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Abstract

Infrared Detection with High-T. Bolometers and
Response of Nb Tunnel Junctions to Picosecond Voltage Pulses

- by
Simon Verghese
Doctor of Philosophy in Physics
- University of California at Berkeley
Professor P. L. Richards, Chair

Oxide superconductors with high critical temperature T. make sensitive ther-
mometers for several types of infrared bolometers. We built composite boiometers with
YBa, Cu307_.;; thermometers on sapphire substrates which have higher sensitivity than com-
peting thermal detectors which operate at temperatures above 77 K. A 1x1 mm bolometer
with gold black serving as the radiation absorber has useful sensitivity for wavelengths
20 - 100 um. A 3 x 3mm bolometer with a bismuth film as the absorber opefa.tes from
20 - 100 um. High-T. bolometers which are fabricated with micromachining techniques,on
membranes of Si or SigN4 have potential application to large-format arrays which are used
for infrared imaging. Thermal isolation is achieved by suspending the membrane on two
thin legs of the membrane material. A nonisothérmal high-T. bolometer can be fabricated
“ona membrane of yttria-stabilized zirconia (YSZ) which is in thermal contact with the
heat sink along the perimeter of the membrane. A thermal analysis indicates that the YSZ
membrane bolométer can have improved sensitivity compared to the sapphire bolometer for
spectrometer applications. | ‘

The quasiparticle tunnehng current in a superconductor-msulator-superconductor
(SIS) junction is highly nonlinear in the applied voltage. If an SIS junction is excited with
photons of energy ‘iw, where hw/e is larger than the width of the nonlinearity in the IV
curve, the response of the quasiparticle current is retarded and depends strongly on w. We
have made the first measurement of the linear response of the quasiparticle current in a
' Nb/AiOx /Nb._junction over a broad bandwidth from 75 — 200 GHz. Wé used picosecond
pulses of millimeter wave radiation which were génerated by illuminating a photoconductive - -
switch with a mode-locked laser. The data are in agreement with the theory of linear
photon-assisted tunneling. Nonlinear measurements made with these pulses may prdvide
information about the quasiparticle lifetime. Preliminary data from such measurements are

ct X (Jnls </ Theb

presented.



Contents

List of Figures

List of Tables

1

Theory of Superconducting Bolometers .
1.1 Imntroduction. .. ... ....... e e e e e e e e e e e e

1.2 Respomse toanoptical signal . . ... .....................
1.3 Noise Equivalent Power . . ... .. e e e P e
1.4 Photonnoise ........ e e e e e e e e e e e e
1.4.1 Single spatial mode, single frequency . . . .. ... ... .......
1.4.2 Multiple spatial modes, multiple frequenc1es ..............
1.4.3 " Dicke’s radiometer revisited . . .. ... ... ... . ...
1.4.4 Detector contributions to photonnoise . . . ... ... .. .....
High-T. Bolometers on Sapphire Substrates
2.1 Substrate requirements . . . . . ... ... ... e e e e e e e
2.2 Sensitivity limits of high-T, bolometers . . . . . ... ... ... .... IR
23 YBCOfilmmnoise . ......... e e e e
2.3.1 YBCO onr-plane sapphire . ... .......... T
2.3.2 Magnetic field dependence of thenoise . . . . ... ..........
2.4 Bolometerassembly .............. e e e e e e e e e e L
2.5 Bolometer characterization . .. .. ... ...... .. ... ......
2.6 Spectral measurements. e e e . L

Imagmg Arrays of High-T. Bolometers 4

3.1 Resistance fluctuations . . . ... .......... [ ..

3.2 NET measurements for YBCO thermometers . . ... .. ... .......

3.3 Design of a Si membrane bolometer. . . . . . . e e e
3.4 Optimizing membrane bolometer design . . . .. .. ... ... .... L.

3.4.1 Detectivity scaling arguments . . . . . e e e e e e e e

3.4.2 Comparison of the detectivity to other technologies . . . . . . .. ..

3.5 Electronic readout for bolometer arrays . .. .................

3.6 Thermal imaging applications . . . ... .. ... e e

3.7 Summary ........ ... ... IR P

<

<
:C

W 00 ~J O O W KN = =



v

4 Nonisothermal High-T. Bolometers 46
4.1 Fabrication considerations . . . . .. ... ... ... ... ... 47
4.1.1 Substrate material . ... ...... e e e e e e e e e e e e e 47

4.1.2 Infrared absorber . . ... ... ... e e e e P G 48

4.1.3 Electronic read-out circuit . . . .. .. .. e e L. 49

4.2 Thermal analysis and estimateof the NEP . . . . . . .. ... ........ - 52
43 Summary ........... D e e e e e e e e e e e e e e e e e e e e e ¢+ 61

5 Theory of Superconducting Tunnel Junctions . 62
51 BCStheory ... ............ e e e e e e e e e e e 62
5.1.1 EDEIEY ZAD - - ¢ v v v v e e e e e e e e e e 62

5.1.2 Densityofstates . ... ... ... ......... e e e e e e - 63

5.2 Tunnpeling . .......... ... ... . ..... O 64
5.3 High-frequency response of tunnel junctions . . ... ... .......... 69
5.3.1 Frequency-domain theory .. ... .. e e e e 69

5.3.2 Time-domain theory .. ... ... .. e e e e e e e e S 4 ¢

6 Picosecond Response of Nb Tunnel Junctions : 78
6.1 Introduction . . . « oo v vt e e P e 78
6.2 Photoconductiveswitch. . . ... .. ... ... ... . ... .. ..., ... 80
6.3 Interferometer. ... ...... e e e e e e e e e e e e e e e e e 82
6.4 SIS junction fabrication . .. .. ... ... ... ... ... . . .. ..., 87
6.5 Video detector response . . .. .. e e e e e e e e e e e e e e e e e e e 87
6.6 Time-domaindata .. ..............0.... ... SN .90
6.7 Nonlinear response . . .. . ... ..t .. ..... e e e ce... 93



List of Figures

1.1
1.2

S 21
2.2
2.3
2.4
2.5

2.6

2.8
2.9

© 3.1

3.2

3.3
3.4

B %)
- 3.6
3.7

4.1
4.2

4.3
4.4

5.1

5.2
5.3
5.4
5.5
5.6
5.7

Schematic diagram of an infrared bolometer. e 3

Infrared power and NEP limits for a bolometer viewing 300K . .. ... .. 5
Voltage noise for YBCO on sapphue ....................... 16
Voltage noise for YBCO on sapphire in a B- ﬁeld ........ e . 18
Resistance versus temperature and B-field for YBCO on sapphue. ce... 19
Voltage noise for YBCO on sapphire versus B-field. . . . .. ......... 20
Schematic diagram of two high-T, composite sapphire bolometers ...... 22
' Load curve for a high-T, bolometer. ... ............... ... 23
Bolometer response to chopped He-Ne laser light. . . . . ... ... ..... 24
Ratios of identical spectra for a high-T. bolometer and a pyroelectric detector. 26
Transmittance spectra of water vapor measured with high-T, bolometers. . 27
Voltage noise for YBCO on sapphire and silicon. . . ... ... .. .. - ¥
Voltage noise for YBCOon SigNg. . ... ... ... ............. 33
Diagram of a membrane bolometer. . . . . . . .. e e e e e e e 35
Detectivity versus normalized wavelength. . . . . .. ... . e e e e e e 37.
Detectivity versus wavelength for ff6 optics. . . . . . .. .... ... .. .. 39
Readout circuit for an array using passive components. . . . . . e e e 43
Readout circuit for an array pixel using active components. . . . . ... .. 45
Diagram of a YSZ membrane bolometer ............. IV 48
Feedback circuit for adjusting the operating ra,nge in infrared power of the
bolometer: . . . . . . . . e e e e e e e e e e e e e e e e 51
Temperature distribution across a circular YSZ membrane . . . . . ... .. 54
Temperature as a function of frequency for a YSZ membrane bolometer. . . 56
Single-particle density of states in an SIS junction. . .. ........... 67
Measured I-V curve of a Nb trilayer SIS junction. . . .. . ... . ... ... 68
I-V curve of an SIS junction with Ry subtracted. . . . . . ... .. ... .. 72
Response function x(t) of an SIS junction. . . .-. ... ... . ... B 2
Voltage pulse from an Auston switch in the time-domain. .. ........ 75
Calculated response of the quasiparticle current in the time-domain. . . .. 76 -

Nonlinear response of the quasiparticle current in the time-domain. . . . . . 77



6.1
6.2
6.3

6.4

6.5
6.6
6.7
6.8
6.9

vi

Schematic diagram of a photoconductive switch. . . ... .. ... ... .. 81
Schematic layout of the picosecond interferometer. . ... .. .. R - 7
Efficiency of the 175 um thick Mylar beamsplitter. . ... ... .. .. .. .. 85
Interferogram and power spectrum for the photoconductive switches. . . . . 86
Cross-section of a Nb SIS junction. . . .. ... ... ... .......... 88
Video response of an SIS junction to a single RF pulse. . .. ... ... .. 90
Linear absorption spectrum of an SIS junction. . ... ... e e e . 91
Ratios of the linear absorption spectra for various Vo. . ... ... ... .. 93
Sine and cosine-symmetric parts of the interferogram. .. ... .. ... .. 97



‘e

List of Tabl‘es}

2.1 Thermal parameters of bolometer substrate materials at 90 K. . .. .. ..

3.1 Measured YBCO thermometer characteristics

e e b e 4 s e e e e as w e e s .

