characteristics of the junction were
obtained using the SQUID and standard resistor as a null-balancing volt-
meter. The critical currenf increased rapidly with decreasing tempera-
ture as expected; the temperature dependence for a typical bolometer
is shown in Fig. 8. The flattening of the curve at low temperatures is
due to self-field limiting. TFor critical'currents >> 1 mA, the I-V
characteristics were well represented by Eq. (4.4).

The thérmal-conductance of the Pb-coated threads was measured by dis-
sipating a known power in the heater and measuring the reduction in Ic.
The measufed temperature dependence of Ic was used to find the increase
in temperature, AT, and the thermal conductance was calculated from
G = AP/AT. The thermal conductance of the four leads of a typical
bolometer is plotted vs. temperature in Fig. 9. The thermal conductance

of the leads was apparently.dominated by the lead, since the estimated

10 -1

conductance for the nylon threads is Vv 4 X 10 WK = at 1.5 K. The
thermal conductance varies as T4‘4; ~for two other bolometers, the
thermal conductance was found to vary as T4'3 and T4'9. This tempera-

ture dependence is not understood. The thermal conductance of the lead
films well below TC is dominated by phonons whose mean free path is
boundary limited. The thermal conductance should therefore vary as the
heat capacity, and exhibit a T3 dependence21.

The thermal time constant T = C/G of the bolometer was measured by
passing a steady current through the heater, with the SNS junétion biased

above IC. The current was switched off, and the exponential decay of the

SQUID output was measured with an oscilloscope or a chart recorder. The time



an@ai.u@séé

- 27 -

constant was a few tenths of a second befween 2 K and 4.2 K. For an
earlier version of the bolometér, in thch the hylon threads were attached
to the substrate with GE 7031 varnish, the time constant Qas éevefal se-
conds: the heat capacity of the varnish was an order of magnitude higher
than the heat.capacity of the substrate and metal films.

We measured the responsivify of the bolometer by supplying a known
power to the bolometer heater with the junction biased at 1.0l IC and
measuring the change in the output voltage of the flux—locked SQUID
(which had a calibrated voltage amplification). Méaéuréd ;alues of the
tresponsivity are plotted vs. temperature in Fig. 10. The line represents
the responsivity calculated from Eq. (4.6) with w = 0 and using measured
vélues of R, Ic’ TO, aﬁd'G. The agreement is good ovef most of thertemper-
ature range. The strong temperature dependence of the responsivity arises
from the rapid increase of IC and the rapid decrease of G as thé temper-
ature is lowered. At 1.3 K, the lowest temperature at which ﬁéasufements
were made, the. measured responsivity was 2.9 vl

The ﬁoise in fhe bolometer was determined by measuring the rms volt-
age noise at the output of the flux-locked SQUID. The NEP, obtaiﬁed by
dividing the noise by the responsivity, is plotted in Fig. 11 as a func-
tion of temperature. The solid line represents the calculated NEP limited
by the Johnson noise in the SNS junction1and.3tan&érd resistor, andvthe
dashed line represents the NEP limited by thermal noise with wT << 1.

It is evident that the NEP is limited by.the Johnson noise; The besf
NEP obtained was S5 X 10—15WHZ—% at 1.73 K and‘1.40 K;  at the lower
'temperature, this value was a factor of 5 above the ﬁhermalbnoise. A

more careful optimization of junction parameters (increasing Ic and de-

0y
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creasing To) should increase the responsivity sufficiently to make the
Johnson noise contribution comparable to or less than the thermal fluc-

tuation noise.

5. SIN BOLOMETER

Boph superconductor-insulator-superconductor (SIS) and superconductor-
insulator-normal metal (SIN) quasiparticle tunnel juncﬁions are good caﬁ—
didates for thermometers on composite bolometers. Although we have not
operated a bolometer of this type, for completeness, we briefly consider
the performance of an SIN bolometer.

