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SUPERCONDUCTING TRANSITION EDGE BOLOMETER
AND NOISE IN THIN FILMS
Nan-Hsiung Yeh
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Physics, University of California
Berkeley, California 94720
ABSTRACT

We report the development of the composite superconducting transi-
tion edge bolometer. The temperature sensitive element 1s an aluminum
strip evaporated onto the sapphire substrate. A bismuth film evaporated
on the reverse side of the substrate is used to absorb the submillimeter
radiation. The noise limitation of the bolometer is calculated. The
fabrication and measured performance are described. The best electrical
NEP (noise-equivalent=power) obtained is (1.7 + 0.1) x 10710 =172
at 2 Hz at an operating temperature of 1.27 K. This NEP is within
a factor of 2 of the thermal noise limit. The effective absorptivity
of the bismuth film is measured to be 0.47 + 0.05, and the corresponding
detectivity D* is calculated to be (1.1 + 0.1) x 1014 cm wﬂlﬂzl/ze
Suggestions are made for further improvements In sensitivity.

The current—dependent noise in thin metal films at the supercon-
ducting transition has been further investigated. The measured noise
power spectrum of the tin film on sapphire substrate at the supercon-
ducting transition is compared with the cosine transforms of the decay
curves obtained from step—function and S-function thermal perturbations.
The nature of the noise driving term is found to be a random current
flowing inside the sample, in agreement with the uncorrelated thermal

fluctuation model. This result 1s consistent with the case of a freely
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suspended tin fiber at the superconducting transition, but in contrast
to the room temperature measurement where the cosine transform of the
step~function response gives the nolse power spectrum, in agreement

with the correlated fluctuation model.



I. INTRODUCTION

A. HISTORY

Since the discovery of Infrarved radiation in the eighteenth century,
a new field of physlics has been developed. Various detecting methods
were used to sense the invisible infrared radiation. The earliest
version of the infrared detector was a mercury thermometer in which
the mercury expanded when it absorbed infrared radiation. This method
was, of course, a very crude one., Later thermopiles, radiometers,
bolometers, and photon detectors were developed. These greatly improved
man's knowledge of infrared radiation. In World War II infrared
detectors were used for night searching, night driving, and detecting
hot objects. The military applications caused great advances in
Ainffared technology.

The infrared radiation has expanded the range of wavelengths in
spectroscopy. The change of quantum states in rotational and vibrational
modes in molecules falls in the infrared range. Infrared spectroscopy
has plaved an important part in determining the structure of molecules.
The molecules may also be identified by this emission or absorption
spectrum., In pollution experiments, Infrared spectroscopy has become
a standard technique. Infrared astronomy is one of the most important
applications in infrare& history. In the last decade many discoveries
have been made in this field. These experiments made use of ground-
based, balloon—borne, and ailrcraft telescopes. Due to the weakness of
the signal, cooled Infrared detectors were used to obtain a better

signal-to~-noise ratio., Recently scilentists have become more and more
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interested in cooled Infrared telescopes. The use of an infrared
detector with high sensitivlity was essential to obtain the full

benefit from a cooled telescope. An increase in the sensitivity of

the measuringlfacilities by a factor of 10 would reduce the integration
time by a factor of 100. In the far—infrared region (40 - 1000 pm)

a good detector is especially valuable to sense the very weak signals,

B. DETECTOR EVALUATION

There are two main groups of infrared detectors. The first type
is the thermal detector. This employs materials possessing some strongly
temperature~dependent property. The incident radiation raises the
temperature of the detecting element producing a change in the property
used to detect the infrared radiation. Bolometers and thermopiles belong
to this group. The second group is the photon detector. The infrared
radiation induces an electronic transition in the detecting element
and leads to a change in conductivity or to an cutput voltage appearing
across the terminals of the device. The photon detector responds only
to photons of energy greater than the minimum energy required to excite
the electronic transition. Photoconductors and photovoltaic devices
are examples in the second group.

For ideal infrared detectors, that is, one in which the detecting
element and electronics do not introduce any excess noise to the output,
fluctuations in blackbody radiation will limit the detector performance;
This sets a2 minimum detectable signal. No real detector ever satisfies
this condition, but the best modern detectors can approach this ideal

o

limit to within a factor of two or three under certain circumstances.
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In a stream of radiation emitted from a blackbody at temperature T,
the statistical fluctuation of the number of photons in a given quantum
state with frequency v isl
S— hv

5 _ n(we /K

bn /KT
e -1

dv . (1.1)

When the radiation is incident on the thermal detector, the

corresponding NEP (the amount of power which gives the ratio of signal

to rms noise per square root unit bandwidth equal to 1) isz
5 4 x
ep)2, = LKA ogedn)y 50 X8 f(x)dx , (1.2)
Th 2.3 o X 2
¢’h (e”=1)

where Jcos8d? is the field of view; x = he/kTA ; A is detector
area; f(x) is the deviation of the spectrum of absorbed power from the
blackbody radiation. For blackbody radiation and a black detector,
f{x) = 1. If the detector is in thermal equilibrium with the radiation
field, there will be an equal fluctuation in the power radiated by
the detector. The above (NEP)th will then be increased by 2 .

The corresponding photon fluctuation noise for a photon detector
operated near its threshold wavelength is

(NEp)2, = fﬁéii%zlf-(fcosedn) I a—giﬁig dx (1.3)

A h c (e™-1)

where € 1is the quantum efficiency; AC is the cut-off wavelengthy

x = he/kTh; X, = hc/kTRCe The principle of detailed balance shows
that even if the photoconductor is at a different temperature from

the background, the recombination of the photon-excited electrons will

be responsible for a fluctuation equal to that given by Eq. (1.3).

The total (NEP)ph will be increased by v?2 . TFor photovoltaic or



photomagnetic devices, Eq. (1.3) still applies.

Both (NEP)th and (NEP)ph decrease as the temperature is lowered.
The detector performance is usually better at low temperatures. From
Eq. (1.2) and Eq. (1.3), we can see that (NEP)th is always greater
than (fiffll;‘)ph (assuming f(x) = € = 1). The background noise limited
detectivity (D% = ¢ V&/(NEP)) for the photon detector is higher than
for the thermsl detector. Thus photon detector seems to be the better
one in the ideal case. However, the real infrared detectors have
additional noises from the detecting element and the associated
electronics, The actual performance is usually limited by other
fluctuations.

For thermal detectors, the sensitivity is further limited by
the equilibrium temperature fluctuvation of the detecting element. 1/f
noise 1s another noise source that becomes important at low chopping
frequencies, But 1t can be quenched under certain circumstancesBB
By increasing the responsivity, the Johnson noise level can be made
smaller than other noises. The preamplifier noise can be minimized
by choosing a low noise preamplifier and matching the impedance through
a transformer or a tank clrcuit. The spectral response of the thermal
detector is flat over a wide frequency range. The actual rvoll-off is
determined by the absorption chéracieristics of the detector material
or the transmission of the window. The superconducting bolometerg and
the semiconducting bolometer ave the most developed ones. The
composite aluminum superconducting transition edge bolometer%’é which is
composed of a low heat capaclty sapphire substrate with aluminum film

blased at the superconducting transition as the temperature sensor and
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bismuth film as infrared absorber, may achieve an NEP = 1.7 x lOmlS

zal/2 at 1.27Kk. The composite SNSé’7 and the composite Ge:Ga8

WH
bolometers have the same configurations as the composite aluminum bolometer
except the temperature sensors. The SNS bolometer has a supercondﬁctor

~ normal metal - superconductor junction as the thermometer. It makes

use of the temperature-dependent critical current of the junction to
measure the temperature. Due to the low impedance of the junction,

a SQUID has to be used to read out the signal. The best NEP obtained

is 5 x 10515 WHzml/Z

. The Ge:Ga bolometer uses Ge:Ga single crystal

as a temperature sensor. 1t is easy to match the impedance to a room
temperature preamplifier. However, it suffers 1/f noise at low chopping
frequencies. The best NEP meausred is approximately 5 x 10515 szsl/Z’
which is comparable with the SNS bolometer.

The photon detector has excess noises due to the thermal excitation
of electrons, filling of shallow traps, warming of the detector, re-
establishment of a bias condition when the background loading changes,
etc. Some of the detectors have multiple time constants, which make
the analysis of responsivity much more complicated. 1In addition, the
1/f noise appearing in the photon detectors i1s still not well understood
vet. So far there is no efficient way to suppress this noise. The
spectral response of the photon detector is not flat. Beyond the
cut=of f wavelength Ac, no photon absorption occurs. Below Ac, the
performance starts to degrade as the wavelength 1s decreased. The
optimum point is near Ac., Furthermore, the intrinsic photon detectors

have a cut-off wavelengh < 20 umsg The development of extrinsic detectors

has increased the cut-off wavelength up to 350 um. The Ge:Be



e

10 The measured

8

photoconductor has a cut—off wavelength =~ 60 um.
NEP is 2 x fiLOa16 W/VHz with background loading = 9 x 10 photm’xs/sec/cmzs
The Ge:Ga photoconductor has AC ~ 120 umslo NEP =~ 4 x 10m17 w//§§ for
a background loading 3.7 x 108 photcns/sec/cmze The n~type GahAs photo-
conductor11 has fairly high cut~off wavelength (= 350 um). But so
far the measured NEP is not very good (R 2 x 10‘”13 w/VHz) . Recently
the development of uniaxially stressed Ge:Ga photoconductorlz has raised
the cut-off wavelength to about 200 um. The preliminary measurement
showed an NEP about 2 x 10311 W//Hz at 190 pm. Further improvement
is still in progress. The most recent resultlB showed that the NEP .
has achieved 10m16W//§§ .

Another far infrared detector which is worth mentioning is the
InShH detectoraz The far infrared radiation excites the condgction
electrons in InSbh and changes the electron mobility. Due to the long
electron~phonon relaxation time, the electrons may stay "hot" without
heating up the lattice. Thus the response time is short (< 1 us).
The responsivity falls as A 1s reduced below 1 mm so that for
applications at wavelength below 500 um the performance is significantly
degraded. By applying a magnetic field or using heavily compensated
material, the spectral response can be improved at the expense of
increasing the NEP. The best NEP obtained for InSb detector is
1.3 % 10713 wviz A

There are many other room temperature far-infrared detectors. The
more important ones are Golay cell, pyroelectric detector, Metal-oxide-
metal polnt contact detector, ferroelectric detector, and pyromagnetic

detector. The Nernst effect in mixed crystals of InSbuNiSb915



Cd3ASZ&InAsgl6 and bismuth and bismuth-antimony alloysl7 has also been
considered for infrared detectors. But, due to the background radiation
noise, these detectors can never compete with the 4He temperature omnes
in sensitivity. They certainly are convenient in many applications
which do not need very high sensitivities.

We summarize the performance of some of the state-of-the=-art
far-infrared detectors operating at liquid aHe temperatures. In

Figure 1, specific detectivity D* (=/A/(NEP) ) is plotted vs.

optical
wavelength. Table 1 shows the corresponding measurement conditions.

The performance of InSb detector is not directly related to the detector
area. The NEP of stressed Ge:Ga photoconductor was measured in an
integrating cavity to enhance the optical efficiency. We have plotted

D(=1/(NEP) ) instead of D* for these two detectors in Fig. 1.

optical
We can see that Al superconducting transition edge bolometer has

the highest D*(= 1.1 x 10%% cmw™inz!/?

) in the 200 ~ 1000 um range.