4.1 Thermal properties of materials at 90 K for nonisothermal membrane bolome-

tersof radius a = 0.05¢cm. . . .. .......

vii -



viil

Acknowledgements |

~ Thirty-one people deserve special mention for making it possible for me to write
this dissertation. First, I would like to thank my parents for conceiving it all from the
start. They have always been, and continue to be, my role models. My advisor, Professor
Paul Richards, taught me by example how to be a professional member of the research
community. I hope he has not aged“ far beyond the six years he was stuck providing me
with that example. Also, I owe thanks to Professor Joseph Orenstein for teaching me
nonlinear optics and swing mechanics.

- An honorable mention goes to the condensed-matter side of the Richards group.
Tom Kenny ultimately recruited me to the group to play for the Polyps. Carl Mears always
seemed to be around when I had a new idea. Much of the physics I learned at Berkeley
came from discussions with Carl and Qing Hu. Mike Nahum taught me how to play the
stock ma.rket., and everyday I could count on John Birmingham to eat Thai food for lunch.
David Miller pointed out that life is what happens while you plan for the future. More

importantly, Warren Holmes gave me his helium transfer tube for life.

Thanks to nineteen members of the U. C. Berkeley Men’s Ultimate Frisbee Team

for taking me to Nationals in 1992—“Maybe to improve our luck, we should try to be a
duck.” And thirty-first, I thank Lise Lindquist for sharing her life with me and for being

my dear. I write these words on the third in a long series of future anniversaries of our first

date on Mt. Shasta.

L

«



Chapter 1

Theory of Superconducting

Bolometers

1.1 Introduction

Bolometers are transducers that respond to heating produced by absorbing ra-
diation. Bolometric detectors have three essential parts: a radiation absorbing surface, a
thermometer, and a weak thermal link to a heat sink. Bolometers with a wide range of sen-
sitivities are used from visible light wavelengths to microwaves for sensitive direct detection
and for absolute power measurements. Variations on the liquid helium cooled germaniuﬁl
bolometer developed by Low[1] have been the most widely used broadband detectors for
slowly varying signals at infrared wavelengths where well developed photoconductors are
not available. Other bolometric detectors are used to detect phonons, and X-rays, and to
search for unknown particles that are candidates for the dark matter in the universe.

Superconducting bolometers have long been considered for applications to sensi-
tive infrared detection. Here, the thermometer exploits the sharp change in the resistance
of a superconducting thin film at its critical temperature T.. Although excellent perfor-
mance has been achieved[2] with conventional superconductors, these bolometers are more
complicated than bolometers with comparable performance which use doped semiconductor
thermometers{1, 3]. Consequently, they have rarely been used in practical applications.

The discovery of high-T, superconductors raised the question of whether there are

practical applications for superconducting bolometers operating in the ~ 100 K tempera-
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ture range. For wavelengths A < 20 um, liquid nitrogen (LN) cooled photovoltaic detectors
such as HgCdTe are widely used. For longer wavelengths, however, there .is no satisfac-
tory cooled detector technology above liquid helium (LHe) temperatures. Room tempera-
ture thermal detectors such as the thermopile, the pyroelectric detector, or the Golay cell
are used in applications where a LN-cooled high-T, 'bolometér could be conveniently used.
The high-T, bolometer offers higher sensitivity under these conditions, primarily because
of the sensitivity with which small changes in the temperature of the bolometer can be
detected. Applications for composite high-T. bolometers exist in far infrared laboratory
spectroscopy[4] and space observations of bright sources such as planets[5] using radiatively

cooled systems. Applications as large format infrared imagers may also exist[6].

1.2 Response to an optical signal

The response of a bolometer to an optical signal is best understood by example.
Figure 1.1 is a schematic diagram of an infrared bolometer coupled to an imaging optical
system. An f/3 lens couples the infrared light to the radiation absorber on the bolometer.
The on-axis rays couple to the center of the absorber with a solid angle Q = 0.09sr. The
area of the main lobe of the diffraction pattern associated with the lens is approximately
A2/Q, where ) is the wavelength. For a bolometer with area 4 > A2/Q, off-axis rays can be
absorbed in another diffraction spot. The number of spatial modes of light coupling to the
bolometer is N = AQ/\?. The electromagnetic fields in these modes are spatially incoherent
with each other and cannot interfere. In the Rayleigh-Jeans limit, the maximum power
from a blackbody source of temperature T, that can be absorbed by the bolometer is P =
2N kT, B,, where k is Boltzman’s constant and B; is the spectral bandwidth. Consequently,
bolometers designed for submillimeter wavelengths must have larger areas than infrared
bolometers to retain the same signal strength from a blackbody source.

Consider the bolometer of Fig. 1.1 with heat capacity C at temperature T con-
nected to a heat sink via a thermal conductance G. The thermal time constant is 7 = C/G.
The radiation absorber absorbs a fraction € < 1 of the incident signal power P, and the re-
sulting increase in temperature is detected by a thermometer with a temperature-dependent
resistance R(T) which is attached to the substrate. The thermometer is biased with a con-
stant current I that generates a voltage V across it. If the signal power is chopped at

a frequency w/27, a component of the voltage V oscillates at w/2x with an amplitude
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Figure 1.1: Schematic diagram of an infrared bolometer.

proportional to P. The responsivity S(w) is given by[7]

dR(T)

S(w)=¢€l 7T

|Gess +iwC|™ (1.1)

where the effective thermal conductance is Gy = G — I?dR(T)/dT. To avoid thermal
~ instability of the bolometer, we require Gess > 0. For superconductbr thermistors with
dR(T)/dT > 0, the bias current must satisfy the condition I’dR(T)/dT = aG, where
a<l.

Generally, the responsivity need only be large enough such that the electrical signal
generated across the thermometer can be read out with an adequate ratio of signal to noise
by the preamplifier. A complete characterization of an infrared detector requires both values

of responsivity and of noise equivalent power.

1.3 Noise Equivalent Power

The electrical noise equivalent power (NEP) is the power which must be dissipated

in a bolometer to produce a signal equal to the rms noise in a 1 Hz noise bandwidth. The
L
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optical NEP—the optical power incident on the bolometer area required to produce é signal
equal to the rms noise—is given by the electrical NEP divided by the optical efficiency factor
€. The electrical NEP (per unit post-detection bandwidth) can be written as the sum of
squares of statistically uncorrelated terms which arise from a number of sources{7]

. ]2
4kT.R €2 + (inR)?  S,(w) !
st s T jsp T NP photon | - (1)

NEP = (4kT3G +

The first term arises from the random exchange of energy between the bolometer and the
heat sink via the thermal conductance. It is approximated from the conventional expres-
sions from equilibrium thermodynamics(8). The second term is the contribution of Johnson
noise in the thermometer. The third term is the contribution of the preamplifier noise
where e, and i, are the equivalent voltage noise and current noise sources referred to the
input of the preamplifier. The fourth term is the contribution from excess noise in the
thermometer where S (w) is the spectral density of voltage fluctuations. This noise is ex-
tremely sensistive to the microscopic details of the thermometer material and is usually
measured experimentally. The last term is the contribution from power fluctuations on the
incident optical signal. These fluctuations depend on the source of the light and its spectral
bandwidth (pre-detection bandwidth) and on the time over which the signal at the output
of the bolometer is integrated (the post-detection time). The next section discusses this
term.

Figure 1.2 shows fundamental limits to the NEP of an ideal bolometer operating
at 87 K with a 77 K heat sink calculated from (1.2). We assume an ideal bolometer has
negligible heat capacity and a noiseless thermometer and electronic readout. The thermal
conductance G is only large enough to prevent infrared loading from the signal from heating
the bolometer above 87 K. The detector is assumed to view 300 K background radiation
with a throughput AQ = 10~2srcm? and perfect optical efficiency.

We can optimize the NEP of a bolometer with a resistive thermometer by neglect-
ing the photon noise—which, for a high-7, bolometer, is always smaller than the thermal
fluctuation noise—and also by neglecting the excess thermometer noise S,(w). The optimal
operating point can then be found by equating the phonon noise and Johnson noise terms
in (1.2). We find w?r%2 = aR™1(dR/dT)T - 1, a result involving neither G nor R that fixes
wr for given values of a, R"'dR/dT, and T.

¢
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1.4 Photon noise

The photon noise contribution to the NEP can be important for low-background
bolometefs operating at LHe temperatures. Semi-classical treatments of the theory of pho-
‘ton fluctuation noise have routinely been used in calculating ultimate sensitivity limits of
LHe-cooled bolometeric receivers viewing blackbody radiation sources. The semi-classical
treétment is only valid when used to calculate the rms fluctuations on the incident photon
flux in a single spatial mode and at a single frequency. Many workers have erroneously ex-
.tended this treatment to multimode, broad bandwidth receivers. This section discusses the
relationship between photon fluctuations and NEPphown and gives a closed-form expression
for calculating NEPphoton in the limit of many spatial modes and broad spectral bandwidth.
The Dicke radiometer and the contribution of detector noise to the measurement of photon

noise are also discussed.