At temperatures well below TC, the dynamic resistance of an SIN
tunnel junction is equal to the normal state resistance,RNN,for voltages
well above A/e (A is the energy gap of the supérconductor), but much
higher than RNN.for_voltages less than A/e. At voltages, V, below Ale,
the dynamic'resistance is strongly temperature dependent, and the junc-
tion is therefoie useful as a thermometer. TFor |v| < A/e, the quasi-

. 12 '
particle current for a SIN junction is given by the BCS theory:

2\ :E::’C—l)m_l Kl(mA/kBT) sinh(meV/kBT) . (5.1)
m=1

e

B
Here, K1 is the modified Bessel function of the second kind. For
kBT/A << 1 (Hi.e. T << TC),'Eq. (5.1) can be approximated as

(21TAkBT);E
I~ —g— exp(-A/k Dsirh(eV/k T) .  (A/k,T>> 1) . (5.2)

eRNN
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If we bias the junction with a fixed current and assume eV << A, we find

by differentiating Eq. (5.2) with respect to T:

k. T ‘
vy o v _ A ( B ) v A
— | = l+——— tanh ~ -1 - ——tanh———
<8T>I T = eT ( T) T[ kBT]
' T
eV
(T 3 << 1> (5-3)

Differentiating Eq. (5.3) with respect to V, we find that (BV/BT) is a
maximum at cosh(eV/kBT) = (A/kET)’i ' (kBT/e)ln 2(A/kBT)'5 The

maximum value of (8_V/3T)I is thus

max . 1
(-31) mé‘izn z(A/kBTf2 - ff tanh[fn 2(8/IGT) 7] = - /eT

9T .
T
(—lizl eV «< 1> (5.4)

A

If the superconductor is Pb, A/e ~ 1.4 mV, énd at 1.5 K with G~ 5 x 10 ° WK '

and wt << 1, we find from Eq. (2.1) s = |(3V/3T)™ /g~ 2 x 10* W',

To calculate the Johnson noise, we require the dynamic resistancé, Rd"
From Eq. (5.2), we find

T Ak, T : o o
Rd <g¥> ~RNN<—12(—173T—A—> e kB sech(eV/kBT) (A/kBT > 1). (5.5)

At V s
max

et

4" max’ (ZTT);EA

(5.6)

An estimate of the Johnson noise limit on the NEP for wT << 1 is given by22

(NEP) | = G[4kyTR, (V__ )]%/](BV/BT)max|

23/41?;‘ ek, T GRNNexp(A/ZkBT) a"32 - (_5.7’)
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For a given superconductor, and for fixed G and T, we can evidently vary

R, to change the NEP. With G = 5 X 100° WK™, T=1.5K, Ale = 1.4 wv,

-1

o\

(NEP) | is made equal to (NEP) = 2.5 X 10" °wHz ¢ with R~ 0.02 Q.

The corresponding value of R, (V ) is about 32 Q. Thus, the dynamic

d( max

resistance can be matched optimally to the preamplifier by a cooled
transformer.

It appears to be difficult to fabricate high quality SIN tunnel
junctions with RNNas low as 0.02 . Preliminary experiments indicated
that Ni—NiOx—Pb/DJjuncﬁomSwere relatively stable with respect to storage
and thermal cycling, but contained resistive shorts that lowered both

(BV/BT)max and Rd(vmax) below the ideal values. TFor a typical junction.

at 1.3 K, (3V/3T) = 3 x 10—u VK_1 and Rd ~ 10 Q at a bias current of

15 vA. Although this junction was not operated as a bolometer,

1
’

its responsivity with G~ 5 X 10_8 WK-1 would have been about 6 x 10% VW

and its Johnson noise limited NEP at 1.3 K would have been about 5 X 10"15

1
-

WHz This performance is not as good as the ideal value derived above,
-but indicates that a junction of somewhat higher quality could approach

the sensitivity of the transition edge thermometer. It would have the

advantage of a broader range of operating temperature.
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6. TFAR INFRARED ABSORBER