In the following chapters we are going to discuss this bolometer in

more detail. Chapter Il is a description of the general bolometer

theory., Chapter II1 is concerned with the design, fabrication, and
operation of Al superconducting transition edge bolometer. Chapter IV is a
discussion of the detector noisess The measurgd noise power spectrum

is compared with the theoretical estimates. The measured electrical

NEP 1.7 x 1071%unz"1/2 a¢ 2Hz is within a factor of 2 of the thermal

noise limlt. Chapter V describes measurements of the submillimeter

wave absorptivity of Bi-coated sapphire substrate and of the optical

efficiency of completed bolometers. The theoretical prediction of

50% optical efficiency for a bolometer designed for broad-band
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applications has been verified experimentally for frequencies in the

vicinlty of 20 cmale



IT. BOLOMETER THEORY

Consider a bolometer with heat capaclty C at temperature T connected
to a heat sink at temperature TS via a thermal conductance G. The
thermal time constant, v, is C/G. 1In the case of a composite bolometer,
the substrate absorbs a fraction e€(< 1) of the incident signal power,

Pes 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. 1If the signal is chopped at a frequency /2w,

the responsivity S{(w) is given bylg

v €9V/3T ~ €9V/dT
3P, G- 13V/3T + iwC '“Ge(z + ine)

w
1l

(2.1)

In Eq. (2.1), Ge = (G = I18V/8T) is the effective thermal conductivity,
and T © C/Ge ig the effective thermal time constant. To avoid thermal
runaway of the bolometer, we require Ge > 0, 1If 3V/3T < 0 (negative
thermal feedback), Ge is always positive, whereas if 3V/3T > 0 (positve
thermal feedback), the bias current must satisfy the condition
I < G/(3V/aT).

The square of the electrical NEP (per unit bandwidth) can be
written as the sum of squares of statistically independent terms which

. 8
arise from a number of Sourceszl

(NEP)? = 8k T ey + 4k T7G + J) ,c/[S|% + dkpTR/[S]% +

B
JA(E)/181% + (uER)Z . (2.2)

The first term arises from fluctuations in the background blackbody
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power SPB absorbed by the bolometer. We assume that the background
temperature Tp >> T, and that cooled filters are used which limit the
background power to wavelengths A > hc/kBTB where the Rayleighsjeans‘
Iimit is valid. The second term arises frqm the random exchange of
energy between the bolometer and the heat sink via the thermal conduc-
tance. No treatment has been given of the fluctuations of a bolometer
using correct nonequilibrium thermodynamics in the presence of thermal
feedback. Consequenty we have used in Eq. (2.2) the conventional
approximate expressions derived from equilibrium thermodynamics. The
third term arises from voltage noise in the thermometer which has an

1/f spectral density Jl/f(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. 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 miscellaneous soﬁrces, such as temperature
fluctuations in the helium bath, microphony of the bolometer, and pick-up
from radio and television stations. One attempts to reduce the noise
from these sources to a level below that of the first or second term.

If the resistance of the bolometer is measured with an ac bias
current and the ac wvoltage is subsequently lock=in amplified, additional
numerical factors are introduced into Eq. (2.2). The first three terms
arise from resistance fluctuations in the thermometer, and ave 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
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resistance fluctuations, and are treated differently by the lock-in

amplifier. A proper considerationlg

of the lock—in amplification shows
that the (NEP)2 due to Johnson noise and amplifier noise should be
increased by a factor of 2. Depending on their origin, the miscellaneous
nolse contributions to the (NEP)2 may or may mnot contain this factor.
Egq. (2.2) also reveals that the background and thermal fluctuation (NEP)2
(first and second terms) are independent of the value of wT However,
the third, fourth, and fifth terms are proportional to (1 + wz'ri)s
and therefore increase as w? for frequencies higher than 1/2?Teg

We may draw several general conclusions about the optimization of
bolometers from the form of Eqs. (2.1) and (2.2). First, the temperature
T of the heat sink should be as low as possible. The lower limit
is usually fixed by the type of cryostat used. The rapid 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 Tse The operating temperature is further re-
stricted in the case of the transition-edge bolometer by the transition
temperature of available superconductors. The temperature rise of the
bolometer is T - Ts = (EPB + IV)/G. For bolometer applications in
which the absorbed background power €PB is large, the value of G required
to keep the bolometer 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
background limit, on the other hand, C should be made as small as
possible. The value of Ta is chosen after considering the requirements
of the experiment, and G, is then equal to C/Tee In this limit, the
Cl/zs

bolometer NEP varies as This dependence is immediately clear
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if the NEP is limited by thermal fluctuation 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 ESIQZ o« Gz/I(aR/BT)e Since
the largest useful values of I are limited by bolometer heating to

I/~ (T - TS)/V9 we see that the optimum iSlﬁZ « G, Altéough 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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ITI. SUPERCONDUCTING TRANSITION EDGE BOLOMETER

A. PRINCIPLES OF OPERATION

The transition—edge bolometer consists of a thin film of super-
conductor (aluminum in the present work) evaporated onto a suitable
substrate. 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 detected
by a low noise amplifier. The electrical responsivity is then given
from Eq. (2.1) as S = 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/(8R/8T). If we take as typical
values G = 5 x 1Ow8w}<m1 and 8R/8T = 103 QKQI, this requirement implies
that T < 7 uA. For example, if we choose I = 1 yA, S~ 2 x 104VWG1

at zero frequency.

B. EXPERIMENTAL DETAILS
The bolometers were fabricated on single-crystal sapphgfe substrates

with dimensions 4 x 4 x 0.135 mm, 4 x 4 x 0,050 mm, or 4 x 2 x 0.135 mm
(see Fig. 1), Four rectangles of In of size 0.7 x 0.15 x 0.0005 mm

were evaporated onto the corners of the substrate, followed by 5 mnm

of Cu. (The thin Cu layer appears to stabilize the In-Al interface

and to inhibit the growth of an oxide layer.) An Al strip 0.25 mm

wide and 50 nm to 150 nm thick (the superconducting thermometer) was

evaporated at a pressure of ~ 2 x 10m7 Torr and a rate of ~ 20 nm swl
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near one edge of the substrate, and a Bi styip 0.5 mm wide and 0.1 um
thick (the heater) was evaporated neay the opposing edge. FEach end
of the strips made good eiectrical contact with an In/Cu rectangle.
The edges of the Al strip were cut with a diamond knife to reduce the

20 The transition width was

width of the superconducting transition.
typically 3 mK. The transition temperature of the films varied from
~ 1.2 K for the thicker samples to ~ 1.4 XK for the thinner samples.
At low temperatures, the resistance of a 50 nm thick Al film in the
normal state was 2 to 4 2, while the resistance of the Bi film was
about 1500 ¢.

Four small pieces of lead foil were attached with epoxy to an
OFHC copper mount as shown in Fig., 2. (OFHC copper was used to minimize
the thermal equilibration time of the mount.) The epoxy provided elec~
trical insulation between the foils and the mount. Nylon threads with
a diameter of ~ 15 um were separated from a multifilament thread,
and cleaned with trichloroethylene. Two threads were attached to the
lead foils with GE7031 varnish as shown. An indium f£film about 2 um
thick was evaporated on the In/Cu rectangles on the substrate and on
the corresponding positions on the nylon threads. The substrate was
then carefully pressed onto the threads so that the indium films were
cold-welded together. We found that this assembly technique was highly
reliable, and that the bolometer could be thermally cycled repeatedly
with no tendency for the nylon threads to become detached. The remaining
portions of the threads were coated with 0.75 um of dndium to provide
thermal and superconducting electrical connectlons to the thermometer

and heater. This thickness gave a thermal conductance of about
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BWKml at the operating temperature of the bolometer. A 0.08 um

5x 107
bismuth film was evaporated on the back of the substrate as a far
infrared absorber.

The mount was suspended from the top—plate of a vacuum can by
four 1-72 nylon screws about 10 mm long. Below the mount was attached
a block of copper (volume v 5 x lO3mm3) on which was wound a 1 kQ
manganin heater. This arrangement provided a low-pass thermal filter
to reduce the effects of temperature fluctuations in the helium bath.
The thermal 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 bolomter. A stainless steel light-pipe with
an i.d. of about 12 mm connected the sapphire window to the top of
the cryostat. The light-pipe was closed at the top with a black
polyethylene sheet 200 um thick. The vacuum can was evacuated through
a 3 mm stainless steel tube that contained a radiation baffle. Leads
from the bolometer circuit weré brought out through a vacuum seal in
the top-plate.

The Al strip formed one arm of a Wheatstone bridge, each of the
other three arms being a manganin wire resistor (see Fig. 3). The
bridge was operated at | kHz. The output 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 resistors, outside the vacuum can. The
output of the transformer was connected to a room-temperature FET pre-
amplifier. The cooled transformer-preamplifier combination achieves

21

a noise temperature of about 1 K. The preamplifier had a gain of
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104 and was followed by a tuned amplifier, and a lock-in detector
referenced to the 1 kHz oscillator. The output from the lock-in was
available via a 1 kHz notch~filter, and was also connected to a
feedback circuit that regulated the temperature of the bolometer.

It is, of course, essentisl that the Al strip be maintained on
the superconducting transition. Both the temperature of the helium
bath and the level of the background radiation contain drifts and low
frequency fluctuations (whose spectral densities vary approximately as
l/f2 at low frequencies) sufficiently large to drive the temperature
of the bolometer well away from the transition temperature in the
absence of temperature rvegulation. The temperature of the bolometer
was regulated by feedback through an amplifier that fed current into
the manganin heater on the copper block. In operation, the temperature
of the helium bath was about 1.l K, at least O.! K below the transition
temperature of the Al. The feedback circuit supplied the appropriate
current to the heater to rvalse the temperature of the bolometer until
the resistance of the Al strip was 1 . The response of the feedback
circult was small at the modulation frequency (> 1 Hz) so the amplified
signal at the modulation frequency was available at the output. A
slow drift in the temperature of the helium bath ovr in the amount of
background power, on the other hand; was compensated so as to keep
the bolometer at its operating temperature.

Typically, T is lOmz to 1Om1 s, and the same time constant of the
copper mount, Tm9 is ~ 20 s. Thus T << Tma Let o be the loop

gain of the feedback system, typically 50. Consider fluctuations
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APB Cos{wt + 61) in the background radiation and ATHe cos(wt + 52)
in the temperature of the helium bath at frequency w. Here §, and
62 are arbitrary phase factors. A straightforward analysis using
standard feedback theory shows that the change in the temperature of
the bolometer is’

(eAPB/G)(l+w2T§)1/2cos(wt+61)+ATHe cos(wt+62)

AT = (3.1)
TTm[(w2’w§)2 + wZ/szl/z

In Eq. (3.1) w, ~ (&/TTm>1/2 ~ 10 Hz for typical values. Clearly,

s Wy > rglg For a frequency w << Tglg Eq. (3.1) simplifies to

AT = [sAPB/Ga] cos(wt + 61) + [ATHe/a] cos(wt + 62)

(0 << 71y, (3.2)

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

by a factor o = 50. For a frequency w >> Tmls

AT = (SAPB/GwT) cos(wt + 61) + (ATHe/wZTTm) cos(wt + §,)

(w >> r“l)e (3.3)

In this limit, the change in the temperature of the bolometer 1s determined
by the appropriate low pass thermal filters, and the feedback circuit
plays no role.