1.4.1 Single spatial mode, single frequency

Consider a cavity at an equilibrium tempefature T}, with low emissivity walls which
are much thinner than a wavelength A = ¢/v. The interior surface of the cavity is then
- painted with a black absorber which is in thermal contact with the cavity wall. Assume the
cavity volume is much greater than A3 and that a small hole of area A = )\%/r is bored in
the cavity wall and covered with a polarizer. A bolometer with unity absorptidn efficiency

would measure the power escaping through the hole for a unit bandwidth as
P=7hy, , (1.3)

where 7 = (n) = [exp(hv/kTs) — 1] is the mean number of photons per second per hertz

escaping through the hole [10]. The rms fluctuations in n are

(An?)y = (n?) — (n)} = 7° + 7. A | (1.4‘)

Since the audio bandwidth associated with a 1 sec unweighted average of the bolometer
output is 1/2 Hz, the mean square noise power in a unit post-detection bandwidth and in

a unit spectral bandwidth is
NEPZion = 2(7% + 7)(h)? . (1.5)

The two terms in (1.5) associated with %? and 7 are often called the classical wave noise

and the photon shot noise respectively.
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1.4.2 Multiple spatial modes, multiple frequencies

N

Now consider the same cavify with an enlarged hole 4 = N M/r,N > 1, no
polarizer, and many frequencies. Equation (1.3) can be generalized for unpolarized light

with a number of spatial modes N = AQ/)%, @ = 7 as follows
P=2/ Nwhvdv . - (1.6)
- Jo

The assumption is that the mean powers in different spatial modes and different frequencies
are uncorrelated with each other. This assumption separates the semiclassical theory from
the Quantum theory. Equation (1.6) can be calculated from the partition function of an equi-
librium system of bosons assuming no correlations between states. However, such a method
cannot be used to calculate the general form of (1.5). The fluctuations An? in different
states are correlated so a density matrix calculation must be used to calculate NEP2, .
The off-diagonal terms in the density matrix describe correlations between states. Such
calculations were made by Jakeman and Pike[11] to explain quantum optics experiments
such as phbton counting. Hanbury Brown and Twiss also used a model containing the’
correlation effects to explain their data in a related eiperiment[12]. These calculations are
numerical and depend on the deté.ils of the light source and on the de_tector’sépatial and
: telhporal characteristics. | _

A limiting form for NEP2, .., can be calculated from the work of Kastler[14]. For
bosons occupying g cells of phase space where g is large

(An?) =729+ 7. o | (1.7)

For our example, g = 2N(B;7;) where the factor 2 arises from two vpola.riza,tions, N is the
number of spatially uncorrelated modes, B is the spectra.l bandwidth, and 7, > 2C/G,
the minimum .post-detection integration time imposed by the thermal response time of the
bolometer. Here, B;7; is the number of statistically independent samples of the output of
a bolometer which detects the photons escaping through the hole. In the limit where (1.7)
is valid, . A | | '
| NEPSun=4 [ N(R/g v, (1.8)
~ A physical understanding of the factor g comes from the central limit theorem.We
consider only a single spatial mode and concentrate on the factor By 7, for clarity. Phbtons

emitted from a thermal distribution in a single spatial mode travel in bunches and are
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correlated on a time scale ~ 1/B;. If the photon stream is sampled and averaged for bin
fimes Thin < 1/ By, the distribution of sample means has a sample variance (An?), = 72 +7.
This is the case calculated in most statistical mechanics texts. The noise on the signal (i.e.
the sample mean) is larger than shot noise because the distribution is sampled on a time
scale shorter than the correlation time. This corresponds to less than one statistically
independent 'sa.mple of the distribution per bin. If the photon stream is sampled and
averaged for bin times 7 > 1/B,;, there are many statistically independent samples per
bin. The central limit theorem[15] states that the distribution of sample means of any
distribution with finite true mean p and variance o will tend to the normal distribution
as the number r of statistically independent samples per bin gets large. Furthermore, the
sample variance of the distribution of sample means will decrease as o/r. In the limit of
a large mean, the Poisson distribution also tends to the normal distribution. Since a large
bin size implies a large mean, we see that the distribution of sample means tends to the
* Poisson distribution with variance (An®)p, = 7 even when 7 is lai‘ge. o
Jakeman and Pike’s numerical calculations show the smooth transition from
NEP hoton dominated by wave statistics toerEPphomn dominated by shot noise, solely by
increasing the integration time 7,. The factor of two for polarizations and factor N for
spatial modes in ¢ represent additional sources of statistically independent samples which

average out the correlations of the wave statistics.

1.4.3 Dicke’s radiometer revisited

~ In 1946, Dicke wrote a well known paper discussing the precision with which a
radiometer could measure the power from a blackbody source in the Rayleigh-Jeans limit.
The central result of the paper written in our notation is

‘ 1/2
where B; <« v. Dicke made an analogy to a penny-ﬁii)ping experimént where the mean
number of heads is calculated from a large number of trials r. By analogy, he then argued
that the uncertainty in measuring the mean temperature of a blackbody decreases in pro-
portion to r~1/2, where r = By, is the number of trials. In the penny-flipping experiment,
all trials are statisticaﬂy independent andl the distribution of sample means is Poissonian.
This analogy is valid for blackbody radiation when B;7, 3> 1 and the trials are indepen-
dent. For Bym; < 1, the trials are no longer independent and the limiting {orm of Dicke’s
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' equation can be calculated frofn (1.8) assuming hv € kT and B; < v.
- ATg
Ts

In this regime, the uncertainty in measﬁring the mean temperature decreases in propor-

= (Bim)t. N : - (110)

tion to 7~1. In other words, the noise integrates away faster than the squa.re root of the
integration time. | \ V '

In a typical submillimeter wave measurement of blackbody power, By, > 1 and
(1.9) applies. There have been no experiments using a blackbody source which can verify
(1.10). However, Jakeman and Pike used a laser beam directed through a rotating ground
glass disk which imposed fluctuations (An?) = A2 + 7 on the photon distribution. They
then varied the integration time 7, on a fast photomultiplier tube and verified the predicted
photon count distributions for which (1.9) and (1.10) are valid. o

In the Wien tail of blackbody radiation where @ < 1, we can differentiate (1.3).
and use (1.8) to rewrite Dicke’s result-(1.9). | | ' '

AP hv ATb
P ka Tb

In this regime, the precision with which the average power' can be measured is limited by

=7"12(B,r,)"1/2. (1.11)

shot noise from the incoming photons.

1.4.4 Detector contributions to phofon noise

The above expressions for photon noise are valid fér all square-law detectors in-
clﬁding bolometers, SIS direct detectors, mixers in which the IF signal is rectified, and
photodiodes. Although these expressions are not adequaie to calculate the effects of the
‘measurement on the radiation field, we will quote some useful results from quantum mea-
surement theory{16, 17]. '

Coherent detectors which measure both the amplitude and phase of an incoming
signal add n01se/ during thg detection process to obey the uncertainty principle between
amplitude and phase. This result is often referred to as the quantum limit and is due to
zero-point fluctuations of the internal degrees of freedom of the coherent detector. Examples
of such detectors are a linear volt#ge aﬁnpliﬁer or a mixer where the IF signal is homodyne
detected. '

" Square-law detectors need not contribufe additional noise to é photon number

measurement since they discard the phase information. Many équare-law detectors do
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contribute additional noise because of the details of the detection process. For example, a

photomultiplier tube with unity quantum efficiency produces A,, charge carriers per photon

absorbed. These carriers provide effective photon number gain but also add shot noise.

The normalized variance of the output photon number fluctuations referred to the input is

approximately[18] v

(an?) = (An?)pnoton + (n)/An . (1.12)
where (An?)photon is the number fluctuations on the incoming photon stream. In the limit
of large A,, however, the shot noise contribution from carriers becomes negligible and the
photomultiplier tube approaches an ideal photon counter. Such a detector can, for example, .
detect amplitude squeezed states (An?)p < (n) such as the radiation emitted by an atom in
a cavity which is reson@tly pumped with a laser[19]. Other detectors with photon number
gain which may be able to approach ideal photon counting include avalanche diodes[20],
mixers with conversion gain < 0dB and with the IF signal rectified, and photoconductors
with large photoconductive gain. '

It has been tacitly assumed that bolometers used to detect high energy photons
such as X-rays are indeed ideal photon counters. The energy hv deposited by a single
X-ray photon can be measured with high resolution by a LHe-cooled bolometer. For mil-

" limeter wave photons, however, the intrinsic noise in a LHe-cooled bolometer from thermal
fluctuations prevents the bolometer from counting individual photons. The crossover from
counting high energy photons to detecting millimeter waves has not been tfeated in the
bolometer literature. We conjecture that the sensitivity of a bolometer in this regime can
be understood by rewriting the NEP in terms of the uncertainty in the photon counting
rate. By analogy with the photomultiplier tube, we then show that a bolometer can have a
large effective photon number gain which leads to ideal photon counting. |
- Consider a signal power P = 2N@hvB, with spectral bandwidth By <« v coupled
with unity optical efficiency to a bolometer operating at a temperature T connecfed toa
heat sink with temperature 7, = 0 via a thermal link G. The minimum value G = P/T, al-
~lows the bolometer temperature to rise to T, from heating by the signal power. The thermal
fluctuation noise in the ﬁrst term of (1.2) can then be written as NEP?hemml = 8kT . whvB;,.
We can refer the thermal fluctuation noise in the bolometer to photon fluctuation noise
contributed to the signal using (1.8) and write