6.1 Theory

The portions of the bolometer that can absorb a eignificant amount
of infrared radiation are the dielectric substrate and the'condueting
film. Both sapphire and (most types of) diamond have absorption bands
in the near infrared. At far infrared wavelengths where these composiﬁe
structures are expected to be most useful, however, the cold substrate
acts as an essentially lossless dielectric with an-index of refraction
whieh is only weakly'dependent on frequency.: The substrate serves to
impedance match free space radiation into a thin metal film deposited
on the back side of the bolometer. _The surface impedance of the film
is-selected,for optimum absorption. We_calculate the absorptivity under
the following assumptions: The absorbing layers comprise aﬁ infinite

plane; the sapphire has a thickness d, a refractive index n (we neglect
birefringence), and a permeability equal to that of free space; the:
conducting layer has an.infraredbfrequency resistivity per square, %D’
that is the same as at)zero frequency, and a thickness that is much
smaller than the skin depth and the wavelength of the radiation; the
_radiation is unpola;ized; the radiationkmekes oply e single pase at the
bolometer (i.e. there ie no reflecting surface under the bolometef);
and the radiation is incident normally on thersurfaces.

| The transmission and reflectioh coefficients at the upper'(uncqated
sqrface) are23

I

4n/(n + 1)? , | - ©(6.1)

and R, = (n - D/ (n+ 12 . (6.2).
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The transmission, reflection, and absorption coefficients at the lower

(coated) surface are

T, = 4n/(n + 1+ ZO/RD)2 , (6.3)
Ry, = (1-n+ ZO/REPZ/(n + 14 zo/RD)2 , (6.4)
and A2 = (4nZO/REP/(n + 1+ ZO/RD)2 , (6.5)

where Zo (= 377 @/0O) is the impedance of free space. Although Eqs. (6.1)
to (6.5) are derived for normal incidence, they remain accurate to within
a few percent for angles of incidence up to 60°. 1In general, there will
be multiple reflections between the two surfaces of thé substrate, giving
rise to Fabry-Perot fringes in the observed values of the transmissivity,
Tb, reflectivity, Rb’ and absorptivity, Ab’ of the bolometer. It can
readily be shown that

TlTSTZ

T, = : | (6.6)

) —
1+ TSRlRZ + ZTS VRle cosé

2
Rb ) Rl + TSR2 ZTS/§1R2 cos§ 6.7)
2 ’ :
1+ TSRlR2 + 2TS VEIRZ cos§

- ‘ —v : 2
T, - IT, - TR,) . (6.8)

2 + )
1+ TSRlR2 + 2TS VRle cos$

and Ab

The plus sign applies when Zo/%D >n - 1, and the minus sign appiies

when Zo/RD <n- 1. In these equations, T_, is the transmissivity of a

S
thickness d of sapphire, 8§ = 4mndv, and V is therfree—space'wavenumber

of the radiation. 1In practice, all three expréssion will be complicated

by the fact that sapphire is birefringent.
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A particular simpie case arises when the reflection from the metal

film R, = 0, that is when ZO/R1D =n -1 [from Eq. (6.4)]. There are no

2
multiple reflections within the sapphire, and the absorptivity of the

bolometer is independent of frequency. With Ts = 1, we find

A(Z /Rg=n=-1) = b - 1)((n +1)% . (6.9)
If we take n = 3, as is appropriate for sapphire, we find Ab‘(ZO/R[j =n - 1)
~ 0.5.° Any other value of n produces a smaller value of the frequency--
independent absorptivity. If the bolometer is to be used éver a wide
‘range of frequencies, it is usually desirable to choose Ry = Zo/(n - 1)
= ZO/Z, so that the absorption is frequency-independent. On the other
hand, if the bolometer is to be used over a relatively narrow frequency
band, one can take advantage of the Fabry-Péer fringes to obfain a
higher absbrpﬁivity;' As an example, take 8§ = 2T, corresponding to the
case v = 1/2nd, and Tg = 1. If d = 0.05 m, and n = 3, the absorptivity
has a peak at about 33 cm—l, and has minima at about 17 cm ' and 50'cm71.
The peak absorptivity is found by setting cos § = 1 in Eq. (6.8), and
maximizing.Ab with respect. to ZO/R1D (with TS = 1). If we assume n = 3,
we find that the maximum value of Ab is 0.90, with ZO/REl = 10. 1In prac-
tice, the Fabry—Pérét pattern fof sapphire will be complicated by the
presence of the extraordinary ray (for which n = 3.3), and will'dépend
on the cut of‘the sapﬁhire crystal.. No such complications arise.fofv

diamond,which is optically isotropic.