In Fig. 4 we plot a calculation of the relative squared response

2
(AT)Z ve. frequency for fluctuations: (a) (APB) cosz(wt + 61) and

(v) (ATHQ)Z cosz(mt + 62)9 The continuous line is the response without

_%.
See Appendix.
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feedback, and the dashed line is the response in the presence of

9 !

feedback. The followlng parameters were used: e = 1, C = 1077 g% s

1

G = 5% IOwBWK@ s T T 20 s, and o = 50, At low frequencies, the

effect of the perturbation on (AT)2 has been reduced by a factor of
az & 2,500 by the feedback, whereas at high frequencies, the feedback

has no effect,
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IV. BOLOMETER NOISES

A. THEORETICAL NOISE LIMITS
A signal power P, cos wt absorbed by, or generated on, the

bolometer produces a voltage V coswt across the bridge, where
V= /TIGRAT) P /G (1 + w22 /2 (4.1)

The correction (~ 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 most important. We consider only

8 1

the case wtr << 1, and assume throughout that T = 1.2 K, G = 5 x 1077wk R
3 QKale The thermal noise contribution is

(NEP)p, = (4kBTZG)1/2:z 0 x 10" oy, ~1/2

R =10, and (3R/3T) = 10
. The 1/f noise in tin films

on glass substrates of the superconducting transition is predicted to

have a special densityB’z2

JZ(BR/BT)ZRBTZ

CF[B + 2 Qn(ﬁl/ﬁz)}f

(f) = (4.2)

Sl/f

where Lis Bos and CF are the length, width, and heat capacity of
the film, and J is the constant current bilas. For the bolometer in

a bridge circuit, Eqs. (4.1) and (4.2) lead to
(NEP)y /¢ = G {kBTZ/CF[3 +2 gn( 2161 /2 4.3)

(NEP)I/f is independent of I. If we take the film dimensions as

4 x 0.25 x 107" um and use Cp(AL) = 1.6 x 107" gk en™ ac 1.2 k,
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we find that at 10 Hz (NEP)l/f & IOEIQWszl, This estimate is a
factor 5 higher than (NEP>Th° However, Clark and Hsiang3 found that
a 5 nm film of Al deposited on the glass or sapphire substrate prior
to the evaporation of the Sn caused the power spectrum to flatten at
low frequencies. At 10 Hz the power spectrum was veduced by a factor of
20 or more. Thus 1f a comparable flattening of the noisé power spectrum

occurs with Al film on sapphire, (NEP) is expected to be comparable

1/f
with (NEP)Th° It is difficult to make a priori estimates of the low
frequency noise in this regime, and one should not assume from the
outset that this contribution is negligible.

The Johnson noise contribution is found by equating the signal

1/2

voltage V from Eq. (4.1) with (16kBTR) (the extra factor of 2 arises

from the demodulation scheme):

/

(NEP) | = Ge(SkBTR)1 2 11 (3R/3T) . (4.4)

(NEP)J decreases as 1 is increased. We can operate the bolometer at
a current amplitude (say 2 YA) at which the Johnson noise is negligible
compared with the theymal noise, and at which I << {G/(%R/BT)}l/z°
Thus self-heating effects are negligible, and Ge = G.
Finally we consider the contribution of the preamplifier noise.
At frequencies above the 1/f noise region, the rms noise of our

~-1/2
preamplifier with a source impedance of 105 {i is about 2 nVHz / .

-12. . =1/2
This value corresponds to an rms voltage VT of about 6 x 10 "TVHz /
referred to the input of the transformer (the cooled transformer does

not contribute significantly to the preamplifier noise). Equating

“E-VT (the factor of Y2 arises from the demodulation scheme) to V
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in Eq. (4.1), we find

(NEP)A = VTGE/I(BR/BT) . (4.5)

Choosing I = 2 YA, we find (NEP)A ~ 2 x lOml6WHz‘1/2, a value that is

well below (NEP)Th°

Provided that the 1/f noise 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 bolomter for the values of the parameters we have chosen. It
is, of course, necessary to make the contributions of the miscellaneous
noise sources negligible, It seems impractical to make reliable a priori

estimates of these contributions.

B. EXPERIMENTAL MEASUREMENTS

The values of G, T, and C were estimated with the feedback circuit
disconnected and with I << [G/(3R/OT)], so that Ge ~ (G, First, we
determined the resistance of the Al strip as a function of temperature.
Second, the value of G was found by dissipating a known amount of power
in the Bi heater and measuring the change 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
response of the bolometer as a function of frequency, we determined T,
and hence C = 1G. The responsivity was then determined with the bolo-
meter in the feedback mode. A current at a low frequency 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



) Do

of the bolometer referred to the output of the cooled transformer.

The spectral density of the voltage nolse at the output of the closed
loop was measured using an on-line PDP-11 computer922 and its value,
referred to the output of the transformer, was calculated. From these
two measurements the NEP was determined.

We evaluated the performance of five bolometers in some detail.
Their important parameters are listed in Table II. The large range of
values of dR/dT is evident. (Notice that the Al films on bolometers
1 and 2 did not have cut edges.) However, good values of the NEP
could 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 background operation because the high dissipation produced raises
the temperature of the bolometer significantly above the bath temperature.
Consequently, values of dR/dT below about 100 Qle were considered too
low for practical bolometers. When the edges of the Al film were
trimmed, values of dR/dAT of 200 stl or greater were always obtained.
The bias current listed represent minimum values; higher values (up to
a factor of 10 higher for the smaller bias currents) produced essentially
the same value of NEP at frequencies near 5 Hz. This result Indicates
that the NEP was limited by thermal noise and/or 1/f noise in the film,
rather than by Johnson noilse or preamplifier noise.

The parameters for bolometer 5 are given in greater detail in
Tables II1 and IV. Table III lists the calculated heat capacities
of the components of bolometer 5, and Table IV lists its relevant
measured electrical and thermal parameters. The measured heat capacity,

1.2 % 1077 Jxﬁls is in good agreement with the calculated value,
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1.15 x 1079 JK“ie In Fig. 5 the dashed line represents the responsivity
referred to the output of the bridge calculated from Egs. (3.1) and (4.1)
using the appropriate parameters from Table IV. 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
responsivity, and are in excellent agreement with the calculated values.
In Fig. 6, 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 10“'12(I\I!-Izz/fz)KZHzml has been fitted to the data for the helium
bath temperature fluctuations. Above 1 Hz, it is evident that the
measured noise power spectrum is about a factor two greater than the
calculated noise. It is likely that the excess noise arises from

the intrinsic "1/f noise"

of the Al film, which is expected to have

a white power spectrum in this frequency range (see Section A). The
excess noise in the range 0.1 to 1 Hz probably arises from an instability
in the feedback system. Fig. 7 shows the calculated and measured NEPs,
obtained by taking the square root of the ratio of the data in Figs. 5
and 6. Above about 1 Hz, the measured NEP is somewhat higher than

the calculated NEP. For example, at 2 Hz the measured NEP is about

1.7 x 10“15W’Hzml/29 compared with a thermal noise value of

1.3 x 107522 As the frequency increases, the NEP slowly de-
grades, for example, to 2.0 x 10715wH2"1/2 a¢ 5 Hz. This degradation
reflects the fact that the responsivity falls as the frequency in-

creases, while the Johnson noise and preamplifier noise remain

constant. A slightly improved responsivity could probably have been
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obtained at the higﬁer 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 dynamic range of the bolometer is approximately 8TG/(NEP),
where 8T is the half-width of the transition and (NEP)/G is the
temperature fluctuation per Hzl/ze Taking 8T ~ 2 mK and
(NEP)/G «» lO=7KHzM1/25 we find a dynamic range of about 104 in a 1 Hz
bandwidth. The maximum long-term change in temperature (due to a change
in the background radiation or a change in the temperature of the helium
bath) that can be cancelled by the feedback system is ~ a8T ~ 0.1 K.
This value corresponds to a change in background radiation of about

1 oW.
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V. FAR INFRARED ABSORBER

A. THEORY

The portions of the bolometer that can absorb a significant amount
of infrared radiation are the dielectric substrate and the conducting
film. Both sapphire and (most types of) diamond have absorption bands
in the near infravred. At far infrared wavelengths where these composite
structures are expected to be most useful, however, the cold substrate
acts as an essentially lossless dielectric with an index of refraction
which 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 an 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 infrared frequency resistivity per square, R, ,
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 1s unpolarized; the radiation makes only a single pass at
the bolometer {(i.e. there is no reflecting surface under the bolometer);
and the radiation is incident normally on the surfaces.

The transmission and reflection coefficients at the upper (uncoated

surface) are?3

Ty = n/(n + 1), (5.1)



26

and

Ry = (n - D%+ D2, (5.2)

The transmission, reflection, and absorption coefficients at the lower

(coated) surface are

Ty = 4n/(n + 1+ 2,/R )%, (5.3)
Ry = (1 = n+ Zy/R,D?/(n + 1+ 2,/R)H?, (5.4)
and Ay = (nZg /R, ) (kL 2[R DT (5.5)

where ZO ( =377 @/ ) is the impedance of free space. Although
Egse. (5.1) to (5.5) are derived for normal incidence, they remain
accurate to within a few percent for angles of incidence up to 60°.
In general, there will be multiple reflections between the two surfaces
of the substrate, giving rise to Fabry-Pérot fringes in the observed
values of the transmissivity, Tb9 reflectivity, Ry, and absorptivity,
Ab, of the bolometer. It can readily be shown that

TiTsTy

T'b = 5 - . . (5.6)
1+ TSRIRZ bt ZTS VR:LRZ cos 6

2 o
R, = R (5.7)
b 2 o
I + TgRyRy ¥ 2Tg YRyRy cos

Tr(l = TgTy = Tgr,)
and Ay = 5 " y ; . (5.8)
1+ TSRlRZ - ZTS RIRZ CO8 :

The plus sign applies when ZO/RD > n =1, and the minus sign applies
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when Z /Ry < n - l. In these equation, Tg is the transmissivity
of a thickness d of sapphire, § = éﬂn&ag and v is the free-space
wavenumber of the radiation. In practice, all three expressions will
be complicated by the fact that sapphire is birefringent.

A particular simple case arises when the reflection from the metal
film Ry = O, that is when zo/RE] =n - 1 {from Eq. (5.4)]. There are
no multiple reflections within the sapphire, and the absorptivity of

the bolometer is independent of frequency. With Tg = 1, we find
A(Zy/Rg =n = 1) = 4(n = 1)/(n + 12, (5.9)

1f we take n =~ 3, as is appropriate for sapphire, we find

Ab<zo/RE]g n= 1) =0.5, Any other value of n produces a smaller value
Qf the frequency-independent absorptivity. If the bolometer is to be
used over a wide range of frequencies, it is usually desirable to choose
Ry = ZO/(n - 1) =~ ZO/Z9 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-Perot fringes
to obtain a higher absorptivity. As an example, take 8 = 27, corresponding
to the case V = 1/2nd, and Tg = 1. If d = 0.05mm, and n = 3, the
absorptivity has a peak at about 33 cm“l, and has minima at about

17 em™! and 50 em™!. The peak absorptivity is found by setting

cos 8§ = 1 in Eq. (5.8), and maximizing Ab with respect to ZO/RD (with
Ts = 1), If we assume n = 3, we find that the maximum value of Ay

is 0.90, with ZO/chz 10, In practice, the Fabry~Pérot pattern for
sapphire will be complicated by the presence of the extraordinary ray

(for which n = 3.3), and will depend on the cut of the sapphire crystal.
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No such complications arise for diamond, which is optically isotropic.