<An2) _ (AnZ) +.NEP3herma.l = (A 2
= photon 4(111/—)2B1 = ( n )photon+

2kT, _ »
o (1.13)
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Equation (1.13) is equivalent to (1.12) if we identffy

hv

2_kfc- (1.14)

An =

as the effective photon number gain of the bolometer. Physically, the effective photon
, number gain A, in alow temperature bolometer arises from the many excitations of energy

"~ kT, that are excited whén a photon 6f energy hv > kT, is absorbed. An extreme
example is a LHe-cooled bolometer used to detect X-rays. Thé absoiption of a single X-ray
photon can excite ~ 107 — 10° thermal phonons. Given a suitable readout amplifier, such a

bolometer can be thought of as an ideal photon counter.
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Chaptér 2

| High—TC Bolometers on Sapphire

Substrates

Soon after the discovery of high-T, superconductors, many groups independently
recognized that materials such as YBCO could provi&e a. suitable thermometer for a LN-
cooled composite bolometer. The performance of the first primitive devices[2‘1]-[23], how-
ever, was often orders of magnitude worse than that of room temperature pyroelectric-
detectors. These devices were limited by materials prdblems. This chapter discusses the
development of two.types' of coinposite bolometer on sapphire substrates, both of which

have superior sensitivity to commercially available pyroelectric detectors.

2.1 Substrate requirements .

The materials requirements for high-Tc bolometers are severe. To achieve sufficient
responsivity that Johnson noise and amplifier noise are sﬁia]l, it is necessary to have a
superconducting film with a sharp resistive transition R“ldR/dT. Also, current-biased
YBCO films have 1/f-like voltage noise which arises from resistance fluctuations. Only
the highest quality c-axis epitaxial films have both a sharp resistive transition and low
\?oltage noise. Such films can only be producéd on very specific crystalline sﬁbstrates—or
on crystalline substrates coated with thin epitaxial buffer layers. - | '

The substrate contribution to the total heat capacity of a,'high-TC bolometer is
much larger than for LHe-cooled bolometers. At temperatures ~ 90K the excitation of

thermal phonons dominates the heat capacity of suitable substrates. Table 2.1is a compila-
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Material & (W/cmK) | ¢, (cal/gK) | Density (g/cm®) | ¢, (J/cm>K)
Al,0; 1.5 2.3 x 1072 4.0 -0.39
BN ~ 0.2 4.5 % 102 2.2 041
MgO 3.4 3.5x1072% | 3.6 0.53
Si3N 4 (amorphous) 0.056 2.6x 1072 | 2.8 0.31
Si0, (fused) 0.0062 5.4 % 1072 2.6 0.56
SrTiO3 0.18 5.2 x 10?2 4.8 1.04
ZrOg (fused) 0.015 3.1x1072. . 5.6 072

Si 5.5 5.5x 1072 23 ©0.53
Diamond 30.0 ' 4.0x 1073 3.5 0.059

Table 2.1: Thermal conductivity «, spéciﬁc heat cp, and density of selected materials at’
90 K which were considered for high-Tc bolometer substrates[24, 25]. All materials are
“crystalline unless indicated. '

tion of the thermal properties of such substrates at 90K. Except for diamond, most suitable
substrates have similar volume specific heat at 90K. Consequently, when a value of G ap-
propriate for 300K background loading is selected, as in Fig. 1.2, the thermal time constant
tends to be long. Therefore, one requirement for a substrate material is strength, so that
it can be made thin. Some substrates which are favorable for YBCO film growth, such as
SrTiO3 and MgO, are too weak to survive polishing to ~ 20 um thick layers of> millimeter
dimensions. We chose io use sapphire éubstrates.because of sapphire’s.mecha,nical strength
and relatively low specific heat. | | |
Diamond has not been used successfully despite its favorable heat capacity and
mechanical strength, partly because of the cost of crystail'me substrates and partly because
carbon degrades YBCO films. Materials such as Si, SizN4, BN, and ZrO, can be made
into membranes of thickness ~ 1pm which would make superior bolometer substrates if
high quality YBCO can be deposited on them. The feasibility of membrane bolometers is

discussed in the next chapter.

2.2 Sensitivity limits of high-T. bolometers
A short calculation 's’hows that thermal fluctuations rather than photon fluctua-
tions limit the best achievable NEP of any high-T,. bolometer for far infrared wavelengths.

We consider radiation from a blackbody at tempéfature T, which is coupled with unity
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optical efficiency to a bolometer via a cold bandpass filter of center frequency v and band-
width B;. The minimum value G = P,/(T, — T,) allows the bolometer temperature to rise
from the heat sink temperature T, = 77K to T, = 90K. The thermal fluctuation noise can

then be written as _
NEPt?hermal = 4ch2Po/(Tc - Ts) . (2.1)

A bolometer limited by photon fluctuation noise must satisfy the condition
NEP? > NEPZ . Which can be reduced to (n + 1)hv > 4kTZ2/(T. - T,) by using
(1.6) and (1.8) where we have assumed Bym; = 1. A high-T, bolometer viewing a 300K

photon

source with unity optical efficiency will be limited by thermal fluctuation noise for v <

6600 cm™! which corresponds to A > 1.5 yum.

2.3 YBCO film noise

In practice, the NEP’s of many of our high-T, bolometers are limited by excess
noise in the thermometers. The excess noise depends sensitively on the bias current I the
sharpness of the transition R~'dR/dT, the film volume, and frequency. We characterize
excess noise in the thermometei by the noise equivalent temperature (NET), which is the

smallest detectable temperature change in a 1 Hz noise bandwidth. The NET is defined as

NET = SY/*(w) (IdR/dT)™, o (22)

.

where S,(w) is the spectral density of voltage fluctuations in the high-T, ¢ film measured at
current I and frequency w/27. ‘
The resulting c'ontributionrto the NEP is

NEPner = |G + iwC| - NET. (2.3)

A high-T, bolometer with a 1x1x0.02 mm sapphire substrate with w7 = 1 when w/27 = 10
.Hz and NET = 108 K/Hz!/? could have an NEP =~ 10~! W/H.zl/zi For comparison, a -

1 X 1 mm pyroelectric detector[9] that is optimized for operation at 10 Hz has NEP =

1-5x10"19W/Hz1/2, |

2.3.1 YBCO on r-plane sapphire

We made our first high-T, bolometers using YBCO films which were deposited by .

laser-ablation directly on r-plane {1012} sapphire. X-ray diffraction measurements, such as
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6 — 20 rocking curves, showed these films were highly oriented with the c-axis perpendicular
to the substrate surface. Phi ¢ sca.ﬁs of the in-plane epitaxy, however, showed large shouiders
on the [103] peak of YBCO indicating poor alignment of the a- and b-axes between grains.
Still, typical T.’s were between 85 K and 88 K with- transition widths between 0.5 K and 3
K [26]. | | |

We measured the voltage noise with an ac-coupled, room temperature transformer
and an FET amplifier. The samples Were‘m'ounted on a temperature-controlled stage in a
cryostat and current-biased at values typical for bolometer operation. Figure 2.1a shows the
voltage noise for a 300 nm thick YBCO film deposited directly on sapphiré. The experime;lt
was done by integratiﬁg the noise in a 2 Hz bandwidth for 15 minutes at each temperature
point. The noise at the steepest part of the resistive transition is sy %(f) ~ 2nV Hz~ V2,
The slope of the resistive transition is dR/dT ~ 4§2/K and the current bias is 3 mA. Using
(2.2), the computed NET is 1.7 x 10'7 KHz"1/2,

The next films we used were 300 nm thick YBCO on a 50 nm thick SrT103 buffer
layer on r-plane sapphire deposited in situ by laser-ablation. These films had 51m11ar qua.hty
| X-ra.y rocking curves to the YBCO films deposited directly on sapphire. However, the ¢-
scan showed much narrower [103] pea.ksb without the shoulders seen in the film deposited
directly on sapphire[30]. This indicates that the SrTiO3 buffer layer is important to obtain
in-plane alignment between the c-axis oriented grains. In-plane alignment of the a- and b-
axes produces low-angle grain boundaries which result in higher critical current and lower
film noise. Figure 2.1b shows the voltage noise and resistance as a function of temperature
. for such a YBCO film. The slope of the resistive transition is dR/dT ~ 49Q/K and the
. _voltage noise on the transition is sa/ 2(w)_ ~ 0.570VHz"1/2, The computed NET is 3 x
10~ K Hz~'/2. For the measured value of dR/dT, this value of NET is only a factor 2.5
greater than the limit imposed by Johnson noise in the thermometer. This sa.ﬁple was as

quiet as the best YBCO films that we have measured to date on any substrate.

2.3.2 Magnetic field dependence of the noise

One contribution to the noise in high-T, films is switching noise from magnetic flux
lines which hop between two pinning sites. The ambient magnetic field in the laboratory
is an ample source of such flux lines. Voltage fluctuations with spectral density S,(w) .

arise from flux motion perpendicular to the direction of current flow(68). The frequency
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Figure 2.1: Resistance and voltage noise at 10 Hz in current-biased YBCO films as a function

of temperature. (a) 300 nm YBCO on r-plane sapphire deposited by laser-ablation. (b) 300
nm YBCO on 50 nm SrTiO3 deposited by laser-ablation.