- 34 -

6.2 Experimental Characterization of Coated Substrates

Bismuth films varying in thickness from 30 nm to 480 nm were
deposited on 8 X 4 X 0.135 mm sapphire substrates. Bismuth was used
for the absorbing film because the required resistivity range could be
achieved wifh a convenient range of thicknesses. Other materials, for

/or nickel-chromium alloys/ A
example, chromium,/would presumably work equally well. These substrates

are optically polished on one side and are rough on the reverse side.
The rough side has irregularities iarge compared with the thickness of
the films, but small compared with far infrared wavelengths. For each
film thickness, a sample was prepared on both smooth and rough surfacés.
The resistivities of these films measured at 300 K and 4.2 K are shown
in Fig. 12. The resistivities at 300 K are greater than the bulk value,
and increase as the films are cooled to 4.2 K. These results suggest
that the structure of the films is somewhat non-crystalline. Nevertheless,
the resistivities were quite reproducible, and the desired resistance
could be obtained readily. |

The far infrared transmission of the coated substrates was measured
at 1.3 K using a Fourier-transform spéctrometer and a germanium bolometer.
Transmissivity spectra were obtained for an empty sample holder, for an
uncoated substrate, and for four sﬁbstrates with varying film thicknesses.
Measurements were ﬁade over three overlapping spectral ranges, from 3 to
25, 10 to 120, and 15 té 300 cm_1 with resolutions of 0.25, 1.2, and
3.0 cm_l, respectively. Transmissivity spectra were obtained by dividing
the transmission'spectrum of each sample by the transmission spectrum of
the empty sample holder. A series of transmis;ivity spectra is shown in

Fig. 13. The Fabry-Pérot fringes are very pronounced for the uncoated
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substrate, and have a period of about 12 <:m—1 as expected for d = Ofl35 mm
.and n = 3. The beat pattern is due to the difference.(% 0.3) in the |
refractive indices for the ordinary and extraordinary rays. Tﬁe coated
substrates show reductionsin the overall transmission and

in the amﬁlitude of the Fabry-Pérot fringes. The latter effect is due

to the reduced reflection at thé back surface when it is coated with a
conducting layer. . According to Eq. (6.4), the reflectivity goes to zero
(and hence the fringes vanish) when RD = ZO/(n - 1) (= 20/2 ~ 188 /O

for sapphire). In Fig. 13, the minimum in the fringe amplitude occurs
between R = 149 and 235 /0.

The Fabry-Pérot fringes enable us to determine Rb and Ab from
measurements of Tb. Since the spectrg-do noﬁ change greatly over the
frequency range 3 to 300 cmfl, we obtained values of Tb’ Rb, and-Ab'
near the maximum in the beat pattern that dcéurs aréuhd 100 cm—l.

A complete analysis of the data is extremely complicated, and unwarranted
in the present circumstances. We shall regard the sapphire transmissi-
vity, TS; as an empirical parameter that accounts for the freqﬁency and
polarization dependence of the refractive index, thé surface roughness,
and the angular divergence of the f£/1.5 beam. First, the transmission
and reflection coefficients at the uncoated surfaces and the vaiue of
Ts'were determiﬁéd by obtaining values of Tb from the measured maximum
and minimum values near 100 cm—% for the uncoated substrate and inserting
them into Eq. (6.6)vwith cos§ =+ 1 and -~ 1 respectively.. We found
17 6.24, and TS = 0.88. Witﬁin experimental error, these

24

values of Tl and Rl are consistent with n = 3.0°7. The value of TS is

Tl = 0.76, R

too small to represent a simple absorption in the sapphire, and arises
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from the simplifications mentioned above.

were used in Eq. (6.6) to obtain T,

The values of T 2

1° Rl’ and TS

and R2 for various film resistivities; T2 and R2 were used in Eqs. (6.7)
and (6.8) to obtain Rb and Ab._ Figure 14 shows the experimental values
of the maxima and minima in Tb, Rb’ and Ab as a function of Zoﬂ%].