B. 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 reguired resistivity range could
be achieved with a convenient range of thicknesses. Other materials,
for example, chromium or nickel-chromium alloys, 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 large
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 surfaces. The resistivities of these films
measured at 300 K and 4.2 K are shown in Fig. 8. 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 spectrometer and a germanium bolo-
meter. Transmissivity spectra were obtained for an empty sample holder,
for an uncoated substrate, and for four substrates with varying film
thicknesses. Measurements were made over three overlapping spectral

ranges, from 3 to 25, 10 to 120, and 15 to 300 cm™! with resolutions

*Experiments in this section were done by G.l1. Hoffer.
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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 trans—
missivity spectra is shown in Fig. 9. The Fabry&Pgrot fringes are
very pronounced for the uncoated substrate, and have a period of about
12 en”! as expected for d = 0,135 mm and n = 3. The beat pattern

is due to the difference (Y 0.3) in the refractive indices for the
ordinary and extraordinary rays. The coated substrates show reduct-
tions in the overall transmission and in the amplitude of the
Fabry“Pgrot fringes. The latter effect is due to the reduced reflec-
tion at the back surface when it is coated with a conducting layer.
According to Eq. (5.4), the reflectivity goes to zero (and hence the
fringes vanish) when Rp = ZO/(n - 1) (= ZO/Z ~ 188 2/0 for sapphire).
In Fige 9, the minimum in the fringe amplitude occurs between

R = 149 and 235 8/0. This is consistent with the theoretical

predictions.

C. OPTICAL CALIBRATION OF INFRARED SOURCES

A blackbody at fixed temperature T is a standard infrared source.
The emitted radiation can be calculated from Planck's formula. To
conduct the radiation to the detector at the bottom of the dewar, we
have to use optical components such as a light pipe, mitered right
angles, or condensing cones. Appropriate filters have to be inserted
into the path to cut off the unnecessary radiation. All these elements
need to be calibrated, but the difficulty is that none of these elements

obeys a linear superposition law. By putting two of the elements in
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series, the total transmissivity is not necessarily the product of
the individual {ransmissivities measured separately. For example,
in a light pipe the rays which make a large angle ¢ with the axis of
the light pipe will be bounced back and forth more times by the wall
than those with a small angle . Thus the rays with larger ¢ will
be attenuated more., The relation between incident and transmitted

power 1is

Jwe(p) do = s T(o) wy(e) de , (5,10)

where w;(g) and wt(e).are the angular power distributions for incident
and transmitted radiation, respectively. T(g) is the angular trans-
missivity of the light pipe. If we measure the total incident and
transmitted powejr9 the ratio [ wt(e)de/fwi(e)de cannot be generalized
as is apparent from Eq. (5.10). Theoretical calculations on the trans-
mission of light pipe have been made by Richards?% and Loewenstein.2d
The uncertainty in estimating the reflectance on the inner wall makes
it difficult to apply to vreal situations.

For mitered right angles, the situation is even more complicated.
The deflection of meridional rays (rays whose paths lie in the plane
of symmetry of the pilpe under consideration) is illustrated in Fig. 10.
The skew rays will be scattered more by the side walls. After passing
through the mitered corner, the beam no longer has a well-defined solid
angle distribution. This problem should be avoided in the infrared
galibratione Other components such as incident cones and condensing
cones also add confusion to the calibration, although they may increase

the optical efficiency.
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To measure the optical absorptivity of the bolometer, we adopted
the simplest design we could devise. Two polished aluminum mirrors
and a light pipe were used to feed the radiation to the detector. The
configuration is shown in Fig. 1ll. The incident radiation used in the
calibration has solid angles less than 7 x 103 sr. 1In this case
the transmissivities of the various filters are independent of the

solid angles. The overall transmissivity of the filters is the product

of the transmissivities for each filter at a given wavelength.

D. FAR INFRARED EFFICIENCY OF BOLOMETER

The far infrared absorptivity of the bolometer was measured 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 bolometer could be computed. The
ratio of the absorbed power to the incident power was the absorptivity.

The cold source was contained in a 150 mm diameter glass dewar
filled with liquid nitrogen. The lower part of the inside of the
dewar was covered with AN-72 EccosorbTM9 and the upper part was
covered with aluminum sheet which was in contact with the liquid
nitrogen. Dry nitrogen gas was flushed over the top of the dewar to
avoid condensation of moisture on the inner wall. The cold radiation
traveling upward from the dewar was deflected downward into the light
pipe by two polished aluminum mirrors. A circular aperture 29 mm in
diameter limited the solid angle viewed by the light pipe. The

transverse dimension of the aluminum mirrors is much larger than the
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aperture., The geometrical circle on the mirror seen by the bolometer
with an angular field of view less than 7 % 1073 sr has a diameter

not more than 5 c¢m, while the aluminum mirror is 15 em x 20 cm.

The diffraction of the room temperature radiation by the mirror edge
into the bolometer is negligible. The separation between the

aperture and the light pipe could be varied to change this solid angle.
An 11 Hz reflecting chopper with its blades at 45° to the horizontal
was located below the’aperture so that the signal reaching the light
pipe arrived alternately from the aperture and from an ambient
temperature slate blackboard. The slate was a convenient veference
because of its high absorptivity and long thermal time constant. The
calibration was accomplished by measuring the difference between the
lock=in detected signal from the cold source with the aperture open
and the signal measured when an ambient temperature (290 K) piece of
Eccosorb was placed on top of the horizontal metal plate which contained
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 polyethylene sheet. The
vacuum can at the bottom was sealed with a wedge-shaped sapphire window
that tapered in thickness from 1.52 mm to 1.02 mme A 2.54 mm thick
FluorogoldTM low-pass filter was placed in the liquid helium above
the sapphire window to define the spectral bandpass and to reduce the
background loading on the bolometer. The lower side of the bolometer
substrate (4 x 4 x 0.05 mm) was coated with a 80 nm bismuth film with
a resistance of approximately 190 /) at 1.5 K. Thus the absorption

was approximately independent of frequency. A slab 'of Eccosorb™ was
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placed behind the bolometer to absorb the radiation which by-passed the
bolometer or was transmitted through it. Consequently, the radiation
made only a single pass at the bolometer.

The transmissivity of the Fluorogold™ filter at 1.5 K was measured
using a Fourier transform spectrometer, and is plotted in Fig. 12(a).
Figure 12(b) shows the calculated difference between the blackbody
sources at 290 K and 77 K as viewed through the Fluorogold™ filter.

This curve represents the ~ 5 o 45 cm”l pass—band of the calibration.
We estimate an error of + 3% in the power calibration.

The transmission of the light pipe was measured as shown in Fig. 13,
The detector used in this experiment was an InSb detector. A black
polyethylene sheet and a FluorogoldTM filter constituted the window of
the detector. The Fourier spectrum of the mercury arc using this detector
showed a passband between approximately 5 and 45 em™l, A plece of
brass light pipe about 50 mm long and 11.7 mm i.d. was connected to the
detector input. The light pipe could be evacuated through a small
tube in the wall. A 0.2 mm=thick mylar sheet sealed the front end.

The transmissivity of the brass light pipe was over 0.98 (much higher

than that of the $.5. light pipe to be measured). The chopper again
chopped the blackbody radiation between 77 K and 290 K. The responses

of the detector at both position I and 11 were measured. At position

IT the mylar sheet was moved to the front of the S.5. light pipe so

that the whole light pipe was evacuated. The solid angle of the input
radiation could be changed by varying the distance between position I

and the aperture., The measured transmissivity was 0.61 + 0.03 independent

of the solid angles (< 7 x 1073 sy). The light pipe was also cooled
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down to liquid nitrogen temperature by enclosing the light pipe with
a plastic bag and feeding liquid nitrogen into it. The front end
of the light pipe was kept warm to avoid the condensation of water
vapor on the mylar window. The measured transmissivity was unchanged
to within 2%. This value for Tlp can be brought into agreement with
the calculated transmissivity from a light pipe theory which ignores
paraxial ray8924 if we assume a resistivity which is three times larger
than the measured low temperature value of approximately 70 ypem. Other
experimenters have found a similar discrepancysz4
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 mmz to Aeff = 14,6 mm2 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
on the detector is equal to the ratio of Aeff to the area of the light
pipes
The far infrared responsivity of the bolometer was measured over
a range of solid angles from 2.0 to 6.9 x 10-3 sr. As expected, the
data show no significant dependence on solid angle. The average value
of the absorptivity is 0.52 + 0.05 (see Fig. 14). The aggregate error

limit of + 0.05 is obtained by combining errors of + 5% in the measure-

ments of the electrical NEP and the far infrared responsivity with
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values given above for the errvors in the measurements of the trans-
missivity of the black polyethylene, the 1light pipe, the FluorogoldTM,
and the sapphire. This value 1s in excellent agreement with the
theoretical value of 0.5. The absorptivity is expected to be the same
up to the plasma frequency of Bi26 (=160 cm“l) where the resistivity
will deviate from the dc value.

The effective absorptivity, €e (relative to the area of the entire
bolometer), is 0.47 * 0.05. Using our best value of electrical NEP,
(1.7 £ 0.1) x 10719umz"1/2 ) we find
D = € AL/2Z/NEP = (1.1 ¢ 0.1) x 10%cm wlnz1/2,

We also tried to measure the optical efficiency of the bolometer
in the absence of the light pipe. But, unfortunately, the uncertainty
in the scattering of the diffracted radiation by the wall of the dewar,

. . ™ . . .
which was covered with Eccosorb™, made the calibration very confusing.
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VI. POSSIBLE IMPROVEMENTS

Some improvements in the sensitivity of the transition edge bolometer
appear possible. The heat capacity of the bolometer could be reduced
by eliminating the bismuth heater and using only two indium contacts
with much smaller areas. The substrate could be supported by uncoated
nylon threads of negligible thermal inductance. By means of these
modifications, the heat capacity would be just that of the substrate
and the absorbing film. Table 5 shows the heat capacity of several
materials., At 1.27 K, a diamond substrate and chromium absorber would
give a heat capacity of 1.2 x 10710 JK&I, about one order of magnitude
smaller than the present bolometer. For the same value of thermal con-

ductance, the time constant of the bolometer would be reduced to about
6 ms. Alternatively, the thermal conductance could be reduced to about
2 x 1029WK“1s keeping the time constant at its present value, 60 ms.
Provided that the bolometer was still essentially thermal noise limited,
an improvement in the NEP by a factor of v10 could be achieved.

A further improvement in sensitivity could be obtained by cooling
the bolometer to liquid 3He temperature, and operating at about 0.4 X
using a titanium film as the thermometer. We estimate that a bolometer
using a diamond substrate and bismuth absorber would have a heaﬁ capacity
of 8 x 10712 Jk~1. The thermal conductance could be reduced to
1.3 x 10710 yg-1 for a time constant 60 ms. The thermal noise limited
NEP (@ TGI/Z) would then approach 3 x 10@17rWHz&1/29 In order to
achieve this limit, a preamplifier with a noise temperature of less

than 0.4 K would be required.
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The optical efficiency of the bolometer could be increased by the
use of focusing and partially recollimating cones. The analysis shows
the absorptivity of the bolometer is essentially a constant up to 60°
from normal incidence. An optimized design could easily be obtained
by recollimating the incident radiation to within 60°. We could even
put the bolometer into an integrating cavity sc that the radiation would
make multiple passes through the absorbing area.

For low frequency applications the noise from He bath fluctuation
could be reduced greatly by inserting a second thermal sink between the
copper block and the He bath. The temperature of the second thermal
sink would be regulated by a separate thermometer and a heater. The
low frequency roll—off knee in the bolometer feedback circuit could
then be shifted to a much lower frequency to obtain a wider region of

flat response.
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VIL. THEORY OF THERMAL FLUCTUATION NOISE IN METAL THIN FILMS

A. INTRODUCTION

Clarke and Vosszz

have developed a model that used equilibrium
temperature fluctuations to predict the voltage noise observed at room
temperature in metal thin films deposited on glass substrates. The
temperature fluctuations produce resistance fluctuations through the
temperature coefficient of resistance, 8 = {(1/R)(dR/dT). When a constant

dc bias current is applied to the thin film, the resistance fluctuations
give rise to voltage fluctuations. In the frequency range from 0.1 Hz to
1000 Hz, this model predicts a 1/f noise power spectrum which quantitatively
agrees with the experimental measurements.