CHAPTER 2. HIGH-T¢ BOLOMETERS ON SAPPHIRE SUBSTRATES 17 |

.dependence of S, (w) is determined by the distribution of pinning energies for the trapped
flux[28, 29] and the amplitude of S,(w) depends on the number of such processes.

There is a large spike in the noise voltage in Fig. 2.1a slightly below the resistive
transition. The spike may arise from trapped magnetic flux lines which de-pin at tempera-
tures near T, where the pinning energies become weak and therina.lly activated flux motion
occurs. To test this hypothesis, we mea,suredbt'he effect of an external niagnetic field on
the spike in the noise voltage for a sample[31] which is similar to that shown in Fig. 2.1.
Although the resistive transition is broader for this sample, the noise vbltage exhibits a sim-
ilar peak below T, to Fig. 2.1. This sample was mounted on a variable-temperature stage
inserted into the bore of a superconducting magnet. The sample was cooled in the Earth’s
magnetic field and the field strength was monotonically increased for all the data to av01d
any hysteresis arising from trapped flux in the film. Figure 2.2 shows the voltage noise as
a function of temperature for different values of applied field. Note the significant increase’
in the voltage noise and resistance below T. as the magnetic field is increased. Evidence
that thermally activated flux motion dominates the electrical behavior of the film below T, |
is shown in Fig. 2.3. Figure 2.3 shows the resistance versus temperature on axes such that
a thermally activated process R(T') « exp(U/kT) appears as a straight line. Such a form
fits the data below T, with the various values of the activation energy U indicated for each
curve. This phenomenelogica.l form uses a homogeneous model to describe an intrinsically
1nhomogeneous sample and the values of U are a weighted average over temperature and
over the film volume of the actual barrier energies for flux pinning.

The number of flux lines per area in a homogeneous film is' N¢ ~ B/®, where
$, = 2.07 x 10"1®Wb. If individual flux lines move mdependently of each other, their
voltage ﬂuctuatxons ‘add in quadrature such that S x Ng. The voltage noise at 70 K as a
function of monotomca.lly increasing magnetic field is shown in F1g 2.4. For B < 0.2kG,
the voltage noise power is S, « B7, where 0.8 < v €1, indicating that the flux hnes move
independently. In a homogeneous film, the average distance between flux lines is d ~ Ny 1/ 2,
At B = 0.2kG, d ~ 0.3 um. At higher B-field strengths (d < 0.3 um), the data in Fig. 2.4
have vy ~ 2 and S, « N3. In this regime, the flux lines interact and large bundles of flux -
lines move together such that the associated voltage fluctuations add cohefently.

We made similar noise measurements in a magnetic field on high-quality YBCO
samples dn MgO substrates with in-plane epitaxy. These samples showed no peak in the

voltage noise below T, and the magnetic field had almost no effect on the noise. We
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Figure 2.2: Resistance and voltage noise at 10 Hz in current-biased YBCO films on sapphire
as a function of temperature for three values of applied mégnetic field. The field was

increased monotonica.lly to avoid hysteresis effects.
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Figure 2.3: Resistance as a function of temperature for YBCO films on sapphire for various
applied magnetic fields. The activation energies for thérmally activated flux motion were

extracted from the slopes of straight lines drawn through the data below T.
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conjecture that the magnetic field-dependent noise shown in Fig. 2.2 arises from flux motion

along the high angle grain boundaries between c-axis oriented grains in the YBCO film on *

sapphire.

2.4 Bolometer assembly

An important application for high-T, bolometers is in laboratory infrared spec-
trometers with blackbody radiation sources. At long wavelengths, the blackbody power
which couples to the bolometer decreases unless the bolometer area is increased in propor-
tion to A2, We fabricated 1 x 1 mm bolometers for.wavelengths from 20 — 100 ym and 3x 3
mm bolometers for 100 — 300 pm. Films of c-axis oriented YB'CO with in-pla.he epitaxy
were produced by in situ laser ablation of 300 nm of YBCO on top of a buffer layer on
the.sapphire.[SO] The 1 X 1 mm bolometer had a 50 nm thick buffer layer of SrTiO3 and
the 3 x 3 mm bolometer had a double buffer rlayer of 10 nm of Y,03 on top of 10 nm of
yttria-stabilized zirconia. v | ‘ v o

After removing the sample for the 1 x 1 mm bolometer from the YBCO deposition
chamber, we sputter-cleaned the YBCO surface in a 1:5 Oz + Ar gas mixture and then
sputter deposited' 200 nm of Ag in situ. For the sample which would become the 3 X 3 mm
bolometer, we patterned the YBCO by lithography and then deposited Ag contacts. Each
of the 6 X 6 X 0.5 mm sapphire substrates was then waxed face down onto a polishing block |
and lapped to 20 um thickness. The substrate was diced into bolometer chips which were
 annealed in 1 atm of oxygen at 550° C for at least 30 minutes to obtain electrical contacts v
with low noise. The bolometer chips were suspended in a temperature regulated bra.és riﬁg
a.ﬁd then a radiation absorber was deposited on the back side. . Two 25um diameter Cu
wires were attached by silver paint to serve both as electrical leads and as a weak thermal -
link to the brass riﬁg. Figure 2.5 schemafically shows the completed bolometers.

- The spectral response of the bolometer is _deterinined by the radiation absorber
attached to it. Radiation incident on the back side of the bolometer in Fig. 2.5a is absorbed
by a 10 um thick layer of gold black. Gold black is a porous matrix of microscopic gold clus-
ters which absorbs radiation from 1 — 100 ym by multiple sc’attering[32]. It can be produced -
by evaporating gold in the presence of ~ 5 — 10 Torr.of argon. The density of _gbld black
is ~ 0.1% that of solid gold .and‘ only increases the heat capacity of the composite bolome-
ter by 0.3%. At 90K, gold black is in thermal equilibrium with the bolometer substrate.
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Figure 2.5: Schematic diagram of two high-T bolometer architectures. (2) A 1x1x0.02 mm
bolometer for wavelengths A < 100 ym with an unpatterned YBCO thin film thermometer
on a sapphire substrate and an infrared absorber of gold black. (b) A 3 x 3 x 0.02 mm
bolometer for A > 100 um with a patterned YBCO thermometer on sapphire and a thin Bi
film as the infrared absorber. '

During our first attempts at gold black deposition, radiation from the tungsten evaporation
filament heated up the bolometer and the YBCO thermometer lost some oxygen. Conse;
quently, the resistive transition broadened and the electrical noise increased slightly. Also,
* the gold black matrix partially collal;sed because of the heating. This problem was solved by
using a narrow gauge tungsten filament bent into a'V-shape. This geometry minimized the -
" throughput for infrared emission from the filament and sigﬁiﬁca.ntly reduced the radiative
heating of the bolometer during gold black deposition. o ‘
Radiation incident on the front side of the bolometer in Fig. 2.5b passes through
- the substrate and is absorbed on the back side by a 42 nm thick Bi film of 200Q sheet
resistance. This configuration absorbs up to ~ 50% of the incident radiation and minimizes

standing wave resonances in the sapphire substrate for light of normal incidence[2].

2.5 Bolometer characterization

Both bolometers were characterized with electrical and optical measurements. For
brevity, we will only describe measurements for the 1 X 1 mm bolometer. The bolometer
responsivity was calculated from electrical measurements. The inset of Fig. 2.6 shows the

resistive transition of the thinned bolometer chip for a 1 mA bias current. Comparison with
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Figure 2.6: Resistance of the bolometer as a function of electrical heating from the bias
current. The nonlinearity of this curve arises from the temperature rise and the dependence

of the resistance on temperature. Inset: R(T) for the bolometer measured at 1mA. .

measurements made immedjater after YBCO deposition showed no noticeable degradation.
The steepest part of the resistive transition has a slope dR/dT = 6.2 Q/K where R = 3Q.
Figure 2.6 shows the dependence of the bolometer resistance on power dissipated by the
. bias current. The shape of this curve is consistent with bias power heating, assuming that
the isothermal film is ohmic. The thermal conductance G = 2.7 x 10~ W/K was obtained
from R(T) and from the slope at small bias power I2R.

The bolometer t1me constant 7 = 55ms was obtained by measurmg the high
frequency roll-off of the response to chopped light from a He- Ne laser. We 1nfer a value
C =15x107%J/K from the measured values of G and 7. This value is consistent with
the value C = 1.2 x 10~°J/K, cdmputed from handbook data, and gives us confidence in
the value G calculeted from Fig 2.6. From the measured values of G, dR/d.Ty, and 7, we
calculate a responsivity of § = 19V /W at 10 Hz and I = 3mA.

The spectral response of the bolometer was ﬁrst measured at visible wavelengths
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Figufe 2.7: Voltage response of the bolometer to chopped laser light compared with dR/dT.

The similarity of the two curves indicates that the response is bolometric.