There is no significant difference between the values measured with the
bismuth on thé rough and smooth surfaces. The lines are calculated from

Eqs. (6.6) to (6.8) using the measured values of R Tl’ and Ts, and the

1°
values of R2 and T2 obtained from Eqs. (6.3) to (6.5) with the experimen-
tally determined value of n. Considering the simplifications made in

the theory, the general agreement between theory and experiment is
reasonably good. In particular, an absorptivity of approximately 0.5

is obtained at ZO/REI ~ .2, where the fringes have a small -amplitude.

For ZO/RE]z 8, the measured maximum absorptivity is approximately 0.8.

6.3 Far Infrared Efficiency of Bolometer

The far infrared absorptivity of the bolometer was meésured by
chopping the radiation falling on the top of the light pipe between
sources at 77 K and 290 K. The transmissivity of the light pipe and':
of the various elements in the light pipe were measured separately,
so that the power incident'on the bolometér could be computed. The
ratio of the absorbed power to the incident power was the absorpfivity.

The cold source was contained in a 150 mm diameter glass dewar
filied with liquid nitrogen. The lower part of the inside of the

dewar was covered with AN-72 EccosorbTM, and the upper part was
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cnvered_with aluminum sheet which was in contact with the liquid nitrogen.
The cold radiation traveling upward from the dewar was defiected downward
into the lighf pipe by two polished aluminum mirrors. A circular aperture
29 mm in diameter limited the solid angle viewed by the lighf pipe. The
separation between the aperture and the light'pipe could be varied to
change this solid angle. An 11 Hz reflecting choppér with its blades
at 45° to the horizontal was located below the apefture so ‘that the
signal reaching the light pipe arrived alternately from the aperture
and from an amnient temperature slate blackboard. The slate was a con-
venient reference because of its high absorptivity and long thermal time
constant. The calibration was accomplished by measutingbthe difference
between the lock-in detected signal from the celd source with the aper-
ture open and the signal measured when an ambient temperature (290 K)
piece of Eccosorb was place on top of the horizontal netal plate which
cqntained the aperture. |

The stainless steel light pipe (760 mm long and 11.7 mm i.d.) was
sealed at the top with a 0.2 mm thick black'poiyethylene sheet. The
vacuum can at the botton was sealed with a wedge-shaped sapphire window
that tapered in thicknes from 1.52 mm to 1.02 mm. A 2.54 mm thick
FluofogoldTM low~pass filter was placed in the 1iquid helium above the
sapphire window to define the spectral béndnase‘and'tb'reduce the Back-'
gfound loading on the bolometer. The lower eide of the bolometer sub-
strate (4 x4 x0.05 mm) was coated with a 80 nm bismuth film with a
resistance of approximately 190 Q/a et i.5 K. Thus,vthe.absnrntion was
approximately independent of frequency.' A slab of‘EccosorbTM was placed

behind the bolometer to absorb the radiation which by—passed the bolometer
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or was transmitted through it. Consequently, the radiation made only a
single pass at the bolometer.

The transmissivity of the FluorogoldTM filter at 1.5 K was measured
using a Fourier transform spectrometer, and is plotted in Fig. 15(a).
Figure 15(b) shows the calculated difference between the blackbddy
sources at 290 K and 77 K as viewed through the FluorogoldTM filter.
This curve represents the v 5 to 45 cm—1~pass-band of the calibration.
We estimate an error of * 3% in the power calibration. The transmissi-
vity of the light pipe ﬁeasured at room temperature over the same
range of frequencies and solid angles in a separate experimént was
0.61 + 0.03. When the light pipe was cooled to liquid nitrogen temper-
atures, the transmissivity was unchanged within * 27. This value for
Tlp can be brought into agreement with the calculated transmissivity
from a light pipe theory which ignores paraxial rayszs, if we assume
a resistivity which is three times larger than the measured low tembe— :
rature value of approximately 70 pQlecm. Other experimentors have found
a similar discrepancy.?2?