Subsequently, Clarke and Hsiang3 measured the noise power spectrum
of Sn and Pb thin filws in the middle of the superconducting transition.
They found 1/f{ noise when the film was poorly coupled to the substrate
(Type A). The noise level was again consistent with the equilibrium
temperature fluctuation model. But, when the film was strongly coupled
to the substrate (Type B), the low frequency noise tended to be flattened
off. Due to the complication of the boundary impedance and the mismatch
of thermal phonons at the metal-insulator interface, the Clarke-Voss
model could not give any quantitative predictions for type B samples.

27 measured the noise from freely suspended Sn

Ketchen and Clarke
films at the superconducting transition. They had a well-defined 1-
dimensional system with no substrate. Each film was freely suspended

between two pairs of clamps that thermally grounded the ends of the

film. The boundary conditions could be easily applied. The equilibrium
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temperature fluctuation model predicted a white noise region followed
by a roll-off above a low frequency knee. Thls was in good agreement
with the noise observed in their experiments.

The equilibrium temperature fluctuation model was successful in
predicting the 1/f noise at room temperature and the noise at the

28 showed that

superconducting transition. However, recent experiments
the 1/f noise in films on substrates near room temperature had a stronger

temperature dependence than the model predicted.

B. EQUILIBRIUM TEMPERATURE FLUCTUATIONS
In a homogeneous medium with specific heat C and thermal diffusivity

D, the temperature T(k,t) obeys the diffusion equation

IQ;Z,: 2
s =D VT . (7.1)

A random driving term can be added to Eq. (7.1) to generate noise.

The actual temperature fluctuation is governed by the diffusion equation
and the corresponding boundary conditions. Clarke and Vosszz suggested
two different kinds of random driving terms. When added to the diffusion

equation, they become

0T — ny? “lg e/

S5 = DVIT + C TV F(%.t) (7.2)
AT _ 1y 2m S

5t DV4T + CV P{x.t) , (7.3)

3o
where ?(xst) and P(§9t) obey the relation

<F(x.t) © F(¥+s, t41)>

]

(2mIFZ8(s)8(x) , (7.4)

and

i

<P(x,t) * P(xts, t+1)> = 2125 (5)s(r) . (7.5)
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In Eq. (7.2), F(x,t) represents a random thermal current
flowing inside the system. The random current is uncorrelated in
space or time. The space—time correlation function of the temperature

fluctuvation Cp(s,7) = <AT(X+8, t+7)8T(X,t)>, is given by
Cp(s,v) = [kgT?/c (4mpt)L/ 2 Jexp(~s2/4D7). (7.6)

It can be seen that the temperature fluctuation is spatially uncorrelated
as T * 0. Therefore, this model is called the uncorrelated model.

The second kind of driving term P(§9t) in Eg. (7.3) represents
a random thermal source or sink, which is still spatially and temporailly
uncorrelated. Detailed calculations show a correlation function

>
Piemlsl/x sin(|s]/N)
8/7 10> %2 13|/

Cpls,w) = (7.7)
where AMw) = (ZD/w)l/Za For a particular harmonic component in the
fluctuation with frequency w, there is a spatial region with linear
dimension A(s) which has correlated temperature fluctuations. This
model is called the correlated model.

For a homogeneous medium, the temperature fluctuation of a small
box with dimensions &, X 22 % %4 can be analyzed. The total
temperature fluctuation should be normalized to kTZ/CVa For the
uncorrelated model, the predicted spectrum shows four frequency regions

with frequency dependence given by f£°, 1n(l/f), f&l/Zy and 5&3/29

respectively. There are three knees separating these regions. The

knee frequencies are fi = D/QWE% (i =1,2,3). The correlated model

. e ~1/9 1 ~3/2
has four frequency-dependent regions given by f s £, £ , and
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fmze The knees still appear at the same frequencies as the uncorrelated

model. All these analyses become much more complicated in a composite
system made up of a thin film on the substrate. Though the noise
spectrum cannot be analyzed explicity, it is still possible to find out

the nature of the random driving term.

C. AUTOCORRELATION FUNCTION AND DECAY MEASUREMENTS
According to the Wiener—Khintchine relations, the noise power
spectrum S(w) of a stochastic process A(t) can be related to the auto-

correlation function C(1):

s(w) = (2m)~! 2 C(t)cos wr dt (7.8)
and

C{t) = <A(e)A(t+1)>, (7.9)

The total noise power 1s the integral of the spectrum over the whole
frequency range, that comes out to be C{o). Therefore, if we can find
the autocorrelation function and properly normalize the first point to
the total noise power, the noise power spectrum can be calculated from
Eq. (7.8). Since the equilibrium temperature fluctuations on the average
obey the same decay law as small macroscopic perturbations of the system,
the autocorrelation function of temperature fluctuations can be generated
by uniformly perturbing the system and looking at the decay of the average
temperature in the system. 1t can be shown22 that the autocorrelation
function for the uncorrelated model corresponds to the 8-function decay
curve, that is, the thermal decay curve in time generated by a spatially

uniform and short—duration heat pulse. On the other hand, the
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autocorrelation functilon for the correlated model corresponds to the
step-function decay curve, which is the integral of the §~function decay.
The cosine transform of these decay curves can be compared with the
measured noise power spectrum. The importance of this result is that
it gives an experimental method of determining the shape of the noise
power spectrum in an arbitrary volume with arbitrary coupling once the
nature of the random noise generating term is known.
At room temperature, the composite system made up of a metal thin
film on a glass substrate shows 1/f noise from 0.1 Hz to 1000 Hz.
The spectrum obtained from the cosine transform of a step-function decay
has the same frequency dependence. Therefore, the correlated model
is more appropriate in describing this system. For a freely suspended
Sn fiber at the superconducting transition, the spectrum from the cosine
transform of the S~function response is in excellent agreement with the
measured noise power spectrum. The uncorrelated model should be used
to describe the freely suspended fiber at the superconducting transition.
It will be interesting and important to find out the random noise
generating term for a Sn film on a substrate at the superconducting
transition: Whether the correlated model or the uncorrelated model
more accurately describes this particular system. We used a SQUIng
(Superconducting QUantum Interference Device) voltmeter to measure the
noise from Sn films evaporated on sapphire substrates. The measured
noise power spectrum was compared with the cosine transforms of both

é6-function and step-function decay curves. We found that the uncorrelated

model was the better choice,



wdyFom
VIII. EXPERIMENTAL PROCEDURES

A. SAMPLE PREPARATION

Single crystal sapphire substrates with dimensions 8mm x 4mm x 0.135 mm
were used in the experiment. One surface of the substrate was polished
for film deposition. The substrate was first cleaned with Labtone and
then degreased in trichloroethylene and methanol. Finally it was rinsed
with distilled water and blown dry with pressurized nitrogen gas. A
Sn film about 1000 A thick was evaporated on the substrate at room
temperature at a pressure of approximately 3 x lOm5 torr. The film
was then cut with a diamond knife into the shape shown in Fig. 15.

The central region with dimensions 5008 x 12 ¥ x 1000 A is the sample
for the experiment. Four indium contacts were pressed onto the film
for external electrical connections.

The slowly evaporated tin film (7 A/sec) and the rapidly evaporated
tin film (100 A/sec) look quite different with naked eyes. The latter
is highly reflecting while the former is not.

The scanning electronmicroscope studies showed different structures.
Fig. 16a is a picture of a slowly evaporated film. There are many
submicron grains. For a rapldly evaporated film, no visible grain is
observed with a magnification of 104 (see Fig. 16b). The relation
between the grain size and the evaporation rate can be understood
from the processes in the formation of the thin films.

30 is determined by the interaction

The condensation of a vapor atom
with the surface of the substrate. Once the atom is adsorbed to the

surface, it may or may not be in thermal equilibrium. The adatoms
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move over the surface by thermal excitatlon or their own kinetic energy
parallel to the surface until chemically adsorbed onto the surface

to form a stable cluster. These clusters constitute the nucleation
centers and then grow to form islands. As islands increase their size
by further deposition and come closer to each other, the larger ones
appear to grow by coalescence of the smaller ones. The tendency to
form larger islands is the result of higher surface mobility of the
adatoms and clusters., Higher mobility is obtainedBl’Bz for films of
low-melting-point materials, smooth substrate surface, low deposition
rate, and high substrate temperature. The single-crystal substrate has
a dominant influence on the oriented growth of the thin film. Epitaxy
can occur between two substances of completely different crystal structures

33

and of different types of chemical bonds. There exists a critical

temperature,g4 called the epitaxial temperature, above which epitaxy is
perfect and below which it is imperfect. The epitaxial temperature is
usually above room temperatures Even above the epitaxial temperature,
the examination of the epitaxial thin film may reveal a variety of
dislocation lines, stacking faults, grain boundaries, and minor defects
from aggregation of point defectsgg5
Due to the low melting point of tin (= 505 K), the adsorbed tin
atoms have a fairly high surface mobility. The fine graims in Fig. 16b
are due to the high deposition rate, which results in strong inter-
actions of the adatoms with each other. They are, therefore, chemi-
sorbed with little surface migration. The sharp corners of the grains

in Fig. 16a may be attributed to the imperfect epitaxial growth of the

film. These explanations are further verified by using glass substrate
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instead of sapphire. Fig. 17a and 17b show the electronmicroscope
pictures of slowly (7 A/sec) and rapidly (100 A/sec) evaporated tin
films on glass substrate. A higher deposition rate still results in
a smaller grain size. In the absence of epitaxial growth, the grains
in Fig. 17 do not have sharp corners. For the same deposition rate
(100 A/sec), the grains on sapphire substrate (Fig. 16b) are much finer
than those on glass substrate (Fig. 17b). This might be due to the
difference in the thermal conductivity of the substrate., At voom
temperature, the thermal conductivity of sapphire is about one order
of magnitude higher than that of glass. The effective heating of the
sapphire substrate by the thermal radiation from the evaporation boat
is less, in which case the actual temperature of the substrate during
the evaporation is lower.

In spite of the difference in microstructure for rapidly and
slowly evaporated tin films on sapphire sﬁbstrate, we still observed
the same noise power spectyum and the same iesponses to O=function

and step=~function perturbations.

B. SQUID ELECTRONICS AND CRYOSTAT
We measured the noise from the tin sample by four terminal method
to eliminate contact noises. A constant dc current was applied to the
tin film. The SQUID circuit was designed as a nearly infinite input
impedance voltmeter to read out the voltage across the tin film. The
circuit diagram is shown in Fig. 18. I, is the bias current for the
sample. 12 is a second current source to maintain zero circulating

current around the loop R-Rgpp~Lji. When this condition is satisfied,
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then
IlR = IZRSTD (8.1)

The resistance of the sample can be calculated immediately. The SQUID
signal was fed back to the standard resistor so that the S5QUID served
as a null detector. Any small change in the sample resistance would
show up in the feedback current. From simple circuit theory, it can
be shown that the overall voltage gain in the SQUID system is Rf/RSTDe
The voltrage fluctuation across the feedback resistor Rf is related to the
temperature fluctuation of the sample by:
wh = (2 12 (@Ry2,p2 (8.2)
£ R 1 MT ° °
STD

In our experiment, we used a standard resistor Ropp = 1.35 q.
The input coil had 85 turns with a measured mutual inductance of
40 nH. Mercury cells were used in the current sources and ten-turn
wire wound potentiometers were needed to vary the current from 0 to
20 pA. The tin samples with dimensions 500 ym x 12 um x 1000 A usually
had a room temperature resistance approximately 50 Q. At 3.8 K, just
above the superconducting transition, the resistance was about 2.55 Q.
A resistance ratlo of 20 was observed.