. with 632 nm He-Ne laser light. The YBCO film, which has an absorptivity[33] of ~ 90% at
this wavelength, was used as the radiation absorber. Figure 2.7 compares the response to
chopped laser light with the slope of the resistive transition. These data are consistent with
bolometric response. The peak signal corresponds to an optical responsivity of S =17 V/W -
at 10 Hz. ' B

Using the measured noise and optical responsivity, we compute the optical N EP =
2.4 % 1011 W Hz~1/2. The maximum current allowed by the stability condition is I = 4mA.
Assuming that the excess noise in a better sample would be less than Johnson noise, the
NEP could be improved to 10~} W Hz~%/2 at 10 Hz. '

The 3 x 3 mm bolometer with a Bi absorber was characterized in a similar fashion.
In this case G = 3.4 X 10~* W/K,7 =120 ms, and C = 4x10°3 J/K. In this geometry, the
YBCO was patterned into a 50 x 600 um strip to avoid obscuring the incident light before
it reaches the absorber. At the midpoint of the transition R = 110 and dR/dT = 36 Q/K.
Measurements of the voltage noise with J = 1 mA gave NET = 1.4 x 10"7K/Hz!/2. In
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general, we observe that patterned YBCO films of small size tend to have high excess
voltage noise and poor NET. We calculate an electrical NEP = 3.6 x 107'® W /Hz!/? at 10

Hz for the 3 x 3 mm bolometer.

2.6 Spectral measurements.

We measured the response of both bolometers to infrared light using a Fourier
transform spectrometer in the step’-and-integrate mode with a quartz mercury arc source.
' Radié.t_ion from the specfrometer output was coupled to the detector tvhrough a brass light
pipe and a iight concentrating coné. A room temperature filter of 25 pm thick black
~polyethylene in the light pipe blocked visible radiation.
Figﬁre 2.8 compares the ratio of two identical spectra with a resolution of 4 cm™!
- measured with the pyroelectric detector[9] and with the high‘-TC bolometer. The optical
throughput was intentionally restricted such that detector noise would appear in the spectra.
The deviation from unity of this ratio is a méasure of the detector sensitivity. Clearly the
high-T. bolometer is more sensitive. There is a strong reflection mode in sai)phire which
may account for the feature at 450 cm™! in Fig. 2.8a. This would indicate that some of the
infrared 'ravd.ia,tion is transmitting through the gold black absorber and into the sapphire
bolometer substrate. '

Aﬁother demonstration of ‘defector sensitivity is to measure the absorption spec-
trum of water vapor with the highest frequency resolution possible without detector noise
obscuring the spectrum. We _ﬁlled 75 cm of 1.3 cm diameter light pipe with 50 Torr of |
water vapor. Figure 2.9a shows the resulting transmittance spectrum measured with the
- 1x 1 mm bolometer with H,O rotational line§ resolved to 1 cm™?. Figure 2.9b shows lower
frequency H,O rotational lines measured with the 3 x 3 mm bolometer and resolved to
0.5cm~!. Both spectra were measured for 20 min. and agree with préviously published
measurements(34]. _ ' '

In summary, we have fabricated, and tested the first high-T. bolometers with
higher semsitivity than competing room temperature detectors. A 1 X 1 mm bolometer
with a radiation absorber of gold black smoke has a noise equivalent power NEP = 2.4 X
10-11 W/Hz!/2 at 10 Hz and has useful sensitivity over wavelengths 20 — 100 um. A 3 x 3
mm bolometer with a Bi film radiation absorber has NEP = 3.6 x 10-1°W JHz!/? at 10 Hz

and has useful sensitivity over wavelengths 100 — 300 um. Water vapor transmission spectra
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were measured to demonstrate the sensitivity of both devices.
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Figure 2.8: (a) Ratio of two identical spectra with 4 cm™! resolution measured with the

high-T. bolometer. (b) Ratio of two identical spectra with 4 cm™! resolution measured with

a pyroelectric detector. The optical efficiency was intentionally degraded so that the noise

could be seen clearly. The throughput and efficiency were nominally identical for both

ratios.
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Chapter 3

Imaging Akrrays'of High-T¢

Bolometers

The composité high-T, bolometers on sapphire substrates described in Chapter
2 .were designed for single pixel applications such as far-infrared laboratory spectroscbpy.
The areas of these bolometers were chosen from 1 to 10 mm? to match the throughput
of laboratory Fourier transform spectrometers. For such large areas, there are stringent
_ requirements on thermometer sensitivity which require the use of high quality epitaxial c-

axis YBa;Cu307-5 (YBCO) films on favorable substrates with sharp resistive transitions

-and low voltage noise under current bias. Arrays of much smaller bolometérs are potentially

useful for thermal imaging. The absorbing area A can be as small as the diffraction limit

A = A2/, where Q is the solid angle of the pixel’s field of view. The lower heat capacity of

such small bolometers relaxes the requirement on thermometer sensitivity. The possibility

then exists that YBCO on amorphous substrates like silicc_m nitride (Si3N4) could be used.
Researchers at Honeywell are working on linear arrays of micromachined bolometers on

- substrates of Si3N4 membranes for thermal imaging at 10um[35].

This chapter discusses the sensitivity of high-T, bolometers as a function of ther-
mometer NET, bolometer ézea, and wavelength. The discussion is directly relevant to the
design of imaging arrays of high-T, bolometers for wavelengths from 10 — 1000 um. The |
required thermometer sensitivity for bolometers of various areas will be compared with the
voltage noise s/ 2( f) measured for current-biased YBCO films on various substrates. Next,

a design is developed for a single pixel in an array of Si membrane bolometers operating

/
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at the diffraction limit for A = 100 um; A more general design is then presented for other
wavelengths, optical systems, and membrane materials. We will also discuss a scheme for
reading out two dimensional bolometer arrays which performs. real-time signal integration

on the chip.

3.1 Resistance fluctuations

" Our own measurements on YBCO films and those of others[37, 38] indicate that
the excess voltage noise in current-biased films depends sensitively on film quality. It can -
be modeled as resistance fluctuations, S,(w) = (I6R)?%, where [6(ln R)]? usually has a fre-
: quency d;ependence between w’l.a.nd w™2, and scales roughly as the reciprocal of the film
volume[39]. A resistance ﬂuctﬁatioh OR can be writtén as the noise equivalent temperature
using (2.2) , '
NET = é(ln R)R(dR/dT)™?, o (3.1) .
where R(dR/dT)™! is roughly the width of the resistive transition. For thermometer ma-
terials with resistance fluctuation noise, the film noise term in the NEP (2.3) will domiﬁate
other contributions to the NEP from readout noise if the bias current is made large enough

that

ISR > [thT.R+ e + (inB)] . (3.2)
As will be discussed below, this condition i:an_ be met for all of the YBCO films we have
measured to date without exceeding the thermal stability constraint set by bias heating.
Phenomena such as thermopower, Bi film resistance, gas expansion, ahd dielec-
tric constant changes have been used as thermometers for thermal far-infrared detectors
operating above 77 K[40]-[44]. For applications with frequencies less than 100 Hz, the best
NET of these technologies is in the'ra.nge of 10~¢ K Hz~1/2, If these thermometer technolo-
gies are restricted to thin films useful for large micromachined arrays(42], such as bismuth
films, the NETis > 10~5 K Hz~1/2, High-T, thin ﬁlm thermometers promise values of NET

< 10~8 K Hz~'/2 and hence orders of magnitude increase in detector sensitivity. -

3.2 NET measurements for YBCO thermometers

Fabrication of useful high-TC composite bolometers requires films on very thin

substrates to minimize heat capacity. We have chosen to study films on sapphire, silicon, and
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" Sample Source Geometry | R(AR/4T)~! | &(InR) NET pdc (midpoint)
: (K] [Hz=!/2] | [KH2™1/?) {2 cm]
A Conductus | 1 X 1 mm x 300nm YBCO 1 3x10~% | 3x10-® 37
' : on 20 nm SrTiO3/Al,0;
B Xerox 1 x 3mm X 40nm YBCO 2.6 3x107% | 8x10-® 55
. on 50 nm YSZ/Si )
c Conductus | 3 x 3mm x 300nm YBCO 6 4x1077 | 24x10°% | 270
' on 20 nm YSZ/SisNy ‘ '
D " Xerox 1 x 3mm X 40nm YBCO 5 10-¢ 5 x 10 190
on 50 nm YSZ/Si

Table 3.1: Characteristics of YBCO films for use as thermometers on hzgh T, bolometers

silicon nitride substrates which are strong enough to be made thin. Table 3.1 summarizes
the propertiés of four YBCO films which were deposited by laser ablation at Conductus and
Xerox. These are representative of the best performance that has been obtained to date.
Samples A and B were epitaxial c-axis ﬁlms deposited oﬁ crystalline substrates with buffer
~layers. Sample A was made in situ by depositing a 20 nm thick buffer layer of SrTiO3 on
{1102} sapphire followed by 300 nm of epitaxial c-axis YBCO(30]. After breaking vacuum,
silver contact- pads wére sputter-deposited through a shadow mask and annealed in oxygen
at 500°C for 60 min. Sample B was made using a silicon substrate. A process was specifically
developed to provide a priétine Si surface for epitaxial growth[45, 46]. First, a weak HF and
ethanol solution was used to strip the native SiO; layer and to terminate the exposed silicon
bonds with hydrogen. Then the Si substrate was transferred to the deposition system via a
nitrogen gas-purged glove box and load-lock. Thé substrate was heated in vacuum to drive
off the hydrogen and 40 nm of YBCO was deposited in situz on a 50 nm thick yttria stabilized
zirconia (YSZ) buffer layer. Because of the difference in thermal expa;nsion betweenJ silicon
and YBCO, the YBCO films are under tensile stress and must be grown thinner than
~ 50nm to avoid cracking. Silver contacts were again sputter-deposited but were not
a.nnea.led to avoid driving surface contaminants into the thin YBCO film. Samples C and
D were mostly c-axis YBCO deposited on amorphous SizNy4 films with YSZ buffer layers.
The SizN4 films were deposited on Si at 850°C by Low Pressure Chemical Vapor Deposition
(LPCVD) at 350 mTorr usmg SiH,Cl; and NH3. The YBCO films were deposited by a laser
ablation process similar to that used for sample A.