The transmissivity of the sapphire window at 1.5 K was measured
to be 0.57 * 0.02. This value is in excellent agreement with the
calculated value of 0.57 obtained assuming refractive indices of 3.0
and 3.4 and assuming negligible absorption. The transmissivity of the
black polyethylene window at room temperature was measured to be
0.86 + 0.02. The absorbing area of the bolometer was reduced from
16 mm® to Age = 14.6 mm? by the superconducting In and Al films,

~which have negligible absorption in the far infrared. We assume that

the fraction of the radiation leaving the light pipe which is incident
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on the detector is equal to the ratio of Aeff to the area of the light
pipe.

The far infrared résponsivity of the bolometer was measured over a
range of solid angles frbmAZ.O to 6.9 X 10_3 sr. As expected, the data
show no significant dependence on sélid‘angle. >The average value.of the

absorptivity is 0.52 ib0.05. The aggregate error limit of * 0.05 is obtained

by combining errors of * 5% in the measurements of the electrical NEP
and the far infrared responsivity with values given above for the errors
in the measurements of the transmissivity of the black polyethylene, the
light pipe, the EluorogoldTM, and the sapphire. This value is in excel-
lent agreement with the theoretical value of 0.5 and the valge of 0.5
ébtained from the transmissivityvméasurementé.

The effective absorptivity, 8e (relative to the area of the entire
bolometer), is 0.47 * 0.05. Using our best value of electrical NEP,

' _ 21 .. 1
(1.7 % 0.1) x 107 "WHz 2, we find D* = &eA%/NEP = (1.1 £ 0.1) x 10%em W ' HzZ.
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7. POSSIBLE IMPROVEMENTS

0f the three superconductive bolometers described, the transition
edge bolometer is the most highly developed, and the simplest to fabricate
and operate. There seems to be little advantage in going to the SNS or
SIN versions unless a wider operating temperature range is desirable.
Some improvements in the sensitivity of the transition edge bolometer
appear possible. A diamond substrate would have a heat capacityfof

approximately 107 %

JK_I, a factor of six lower than the sapphire substrate.
The bismuth heater could be eliminated, the number of indium contacts
could be rgduced to two, with somewhat smaller areas, and the bismuth
absorber could be replaced by a much thinner chromium film. By means
of these modifications, we estimate that the total heat capacity could
be reduced by a factor of six to about 2 X lO_IOJK—l. For the same
value of thermal conductance, the time constant of the bolometer would
be reduced to about 10 ms. Alternatively, thé thermal conductance could
be reduced to about 3 x 10 ° WK—I, keeping the time constant at its present
value, 60 ms. Provided that the bolometer was still esséntially thermal
noise limited, an improvement in the NEP by a factor of /6 could be
expected. |

A further improvement in sensitivity couldkbe obtained bylﬁooling‘
the bolometer to liquid He3 témperatures, and operating at about 0.4 K -
using a titanium film as the thefmometer. We estimate that a bolometer
using a sapphire substrate with the same dimensions as the.present

bolometer would have a heat capacity of 10_mJK_1 or less, so that the

-9 -1 .
thermal conductance could be reduced to 2 x 10 WK for a time constant
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of about 50 ms. The thermal noise limited NEP (« TG%) would then
approacﬁ 10_16WH2—%. In order to achieve this limit,'a preamplifier
with a noise temperature of less than 0.4 K would be required. The

use of a diamond substrate would be expected to give a further improve-

ment.
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Table I. Parameters of five transition edge bolometers

Bolometer - 1 2 3 - 4 5

Dimensions 2x4x0.135  2x4x0.135 2x4%0.135 2x4x0.135  4x4x0.050

(mm)