The frequency response of the SQUID system depends on the standard
resistor RSTD and the sample resistance R. In the circuit analysis
in this section, we have assumed zero impedance for the input coil Lis
This is true for a frequency well below the characteristic frequency
of the loop R“RSTDwLi9 which is given by (R+RSTD)/(ZWL1) = lO‘E’Hz.s The

intrinsic nolse calculations of the SQUID system are wmade more complicated
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by the interactions between the modulation coil, input coil, and the
SQUID. A numerical calculation can be found in the work by Clarke and
Tesche936
A schematic diagram of the SQUID insert is shown in Fig. 19. The
SQUID system and the sample are mounted inside a vacuum can. The SQUID
and the standard resistor are on copper block 1, which has a good thermal

coupling to the H84

bath. The sample is on copper block 2, which is
supported by two thin wall stainless steel tubes to block l. A thin
copper wire links the two blocks so that the measured time constant

for block 2 at He4 temperature 1s approximately 70 sec. The relatively
long time constant greatly stabilizes the temperature on block 2. The
electrical connections to the sample are through four copper brackets
which are thermally in contact but electrically insulated from the
block. The leads connecting the four copper brackets to block 1 are
niobium wires. The contribution to thermal conductance by these super-
conducting leads is negligible.

The sapphire substrate is glued onto block 2 with GE 7031 varnish
to get a good thermal coupling. The vacuum can is sealed with indium
O-ring and evacuated. Hydrogen exchange gas is added into the can to
reach a pressure about 7 Torr. After the can is immersed in liquid
nitrogen, it takes about one hour for block 2 to reach thermal equilibrium.
After the temperature reaches 77 K, the liquid nitrogen is poured out of
the dewar, and the liquid helium is transferred. The helium transfer
in the beginning should be slow enough not to let the exchange gas

condense immediately. The transfer time is usually half an hour. The

SQUID is still hot after the helium is transferred. It takes one more
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hour for the SQUID to become superconducting, and three more hours for
block 2 to reach 4.2 K. We pump down the helium bath to 3.2 K. The

37 to within + 50uK. The

temperature is regulated by a Rochlin bridge
heater on block 2 raises the temperature to the superconducting

transition of the tin film. The current supply for the heater was made

up of two dc current sources in parallel. These current sources are
referenced to standard mercury cells. One has a ten—turn pot with
continuously adjustable current range from O to 1 mA. The other has an

ad justable range from 0 to 10 wA. The temperature of block 2 is measured
with a carbon resistance thermometer. The exact transition point of the
sample is found as follows: when the film is su;erconducting, 1 is
shorted by the sample and produces no SQUID response. We maintain a
constant Iy, say 2 uA, and keep I, = 0. Then we increase the heater
current gradually. The SQUID output has a sudden change as the temperature
of the tin film reaches the transition region where 1, is divided between
the two branches R and RSTD9 resulting in a net current increase in the,
SQUID input coil Lie In the feedback mode, the current change in Ly

is further cancelled by the feedback current. The fine adjustment knob
.in the heater current supply is used to bias the temperature of the tin
film in the middle of the superconducting transition. The transition
width of the tin film is typically 4 mK. The equilibrium temperature
fluctuation in the tin film is of the order of 10 uK. This is why

the temperature stabilization is so important in the noise measurement.
With the long time constant in block 2, one has to be patient in adjusting

the heater current. After reaching the steady state, the temperature

of the tin film can stay there for at least 10 minutes without any
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block. The leads connecting the four copper brackets to block 1 are
niobium wires. The contribution to thermal conductance by these super-
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O-ring and evacuated. Hydrogen exchange gas is added into the can to
reach a pressure about 7/ Torr. After the can 1s immersed in liquid
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in the beginning should be slow enough not to let the exchange gas
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SQUID is still hot after the helium is transferred. It takes one more
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hour for the SQUID to become superconducting, and three more hours for
block 2 to reach 4.2 K. We pump down the helium bath to 3.2 K. The

temperature is regulated by a Rochlin bridge37

to within + 50uK. The
heater on block 2 raises the temperature to the superconducting
transition of the tin film. The current supply for the heater was made
up of two dc current sources in parallel. These current sources are
referenced to standard mercury cells. One has a ten—turn pot with
continuously adjustable current range from O to 1l mA. The other has an
adijustable range from O to 10 pA. The temperature of block 2 is measured
with a carbon resistance thermometer. The exact transition point of the
sample is found as follows: when the film is su;erconducting, Il is
shorted by the sample and produces no SQUID response. . We maintain a
constant I;, say 2 wA, and keep I, = 0. Then we increase the heater
current gradually. The SQUID output has a sudden change as the temperature
of the tin film reaches the transition region where 1, is divided between
the two branches R and Rgpp, resulting in a net current increase in the
SQUID input coil L:.Le In the feedback mode, the current change in Ly

is further cancelled by the feedback current. The fine adjustment knob
in the heater current supply is used to bias the temperature of the tin
film in the middle of the superconducting transition. The transition
width of the tin film is typically 4 mK. The equilibrium temperature
fluctuation in the tin film is of the order of 10 uK. This is why

the temperature stabilization is so important in the noise measurement.
With the long time constant in block 2, one has to be patient in adjusting

the heater current. After reaching the steady state, the temperature

of the tin film can stay there for at least 10 minutes without any
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noticeable drift at the SQUID output.

C. MEASUREMENT OF NOISE POWER SPECTRUM

The noise power spectrum of the tin film at the superconducting
transition was measured with a PDP-11 computer. The output signal from
the SQUID system was connected to the input of the computer. The
computer was programmed to sample the data and Fourier transform them.
The noise poweér spectrum was obtained by taking the square of the Fourigr“
transformed data and dividing them by the sawmpling time. The ensemble
average of many runs reduced the standard deviation and obtained a smooth
spectrum. It can be shown that the noise power spectrum obtained in
this way is the same as measuring the autocorrelation function directly
and taking the cosine transform. Of course, a low-pass filter had to
be used before taking FFT to avoid aliasing.

The measured noise power spectrum is shown in Fig. 20. The solid
line is the calculated Johnson noise level of the standard resistor and
the sample. Apparently, the lower spectrum with I, = 0 is dominated
by the Johnson noise. The upper spectrum is the current dependent
noise, which is white in the frequency range ! Hz to 300 Hz. The roll-
off beyond 300 Hz is not intrimsic but due to the electronics as can
be seen from the Johnson noise spectrum. The magnitude of the white
noise spectrum is: Sv(f)/\/’2 = 1,3 x lOﬂg‘szl . The corresponding
temperature fluctuation Sp(f) = 9.4 x 10719%%2427L . From the measured
noise power spectrum, we know that the tin film should be strongly
coupled to the substrates3 A quantitative prediction of the spectrum

from the temperature fluctuation model is not available because of the



=50~

uncertainty introduced by the boundary lmpedance between the film and
the substrate.

The resistance of the film was measured using Eq. (8.1) for
different bias current and different block temperatures. The result is
plotted in Fig. 21. When the bias current is increased, the R vs.
Tblock curve tends to shift to the left and become sharper. This is
due to the combination of self-heating and the magnetic field generated
by the bias current. If we neglected the magnetic field effect, the
thermal conductance calculated from R vs. I, for a fixed block temperature
would be underestimated by considering the self-heating alone. At
Tyioek = 3¢7204 K, the thermal conductance (neglecting the magnetic
field effect) varies from 1.8 x 1078wkt to 5.0 x 107wk} as the
bias current is increased from 1 pA to 10 pA. If we assume a constant
thermal conductance, the shift of R vs. Th1ock curve due to the magnetic
field produced by the bias current is less than linear as the bias
current is increased.

The data given in Fig. 21 have been replotted in Fig. 22 with
Tblock as the parameter. The nonlinearity in the I vs. V curve is
obvious. We attribute it to the self-heating and the decrease of
transition temperature with increasing bias current (magnetic field
effect). However, it is very difficult to find out the fractional
contribution for éach of these two effects.

According to the temperature fluctuation model, the voltage noise
power spectrum is proportiomal to 1% if dR/dT is a constant. The
measured voltage nolse power spectrum for a fixed block temperature

rises faster than 12 as shown in Fig. 23. This is due to the
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self-heating effect which increases dR/dT.

D. MEASUREMENT OF AUTOCORRELATION FUNCTION FROM MACROSCOPIC DECAY

The response of the film to a step~function thermal perturbation
was measured using the circult shown in Fig. 24. The bias current of
the film was controlled by the switch. The time constant in flipping
the switch is about 100 ns, which is due to the discharge of the lead
shunt capacitance through the sample. The power dissipation in the
film is I%Re After the flipping of the switch, the thermal power
generated in the film by the bias current was changed. The resistance
of the film would relaxate to the new value gradually. This resistance
change as a function of time can be read out through the SQUID. The
slewing rate of the SQUID is approximately IOL“@O/sece If the current
change i1s less than 10 pA, the SQUID can follow the whole decay curve
without any flux jumping.

The output signal from the SQUID was fed to the computer through
PAR™ 113 amplifier and Krohn-Hite 3320 filter. The PAR™ 113 was
dc coupled with a high frequency voll-off of 3 K Hz. The dc off-set,
polarity, and the gain were adjusted so that the output voltage before
flipping the switch was between 0.5 V and 1 V, and the steady state
voltage after flipping the switch was around 6 V. The Krohn-Hite 3320
had a gain of unity and a low pass four pole roll-off frequency equal
to one half of the sampling frequency to avoid aliasing in FFT,

The input signal was digitized with a voltage~to—frequency
converter and frequency counter. The computer was programmed such that

the interruption signal (with frequency equal to the sampling frequency)
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would stop the counter, read the number of counts, and reset the
counter. There were 1024 channels in the program. The number of counts
would not £ill the first channel until the input voltage was greater
than 1 V. At the initial steady state, the input voltage was less
than 1 V. The computer would be in the idle mode. After the switch
was flipped, the input voltage would rise to 6 V. The information
above 1 V was recorded into the 1024 channels. With a sampling frequency
of 1 KHz, it took about 1 sec to record the data. The recorded curve
was then inverted and rescaled such that the first channel was equal
to kTZ/CV and the last channel was zero. The whole autocorrelation
function was stored in the 1024 channels in the computer. We recorded
the normalized decay curve several times and took the ensemble average
to increase the signal=-to-noise ratio. The error in the normalization
of the response curve introduced by dropping the voltage below 1 V was
less than 10%Z. The FFT program then took the Fourier transform of
these sampled data points. The real part corresponded to the cosine
transform while the imaginary part corresponded to the sine transform.
The é-function response could be measured by applying a short
duration heat pulse to the film and observing the decay of the resis-
tance. But, unfortunately, the initial rise of the resistance was
so fast that the SQUID electronics could not follow it. An alternative
way to measure it was to take the time derivative of the step—function
response curve. Since a §~function 1s the derivative of a step—function,
the response curve should hold the same relation. Mathematically it
can be shown that the cosine transform of the derivative of a decay

curve is related to the sine transform of the decay curve itself.
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Assuming C(tv) is the step~function reponse, we get
¥ p 3 g

o

o

C'(1) cos wr d1 = ~C{0) + w fi Cl1) sin wr dv . (8.3)

A complete Fourier—~transform of C(v}, which is the step—function vesponse,
gives information on the nolse power spectra obtained from both step-
function and §-function perturbations.