We measured the voltage noise with an AC-coupled, room temperature transformer



CHAPTER 3. IMAGING ARRAYS OF HIGH-Tc BOLOMETERS 31

and an FET amplifier. The samples wefe mounted on a Atemperature—cqxitrolled, stage in
a cryostat and current-biased at values typical for bolometer Operatioﬁ. Figure 3.1 shows
the voltage noise for epitaxial samples A and B. The experiment was done by integrating
the noise in a 2 Hz bandwidth for 15 minutes at each temperature point. The noise at the '
steepest part of the resistive transition for Sample A (YBCO/SrTiO3 /Alz 03) gives NET =
3x 10~ K Hz~1/2. This sample was as quiet as the best YBCO films that we have measured
to date on any substrate. In general, films that satisfy other standard requirements for
quality (e.g. large J., small AT) consistently show low noise before pro'céssihg. Samples
‘A and B had high critical current (J. > 10°A/cm?, T = 77K) and, as shown in Table I,
narrow resistive transitions, and’low resistance fluctuation noise. Processing, especially in
the form of narrow, patterned lines, has been observed to increase noise. Therefore, we
have avoided ext’ensfve processing of the films after deposition by using large area YBCO
thermometers with the minimum resistance necessary to satisfy (3.2). This approach also
minimizes film volume‘dependent mechanisms for 1/f noise. Also, poor quality ﬁlms tend to
| degrade more rapidly with processing than high quality films. After the substrate thickness
of Sample A was'reduced by grinding to 25um, it was used for the composite bolometer
with a gold black absorber described in Chapter 2. The best NET yet obtained for YBCO
on a silicon substrate is NET = 7 x 10-8K Hz~!/2, . |
The resistive transitions for samples C a.nd D of YBCO/YSZ/SizgN, shown in
Fig. 3.2 are significantly broader than for samples A and B and the voltage noise is higher.
Consequently, the values of NET are about 100 times poorer. In general, we expect that.
YBCO samples with poor epitaxy make noisier thermometers. One contribution is switching
noise from thermally activated flux motion, as described in Chapter 2. Based on our
experience with other sub‘stfates, we expect that the NET’s for YBCO films on SizNy

will improve as that technology matures.

3.3 Design of a Si membrane bolometer

For practical r.ea.sons,‘ bolometers for use in large format imaging arrays must be
~ produced by optical lithography aﬁd micromachining. Silicon and SizN4 are well suited
~ to such fabrication techniques. Yttria-stabilized zirconia is another candidate membrane
| material. It is »compatible‘wit_h high quality YBCO thermometers, has low thermal conduc- -

_tivity, and can be etched into free-standing membranes [47]. In this section we discuss the
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Figure 3.1: Resistance and voltage noise at 10 Hz in current-biased YBCO films as a function
of temperature. The noise in the measutement system is 0.15 nV/ Hz!/2, Sample A is 300
nm of epitaxial YBCO on a 20 nm buffer layer of SrTiO3 on sapphire. Sample B is 40 nm
of epitaxial YBCO on a 50 nm buffer layer of yttria.—stabilizéd zirconia on silicon.
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Figure 3.2: Resistance and voltage noise at 10 Hz iii current-biased YBCO films as a function
of temperature. The noise in the measurement system is 0.15 nV/Hz!/2. Sample C is 300
nm YBCO on a 20 nm buffer layer of yttria-stabilized zirconia on SizN4. Sample D is 40

nin YBCO on a 50 nm buffer layer of yttria-stabilized zirconia on SizNy.
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thermal properties of a silicon membrane bolometer pixel and estimate its sensitivity.
For a given optical system, the area of a pixel which couples optically to ¥ spatial

modes is proportional to the wavelength squared
N A= 2N/Q, (3.3)

where Q is the solid angle of the field of view of the pixel. The goal of this design is an
imaging array with f/6 optics (€ = 0.02sr) which has useful sensitivity for wavelengths
30 — 100 ym and is diffraction-limited (N = 1) at A = 100 pm. From (3.3), the pixel size is
0.7 x 0.7 mm. Using handbook values [24], we estimate the heat capacify for a 0.5 ym thick
Si membrane to be C = 1.5x 10”7 J/K. For a thermal conductance G = 5 x 1073 W/K, the
thermal response time is 7 = C/G = 3ms. Such a thermal conductance can be achieved
with two 1000 x 90 x 0.5 um legs of Si which support the membrane. Figure 3.3 is a.d.iagra,m
of such a bolometer with the width of the Si legs exaggerated-for clarity. From (1.2), the
limit to the NEP from thermal fluctuations for this bolometer is NEP = 3x10~12 W Hz~1/2,
If sample B from Table I were used as the thermometer, then NEP = 5 x 10712 W Hz~1/2,
This NEP is significantly better than the NEP = 3.5x 107! W Hz~'/2 of the best Schwartz-
type thermopiles used in this wavelength range [5]. »

We have fabricated 0.5 um thick Si membranes which are supported by two 1000 x
100 % 0.5 um legs. The membrane was defined with an etch-stop layer produced by selective
ion implantation of 180 keV BF7 at a dose of 10'® cm™~2. After a 60s anneal at 1000°C, the Si-
. samples were etched in a solution of 80°C KOH. There are some disadvantages to the boron
etch stop. The boron concentration results in a degenerately do_ped Si membrane which
is under tensile stress and nﬁay be difficult to fabricate reproducibly to the dimensions
needed for sensitive high-T,. bolometers. Also, a degenerately doped Si membrane has a
high in'frared.conductivity which renders resistive submillimeter radiation absorbers, such
as Bi films, ineffective [2]. Gold black radiation absorbers should be satisfactory for shorter
| wavelengths. We are preseﬁtly investigating an electrochemical etch-stop which uses a
reverse-biased p — n junction to slow the Si etch rate in KOH [48]. This technique requires

2

much lower ion implantation doses of ~ 10'2¢m~2 and may solve some of the problems

associated with the BFJ ion implant.
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Figure 3.3: Diagram of a membrane bolometer. The bolometer consists of a radiation
absorber and a YBCO thermometer deposited on a membrane of Si or SizN4 which is

isolated from heat heat sink by two legs of the same membrane material.

3.4 Optim_izing membrane bolometer design

The previous section outlined the basic design of a Si membrane bolometer for
an array of bolometers which are diffraction-limited at A = 100 gm. This section presents
a more genefal technique for designing arrays of bolometers as a function of wavelength,
substrate material, and of the throughput coupled through the optical system to a single

pixel.

3.4.1 Detectivity scaling arguments

Many considerations enter the d’mice of the constant of proportionality N/Q in
(3.3) which relates A and A%. The optical filling factor is the ratio of the area of the infrared
~ absorber to the area of the unit cell for a single pixel—which may include other components
such as charge-storage capacitors or readout circuitry. For A = 10 um, an acceptable filling |
factor of (50-60%) can be achieved[36] with N/Q ~ 50. Diffraction-limited pixels (N=1)
~with /6 optics (2 = 0.02 sr) and A = 5 x 10~5cm? preserve the filling factor (50-60%)
and are ﬁseful_ at 10 pm for apphéations requiring high' spatial resolution. Multi-mode
pixels (N=10) with {/2 optics (€ = 0.2sr) also preéerve this filling factor and are useful at
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N

10pm for applications requiring high sensitivity when detector noise-limited. The specific
detectivity D* = A!/?/NEP is convenient for comparing detectors with different areas.
Bolometers of the design in Fig. 3.3 made on thin SizN,4 membranes can have
very low heat capacity per unit area C4 and can be made with very low G because of
the mechanical strength and the low bﬁlk thermal conductivity of SizN4. The relatively
high NET of our present thermometers on Si3N4, however, limits the use of this substrate
to relatively small bolometers with high responsivity to minimize the contribution of ﬁlm
noise in (4). Such bolometers are well smted for example, to imaging arrays for A.=~ 10um.
Bolometers made on Si membranes have smaller values of NET, but will probably be limited
to larger values of C4 and G because of the thermal properties of Si. They are therefore
appropriate for higher throughput applications at longer wavelengths. The very low values
of NET obtained on thinned sapphire substrates make this technology appropriate for very
large bolometers. We will quantify this argument by calculating the dependence of the
detectivity D* on area and thus on A for each of the above technologies using the values of
* NET from Table 3.1. | | o
The bolometer substrate technology chosen sets material limits to th_e'heat capacity
per unit area C4 that can be achieved. vIn addition, for the membrane technologies, there ‘
is a minimum practical value for the thermal conductance Gy, set 'by the strength of the
legs. The legs break if they are made longer and narrower to achieve G < Gp;p If we assume
that the required response time 7 and the factor 4/A? = N /S are set by the application,
then the required G = C4A/7 will be equal to Gmin at a specific Wa.velength Ao given by
1/2
Ao = (sz‘:rx) / . (3.4)

For A < ),, the bolometer will be faster than is required and therefore less sensitive than

optimum. For A > ),, the available range of G includes the optimum value.