T (K) 1.30 1.28 1.40 1.28 1.27
drR/dT (K~')  60% 80% 2,000 800 200
¢ (0 %K™y 2.5 4 3.5 3.5 2

T (s) 0.1 0.05 0.05 .  0.05 0.08
I (YA rms) 14 11 ' 0.7 0.7 5
NEP (5 Hz) 5 - 3 3 3 2
— L .
(10" wHz %)

%A1 films did not have cut edges.
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Table II. Calculated heat capacities at 1.27 K of

components of bolometer 5

Heat capacity

Component : Dimensions (mm) (lO-IOJK—l)
Sapphire 4 x 4 x 0.050 6.6
In films (4) 0.5:x 0.175 x0.0029 . 2.8
Bi heater 4 x 0.5 x 0.000088 0.2 .
Al thermometer 4 x 0.18 x 0.000070 0.1
Bi absorber 4 x 4 x 0,000093 1.8

11.5
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Table III. Measured parzﬁneters of bolometer 5

Operating temperature , 1.27 K
G o 2.0 x 107° WK '
T 60 ms
¢ 1.2 x 107° &
dR/dT 200 K~
I 5.3 YA rms
G, 1.44 x 107° Wk ?
T | 83 ms
e _ :
: , ;
S = (3V/3T)/G, (2 Hz) 8.6 x 10" VW .
T 25 s
m .
o ‘ : - 70
: ' -15 =%
NEP measured ‘ (1.7 £ 0.1) X 10 WHz “at 2Hz
(NEP) ' 1.3 x 107 wHz
Th | . z
Dynamic range in 1 Hz bandwidth ‘ 10"
' ' ' -12 - -
Power spectrum of bath fluctuations 1.6 x 10 lv (1 Hz?/£2) K2%Hz !
Effective absorptivity, 83 0.47 + 0.05
.+ -1 L

D* (1.1 £ 0.1) x 10 em W = Hz?
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13.

Figure Captions

Configuration of superconducting transition edge bolomefer and mount.
Schematic of electronics for superconducting transition edge bolometer.
Calculated relative response (AT)? of bolometer vs. frequency for
perturbations: (a) (AP,)* cos®(wt + 6,) and (b) (AT, )%cos®(ut +6,),
with (—f—) and without (——) feedback.

Measured (e) and calculated (---) responsivity of transition edge
bolometer (referred to output of bridge).

Measured (e) and calculated (---) noise power spectrum of transition
edge bolomefer‘(referred to output of bfidge).

Measured (e) and calculated (---) NEP of transition edge bolémeter.
SNS bolometer and eléctronics.

Critical current vs. temperature for typical SNS bolometer.

Thermal conductance of the four leads (each approximately 5 mm long)
vs. temperature for typical SNS bolometer. -

Responsivity vs. temperature for typical SNS bolémeter. Dots are
meésured resﬁonsivity, and the line is calculated from other measured
pafameters.

NEP vs. temperature for typical_SNS bolometer. Dots are_meas@red
values, continuous line is calculatgd Johnson noise-limited NEP, and
dashed line is calculated thermal noise limited NEP.

Measured dc resistivity of bismuth films on rough and smooth sapphire
surfaces vs. film thickness. |

Transmissivity spectra for sapphire substrates coated with bismuth

films of various resistances.



14.

15.

QG DAT DG E s

Qg

- 49 -

Maximum and minimum values of the Fabry-Pérot fringes .in the trans-
migsivity (a), reflectivity (b), and absorptivity (c¢) aé a fﬁnétion
of the resistance of the bismuth film. Dots and squares are
experimental values near 100 cm'-1 with the bismuth on the smooth
and rough sides of the sapphire respectively, while the lines
represent the calculated values.‘.

(a) Measured tranﬁmissivity of 2.54 mm thick FluorogoldTM filter at
1.5 K. (b) Normalized intensity distribution of difference between
the blackbody sources at 290 K and 77 K viewed through the filter

in (a).
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