In the FFT program, 1024 real points and 1024 dmaginary points
will generate 512 veal and 512 imaginary peints in the absence of aliasing.

When using FFT, we let the 1024 channels di from C{1) be the real

part. The imaginary part of input is zeroc. After FFT, we get 512
points from the cosine transform (real part) and 512 points from the
sine transform (imaginary pari). The resolution of the cosine transform
can be improved by sscrificing the information in sine transform. If
we assume C({t1) to be a symmetric function, that is, C{~t) = C{(xv), we
can get 2048 digitized channels for C(t) by mapping it to the negative
time axis, though we measured only 1024 chamnels. The Qf%iné transform
of these 2048 channels will give 1024 new channels instead of 512,
But the sine transform gives zero because C(1) is even while sin(wt)
1s odd. The resolution of the cosine tyansform has been increased by
a factor of 2. But the information on the sine transform has been lost
completely., We adopted the former method since it produces the step-
function and §-function responses simultaneously.

The decay program was checked with an RC discharge circult. We
know that the decay of RC discharge is an exponential function of time.

The Fourier transform can be expressed explicitly,
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0 © cos wT dT = 55 s (8.4)
1+w™T
O
-T/T sz
and o0 © © gin wr dt = m%,éﬂ R (8.5)
14w To

If one chooses a proper sampling frequency, the measured points are
in excellent agreement with the theoretical curve (see Fig. 25).

We measured the response of the tin film to a step-functon
perturbation. The decay curve as a function of time is plotted in
Fig. 26. The cosine transforms of the step-function response and the
d~function response (obtained from sine transform of step—function
response) are plotted in Fig. 27. These two spectra can be approximately
expressed by:

=11

3.5 % 10 2,1
Sgrep(f) = 22X Kt (8.6)

and

4 x 10783 g2umt (8.7)

i
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The directly measured noise power spectrum 1s:
ST(f) = 9,4 x lO“iS KZHZ&le It is obvious that the shape of the directly
measured noise power spectrum is closer to the spectrum obtained from
§~function perturbation. The magnitude is off by a factor of 40. But
this is due to the defect in finite channel FFT program. We will give

a more detailed discussion on this topic in Sec. B of Chapter IX.
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IX. DISCUSSION OF THE NOISE EXPERIMENT

A. THERMAL COUPLING BETWEEN FILM AND SUBSTRATE

There are two mechanisms which account for the thermal conductance
between a thin metal film and a dielectric substrate: (i) A direct
excitation of phonons in the substrate by electrons in the film. (ii) The
thermal phonon transmission through the metal-insulator interface.

CheekeBg has found that the electronic contribution is not important
compared with the transmissi?n due to the acoustic mismatch of thermal
phonons. The transmission of phonons across a solidmsolid’interface hés

39,40,41 e experiments show that

been investigated by several people.
the acoustic-mismatch model is reasonably accurate. The assumptions
made in this model include: the metal film is isotropic; the thermal
phonons in the thin film are in thermal equilibrium at a certain

temperature T;; the density of states of the phonons can be described

by Debye model with the same cut-off wavevector for both

l9pax !
transverse and longitudinal phonons; the continuity of particle displace-
ﬁent and stress is assumed at the interface, giving the relation between
the transmitted wave and the incident wave analogous to Snell's lLaw
in optics.

By similar calculations leading to the Stefan-Boltzman law for
photons, an equivalent blackbody radiation formula for phonons can be
derived. The thermal radiation power transferred per unit area from

a film at temperature T; to a substrate at temperature T, igéO

L t

; (10) (10) )
P(T,,T ) I G N N
1’7o - m £ + 1 2 9 0.1
A 12003 | ¢{)?2 (1) 2
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where ¢ is the phonon phase velocity; e is the emissivity of phonons
from the film into the substrate due to acoustic-mismatch; 1 and t
refer to longitudinal and transverse phonons. The emissivity e can

be computed numerically from the boundary conditions introduced at the
interface. The sound velocity ¢ has already been well known.

For a tin film on a sapphire substrate, the calculated values for
emissivities are’? eélo) = 0,0809 and etglo) = e(lo)tz = 0.,0702. The
sound velocities in tin are Cg(l) = 3932’x 103 m/sec and ct(l) =
1.67 x 103 m/sec. The thermal conductance per unit cmz can be calculated
for a small temperature difference (Tl - Ty << T,,Ty) at the super-
conducting transition temperature of tin. By substituting the numerical

¢

values into Eq. (9.1), we get

T T 3@16 I T ° 992

P(TlsTo)

Gacoustic mismatch (Tl - TQ)

1

= 3,16 A WK (9.3)

For a film with dimensions 500 ¥ x 12 ¥ x 1000 A, the thermal conduc-

tance from acoustic mismatch is G, . ciic mismatch = 1.9 % 10“4 WL,

The actual thermal conductance could be less because the coupling at

the interface may not be ideal. However, the calculated thermal conductance
is an upper limit. No thermal coupling can be better than the result
derived from the acoustic mismatch model.

Now we are going to consider the other extreme case, the thermal

conductance of a freely suspended film. Assume we measure the resistance
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of the film by the four—terminal method. When the bias current is
increased, the resistance will increase more rapidly than linearly due

to the self-heating. From the R vs. T curve, we can find the temperature
change of the film. The ratio of the power dissipated in the film to

the temperature change is the thermal conductance. This thermal con-
ductance can be calculated from the diffusion equation. Since the
temperature inside the film is not uniform, that is, the resistivity is

a function of position, the power dissipated inside the film is

P(X) = @l (T(X) - To) + @2 s (99"’%)
2
where ap = —£h~§~§% .
(wt)
2
d R
an QZ =
(wt)?

Here T is the temperature at both ends of the film; w, t are the
width and thickness of the f£ilm; »p, pg are the resistivities of the
film at temperature T, Tgs I ds the dc¢ bias current. We have assumed
a temperature gradient only along the longest dimension of the film.
In the steady state, the thermal diffusion equation becomes

dZT
“CVDﬁSP:@l(T“T0)+@2 N (9@5)
X

where C is the specific heat, and D is the diffusion constant. By
solving Eq. (9.5) and matching the boundary conditions T(-1/28) =
T(1/28) = T, we get

azcos(Bx) o

T(X) = alcos(BK/Z) "&;

(3]

+ T (9.6)
O
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where B = _—

the average temperature of the film is

= 20 o
T = 2 -2 B _ 2
T = [ s T(x) dx = %80 tan 5 5 + To . (9.7)
J5 1 1
The total power dissipation is
[ 5 _ »
Ptot . P{x)dx = ﬁwt(alf - alTO + az) . (9.8)
2
From Eq. (9.7) and Egq. (9.8), we can eliminate a, to obtain
200wt 81,
8 tan fi‘“ . .
Frot ~ 2 ian 8L _ 1 (T - 1T,) = Gfree(T = To) (9.9)
gL "% 2
and 20, Wt
1 BL
8 tan T
Gfree = gm-tan BL : . (9.10)
BL 2

When B%/2 is small, we can expand tan B84/2 using the formula
tan x &~ x + x3/3 . The error is less than 10% as long as x < 0.9,

We find

NlZCVD wt _12K wt

Gfree - 2 2 i

(9.11)

where K is the thermal conductivity. The Wiedemann~Franz law states
that for metals at not too low temperatures the ratio of thermal conduc-
tivity to electrical conductivity is directly proportional to the
temperature. The constant of proportionality-is called the Lorenz
number, and is independent of the metal studied:

ko_nt K
3

B 2
o7 )

=L = 2,45 x 1078 wa/k? . (9.12)

At low temperature (T << 8), the value of L tends to decrease. This
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is due to the different relaxation times involved in X and o. The

Lorenz number 1. should be modified as follows:

y E;IEA<RB)2 th
3 T

. . (9.13)
el

The ratio Tth/Te] decreases at low temperature. For pure copper42

near 15 K, the value Tth/Tel is about 0O.l.
By combining Eq. (9.11), Eq. (9.12), and Eq. (9.13), we get:

. 2k 2 T
G Ay i e () or ——— (9.14)

For tin film with dimensions 500 ¥ x 12 u x 1000 A, the resistance

just above the superconducting transition temperature is 2.55 &. The

electrical conductivity is 1.63 x 10% ten™,  Ar 3.7 K, Eq. (9.14)

becomes

T,
Gpope = 4.3 x 10‘7¥EE-WK”1 . (9.15)
el

The measured thermal conductance as diséussed in Chapter VIII

1 7 1

sec. C varies from 1.8 x 1078wkt to 5.0 x 107'WK™" as the bias current

increases from ! MA to 10 HA, These measurements have neglected the

shift of the transition temperature by the magnetic field. The actual

thermal conductance should be considerably bigger than 5.0 x 107 w1,

The calculated thermal conductance along the film is 4.3 x l()mjiiydel
in the normal state with ’%’Tth/‘féi = 1. In the middle of the transition,
part of these electrons will be condensed to Cooper pairs and Tth/fel

should be less than 1. The thermal conductance along the film is

7one=1

considerably less than 4.3 x 10" 'WK™'. Therefore, the total thermal
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conductance of the film is more than the heat flow along the film can
account for. The extra thermal conductance is from the coupling between
the film and the substrate. In our sample the thermal conductance is
between 5.0 x 107/WK™! and 1.9 x 107%K™L, Most of the heat generated
inside the sample is conducted into thé substrate rather than along the
film. These samples have good thermal coupling to the substrate.

3 a film which is strongly

According to Clarke and Hsiang's experiment,
coupled to the substrate shows a white noise power spectrum at low

frequency. This is consistent with our measurement.

B. NORMALIZATION OF THE DECAY CURVE
The Fourier transform of a function C(1) can be calculated by
sampling the function and then using FFT program. The sampled data
CS(T) is related to the continuous function C{t) through the shah

function 111(X):43
CS<T) = I11(x/Av)C(x) , (9.16)

o«

where III(x) = & §(x - n) . (9.17)

n &=

Here At 1is the sampling interval. The function CS(T) is zero except
at these points when t = 0, * Atv, *2At, ... « The Fourier transform

of a shah function is still a shah function
F{II1I(ax)} = (1/}la|)Ili(c/a) . (9.18)

Assume Ss(f) and S(f) are the Fourier transforms of CS(T) and C(1),

respectively. Since CS(T ) is the product of C(t) and I1I(t/A1),
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Ss(f)»should be the convolution of S(f) and F{III{(t/A1)}.

i

Ss(f) F{IILI(x/at)} v C(t)

w

z SIf - n(af)] (9.19)

==

il

where Af = 1/Av. 1f Af > 2 fmax (no aliasing), Ss(f) represents
S(f) everytime f equals n(Af) for all integers n. Theoretically, the
data sampling will not cause any errors for an infinitely long sampling
series. But in the real case, there are only a finite number of channels
to record the data.

The FFT program performs Fourier transform on N channels. The

mathematical formula is

N-1 ,
H(K) = & [h () + jh;(n)]e J2MK/N (9.20)
n=0
N=1
or Hr(k) = I [hr(n)cos(ZWnk/N) + hi(n)sin(Zﬂnk/N)] .
n=0
N=1
and Hi(k) = I [hi(n)cos(Zﬂnk/N) - hr(n)sin(ZWnk/N)] R
n=0

where the subscripts v and i refer to the real and imaginary part of
the function. When hi(n) = Q, Hr(k) corresponds to the cosine transform
of hr(n) and Hi(k) corresponds to the sine transform of hr(n)e If

h_ represents the autocorrelation function, H

r is the noise power

r

spectrum. The total noise power in the frequency band covered by
FFT is the integral of Hr over the frequency band, or, in digitized

form,
N=1 N-1 N-1
b Hr(k) = I b hr(ﬁ)COS(ZWnk/N) = Nhr(O) . (9.21)
k=0 k=0 n=0
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which is the first channel in the autocorrelation function.

The finite channel FFT program can only give the spectrum informa-
tion in a limited frequency range. In the equilibrium temperature
fluctuation model we can get accurate noise power spectrum by normalizing
the first channel of the autocorrelation function to RTZ/Cv and then
using FFT program provided most of the noise falls in the frequency
range of FFT. For a 1024 channel FFT with sampling frequency fs’ it
covers a frequency range about three decades, from fs/1024 to fS/Ze
If we assume an 1/f noise power spectrum is observed, the total noise
within this frequency band is

[t./2

%’df = a 9n 512 (9.22)

Efs/lOZQ
We know the total noise cannot diverge in the equilibrium temperature
fluctuation model. The 1/f spectrum must roll off at both high and low
frequencies. Even if the 1/f region extends another three decades, the
normalization constant is only off by a factor of two. The error
introduced by the FFT program is not very serious.

For a Lorentzian or Lorentzian-like spectrum, that is, one which
is flat at low frequencies and then rolled off faster than 1/f above
some knee frequency fo, the N channel FFT with sampling frequency fs
can regenerate the exact spectrum from the autocorrelation function
only when the spectrum between £ /N and f_/2 contributes most of the
noise, otherwise the magnitude of the spectrum will be inaccurate. For
example, if we choose fg >> 2fq and fS/N << {4 in a Lorentzian spectrum,
the spectrum well above fo and well below fS/N will be negligibie compared

with the total noise due to the fast roll-off (~ l/fz) at high frequencies
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and narrow bandwidth (~ fS/N) at low frequencies. Assume the total

noise is normalized to 1:

(9.23)

At low frequency (f << £;), the spectrum is white and given by 2/mfqe.
But if we choose f, = f£,/1000 and N = 1024, the FFT program will give
a white spectrum of magnitude ZOOO/fO between f0/1024000 and 50/20009
The shape of the spectrum is still the same, but the magnitude is
bigger by a factor of 1000 T,

In the decay experiment discussed in Chapter VIII, the noise power
spectrum obtained from 6-function perturbation is white in the frequency
range 1 to 500 Hz. The magnitude of the spectrum cannot be correct if
the roll-off happens at a frequency considerably higher than 500 Hz.
According to the equilibrium temperature fluctuation model, the overall

2 mlOKZ°

temperature fluctuation should be (AT)tot

= kT?/c, = 2.2 x 10
The directly measured temperature fluctuation s?ectrum from Chapter VIII
Sec. C is (AT)2 = 9.4 x 1071°k%Hz"1. An effective bandwidth of 23 Kiz
is anticipated. 1In the decay experiment, the sampling frequency is 1 KHz.
The FFT gives a maximum frequency of 500 Hz. The spectrum below 500 Hz
constitutes only 2.2% of the total noise. It is not surprising that
the spectrum obtained from decay experiment is overestimated by a factor
of 40,

We certainly will be able to improve the decay experiment by sampling

at much higher frequency (> 23 KHz). But, unfortunately, the pfogram

does not function with a sampling frequency above 2KHz. The reason is
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that the sampling period in this program has to be long enough such

that the computer returns to the waiting position before the next inter-
rupting signal arrives. Even 1f we use the maximum sampling frequency
(2 KHz) possible for this program, the spectrum we get may still be

off by a factor of 20. In addition, the present SQUID system has

a roll-off frequency at 500 Hz. A transformer should be used instead

of the tank circuit in SQUID electronics to increase the bandwidth of

the read-out system.

C. CONCLUSIONS

The decay experiment for the tin film on sapphire substrate shows
that the cosine transform of the 8-function decay corresponds to the
noise power spectrum. The noise driving term in this system is a random
heat current flowing around inside the sample, and the uncorrelated model
is appropriate to describe the fluctuations. This phenomenon is different
from that observed at room temperature, in which case the cosine transform
of the step-function decay gives the correct noise power spectrum, and
the correlated model is applicable. For a freely suspended tin fiber
at the superconducting transition, the uncorrelated model is again the
correct one.

At low temperature, the substrate plays an important vole in
determining the shape of the noise power spectrum, but does not affect
the nature of the random noise driving term. The existing experiments
strongly indicate that the noise driving term in the metal thin film
is a function of temperature rather than the boundary conditions
introduced to the film. The correlated model applies at room témperature,

while the uncorrelated model applies at liquid helium temperature.
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APPENDIX

Consider a bolometer with heat capacity C at temperature T
linked to a coppér mount at temperature Tm via a thérmal conductance

4 bath at

G. The copper mount with heaﬁ capacity Cm is linked to He
temperature Ty, with a thermal conductance G . The signal from the
bolometer is fed back to the heater on the copper mount to stabilize
the temperature. The loop gain in the feedback circuit is «. For
external perturbation with thermal power APBcos(wt + 61) incident onto

the bolometer and helium bath temperature fluctuation ATHecos(wt + 62),

the equations for conservation of energy become:

C %%. = =G(T - T ) + eAPy cos(wt + §)) (a.1)

dTm
C - = “Gm(Tm = Ty

m dt

o ATHecos(wt + 62)) = G ol + G(T - Tm) (A.2)

By eliminating T in Eq. (A.1) and Eq. (A.2), we get:

2 eAP
dr 1,1 G, dT , o+l .. _ B .
dtz + (T + ?“,+ c ) 3t + %¥~>T == W sin(wt + 61) +
m m m
AP
e B 1 1+
[ + P— Uiy PO e
(T c )] c cos(wt+61) + - ATHe cos(wt+52) + T THe . {(A.3)

where t = C/G and 7 = C /G o When C  >>C, G >> G, 7 >>«

and @« >> 1, Eq. (A.3) can be simplified:

T, 1dT , o . _ B /2, 1 )
5 + Tt T = G w o+ 5 cos(wt+51)
dt T
w2 AT cos(ut 4+ 8.)) (A.4)
He 2 ’ ’

TT He TT
m m



-H7 =

-1 w
¢ =
and 61 tan 1 8
—= 4
Ty C

m

The solution for T is

) (eAPB/G)(l+w21§)1/zcos(wt+53)+ATHecos(wt+6§)

T = + T
He
TTm[(WZ“W%)2+W2/T2]1/2
where w% = O
TTm
63 = 6{ + 8
6 = 6, + 8
o = tan™ v

2 2
(w “WO)T

(A.4)

(A.5)
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Table 1. Measurement conditions for detectors given in Fig. 1.

Detector Area (mmz) Operating References
temperature (K)
(a) Composite Al 16 1.27 5,6
superconducting
bolometer
{(b) Composite SNS 32 1.6 6,7
bolometer
(¢} Composite Ge:Ga 16 1.2 8
bolometer
(d) InSb 2 1.2 14
(e) GaAs ! 4 ) 11
(f) Ge:Ga (stressed) 6 2.0 12,13
(g) Ge:Ga 0.75 3 10
{(h) Ge:Be 0.75 3 10

Table 2. Parameters of five transition edge bolometers

Bolometer 1 2 3 4 5
Dimensions 2x4%0.135 2x4%0.135 2x4%0.135 2%4%0.135 4x4%0.050
(mm)

T(K) 1.30 1.28 1.40 1.28 1.27
dr/dT (K1) 602 802 2,000 800 200
61078k 2.5 S 3.5 3.5 2
1(s) 0.1 0.05 0.05 0.05 0.08
I(uA rms) 14 11 0.7 0.7 5

NEP (5 Hz) 5 3 3 3 2

(10“‘15%2@1/2)

8A1 films did not have cut edges.
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Table 3. Calculated heat capacities at 1.27 K of components of
bolometer 5

Heat capacity

Component Dimensions (mm)
(10710 jg-1y
Sapphire 4 x 4 x 0,050 6.6
In films (4) 0.5 x 0,175 x 0.0029 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 4. Measured parameters of bolometer 5

Operating temperature 1.27 K

G 2.0 x 1078ug~!

T 60 ms

c 1.2 x 1079 gk-1
dR/dT 200 okl

I _ 5.3 vA rms

G, 1.44 x 1078 wk~!
Te 83 ms

§ = (3V/3T)/G, (2 Haz) 7.4 x 10% vyl

T 25 s

o 70

NEP measured (1.7 = 0.1) x 10~15WHz-1/2 a2t 2 H2
(NEP) 1.3 x 10~ 15wHz"1/2
Dynamic range in 1 Hz bandwidth 104

Power spectrum of bath fluctuations 1.6 x 10”12(1 sz/fZ)Ksz“1
Effective absorptivity, €, 0.47 * 0,05

D* (1.1 * 0.1) x 10 4emw-lnzl/2

i+




Table 5. Heat capacity of several materials used for composite bolometer

Material Sapphire Diamond Bismuth Chromium

Dimension (mm) 4xbx0.05 4x4x0.05 4x4x0.000093 4x4x0.00001

Temperature (K) 1.27 0.4 1.27 0.4 1.27 0.4 1.27 0.4
é?rrxﬁlectronic - - - - 0.007 0.002 0.39 0,12
§1§ﬁ Phonon 6.6 021 <84 .026 1.7 0.051 0.0035 0.0001
ig% Total 6.6 .21 .84 .026 1.7 0.053 0.39 0.12
= O

wgém
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FIGURE CAPTIONS

Performance of the far—infrared detectors. D% is plotted vs.

A for all the detectors except for (d) and (f) where D is plotted
VSe Ao

Configuration of superconducting transition edge bolomter and mount.
Schematic of electronics for superconducting transition edge bolo-
meter.

Calculated relative response (AT)2 of bolometer vs. frequency for

perturbations (a) (APB)2 cosz(wt + 61) and (b) (ATHe)Zcosz(wt + 62),

with (===) and without ( ) feedback.

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

Measured (e) and calculated {(--=) noise power spectrum of transi-
tion edge bolomter (referred to output of bridge).

Measured (e) and calculated (===) NEP of transition edge bolometer.
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.

Ray traces for a mitered righ angle. Only meridional rays are shown.
Configuration for measuring the optical absorptivity of the bolometer.
(a) Measured transmissivity 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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15.

16,

17.

18,

19.

20,

21,

22.

23,

24,

25.

26,
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Configuration for measuring the optical efficiency of the light pipe.
Measured absorptivity vs. input solid angle.

Sample copfiguration for tin noise measurement at the superconducting
transition.

Scanning electronmicroscope pictures of tin films on sapphire sub-
strates: (a) with evaporation rate 7 A/sec; (b) with evaporation
rate 100 A/sec.

Scanning electrommicroscope pictures of tin films on glass subtrates:
(a) with evaporation rate 7 A/sec; (b) with evaporation rate

100 A/sec.

SQUID system used to measure the noise of the tin film. Components
within the dashed box are at temepratures below 4.2 K.

Schematic diagram of SQUID insert for noise study.

Noise power spectrum of the tin film on sapphire substrate. The
solid line is the calculated Johnson noise level arising from the
standard resistor and the sample.

Resistance vs. thermal ground temperature for various bias currents.
Current voltage characteristics at different thermal ground
temperatures.

Sy vs. I for constant block temperature.

Circuit to produce step function changes in the bias current.

Test of the computer program used in the decay experiment with

an R-C discharge circuit. The solid lines are theoretical curves.
The dots (e) and open circles (o) are measured results.

Step function response of the tin film on sapphire substrate.

The first point of the response curve has been normalized to
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kT2/C,
27. Cosine transforms of the decay curves obtained from step-function

(0) and 8=function (0) perturbations.
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