- We estimate C4 and G, for a SizNy bolometer based on a 0.75 pm thick -Si3N4_
- membrane which was built at Berkeley by other workers[49]. This membrane was supported
by two SizN4 legs with dimensions 0.75 x 0.75 X 20 pm. For a bolometer with two such legs,
we calculate Guin = 0.3 uW /K by usiﬁg a handbook value for the thermal conductivity of
bulk SizN4 at 90 K. For a Si membrane bolometer with two undoped Si legs of the same
dimensions, Gmin = 30 uW/K. From handbook data,[24] we estimate that Gmn of ion-
implanted Si legs might be roughly 0. 5Gmm of ummplanted Si legs at 90K. The reductmn

in G presumably arises from radlatlon damage of the Si. We expect the heat capacity of the
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Figure 3.4: Specific detectivity D* as a function of reduced wavelength A\/\, where A,
depends on the minimum achievable values of the heat capacity per unit area C4 and
-thermal conductance G, as well as the response time 7, the number N of electromagnetic:
" modes which éouple, and the solid angle Q of the pixel’é field of view. The solid line shows
.the predicted phonon noise limit for a bolometer on a thin membrane. The dashed lines

N . .
show upper limits on D* for thermometers with various values of NET.

- YBCO thermometer and silver electrical contacts to dominate the substrate heat capacit/y,
'so we choose C4 = 2.7 x 10~3 JK~1cm~? for both Si and SizN, membrane bolometers.
Figure 3.4 shows the prediction for D* as a function of the normalized wavelength
A/, for a fixed value of N/Q and 7 = 10ms . The solid line shows the upper limit on D*
1/2 ,
D.‘:(Z,-C;CTG) - (3.5)
For A > A, G x A, so D*())is constant. For A < Ay, G = Gpin, 50 D"(A) x A2 « A.

‘The performance of the bolometer is limited by thermometer noise if NET >

'imposed‘by phonon noise

1078K/ Hz/2. The da.shed lines show the limits on D* from thermometer noise for .va,rious
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values of NET calculated from (2.3) and

. 4 .A 1/2
b= (G?(NET)Z(l +u27'2)) ' | (3.6)

For A> X,, Gx A, s0 D*()) x A~V « 1/A. For A < A, G is held constant at G, and

D*(\) x AY? x ). Hence D" peaks at A = X, for a pixel limited by thermometer noise.
~ The wavelength A, for SizNy4 is 0.1 of the value of A, for Si since the thermal conductivity
of SizN4 is ~ 1/100 that of Si at 90K.

3.4.2 Comparison of the detectivity to other technologies

Fora given value of N/Q, response time 7, and combination of YBCO thermémeter
and substrate, we can compute A, and plot the curve from Fig. 3.4 as D* versus A. Figure 3.5
‘shows this plot for N/Q = 50 and 7 =. 10 ms for our best YBCO thermometer on both SizN,
and Si membranes. For coxhparison,, F'ig. 3.5 also shows the performance of tyI;ical pixels
in several different large format arrays operated at 77K along with the photon noise limits
for photovoltaic and photoconductive detectors that view 300K radiation in a 0.02 st field
of view. The predicted performance for YBCO/YSZ/Si3N4, shown in Fig. 3.5, could be
competitive with HgCdTe at A = 10um and one order of magnitude more sensitive than>
" HgCdTe at A = 20um[50). The. performance of this array at longer wavelengths is better
than room temperature detectors, but is rapidly degraded by thermometer noise. An array
optimized for longer wavelengths can have a better peak value of D*. Choosing N/ = 5
. and 7 = 10 ms, the peak in D* is three times higher and occurs at A = 45 um for the same
thermometer NET. _ ' '

The predicted performance fora YBCO/YSZ/ Sivbolomet_er with the same assumed
geometry as for SizN4 is also shown in Fig. 3.5. The region of phonon noise limited D*
appears at longer wavelengths than for Si3N4 because of the higher bulk thermal conduc-
tivity of silicon. The limit to D* from thermometer noise is higher than that of bolometers
on SizN4 because of the lower NET of YBCO on silicon. Arrays of high-T, bolometers on
Si membranes may be useful for imaging applications for A- > 20um. One example is long
wavelength atmospheric imaging from NASA planetary probes such as Cassini(35].

The most important potential impaét of the high-T, bolometer is in a LN-cooled
large format imaging array for 8 — 14 um. This possibility depends both on the performance

. of the bolometer arrays as discussed above and also on the performance available from
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Figure 3.5: Specific detectivity D* as a function of wavelength for diffraction-limited pixels

‘with Q = 0.02sr (f/6 '6ptics) and 7 = 10ms. The thick lines show the predicted D* for

high-T, bolometers on silicon and Si3;N4 membranes ﬁsing YBCO thermometers. These lines

were calculated using estimates for the minimum achievable heat capacity and thermal con-

ductance and using measurements of voltage noise in high-T, thermometers. Typical values
of D* for InSb, PtSi, and HgCdTe detectors in two dimensional staring arrays operated at

77K are shown for comparison. Also shown are the phdtpn noise limits for photovoltaic and

photoconductive detectors which view 300K radiation in a 0.02 sr field of view.
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the competing HgCdTe technology. Although accurate predictions are not possible, this
" important question deserves further discussion. Two dimensional (2D) staring arrays for
300K thermal imaging in the atmospheric window from 8 — 14 um require high D* per
pixel, good uniformity, and low-noise readout electronics. The predicted D* of a high-T,
bolometer used from 8 — 14 um is worse than the D* of a HgCdTe photovoltaic detector in
a single pixel cﬁ linear array format. However, it is difficult to make 2D arrays of HgCdTe
photovoltaic detectors which é.re larger than 128 x 128 pixels[51]. Even these arrays suffer
from low yields and high costs. The performance of arrays of HgCdTe detectors which
operate from 8 — 14 um also suffers from high backgrounds and high leakage currents. These
currents rapidly saturate the cha.rgé storage capacity of a CCD readout and can restrict the
” integration time of the signal{51, 52]. Many thermal imaging systems which require high
spatial resolution across the field of view operate at shorter wavelengths so as to use more
mature technologies[53] with larger numbers of pixels such as PtSi[54] or InSb. :A.lthough
thé yield and unifonhjty of such arrays are excellent, the atmosphere is more opaque at these
wavelengths. Also, radiation from a 300K black body is wez;,ker at 4um than at 10um buf
stray light from visible sources such as the sun is stronger at 4um than at 10um. We believe
large 2D arrays of high T, bolometers on SizN4y membranes will have useful sensitivity from
8 — 14 um and could have advantages in yield and cost over large 2D arrays of HgCdTe.
Without building such an array, we can not quantitatively predict the uniformity of the
responsivities of pixels across the array. Equation (1.1) shows the uniformity in S depends
only on variations in I, G, and dR(T)/dT. Temperat.ure gradients across the array could
produce variations in dR(T')/dT from pixel to pixel. . But, temperature gradients which
are smaller than ~ 0.1R(dR/dT)~! should not seriously degrade uniformity since R(T) is

mostly linear on this temperature scale.

3.5 Electronic readout for bolometer arrays

We have predicted useful semsitivity for a single pixel high-T, bolometer with
a dedicated low-frequency amplifier. Many imaging applications require lai'ge arrays of
bolometers where constraints on power dissipation and filling factor only allow for a small
number of amplifier channels. In simple circuits, the electrical signal from a pixel is only
integrated for a tiny fraction of the observation time. The electrical noise from a pixel in an

array can therefore be much greater than the noise from a single pixel with a dedicated am-
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plifier. We now discuss a scheme which provides signal integi‘é.tion over the full observation
time, but does‘ not require one amplifier per pixel. |
The NEP of a bolometer pixel has contribﬁtions from thermal fluctuations, includ-

ing infrared source ﬂucfuations, as well as the phonon noi>se,b represented by the first term
in (1.2). It also has contributions from voltage fluctuations in the thermometer, represented
by the second and third terms-in (1.2). Thermal fluctuations occurring for waye T > 1 are
) integfated by the thermal response time of the bolometer. Therefore, a bolometer which
operates in the source noise or phonon noise limit with 7 equal to the frame time does not
require additiona.l‘ electrical integration. In principle,. however, a bolometer optimized for
sensitivity has equal contributions to the NEP from both thermal fluctuations and voltage
- fluctuations. In practice, the bolometer designs that we have described above'al;e some-
times limited by voltage noise fluctuations. Therefore, integration of the electrical sigha.l is
desirable. _ ' , A
PhotoQoita.ic detectors in a CCD array integrate the photocurrent with a charge
storage well next to each detector. Ideally, the stc)rage capacity of the well is larger than |
the product of the photocurrent and the time interval between samplings by the readout
amplifier. Consequently, charge fluctuations which océur faster than the sampling rate are
averaged. A bolometfic detector outputs a voltage equal to the product of the a.bsorbéd
_infrared power and the responsivity (1.1). An RC filter could be implemented next to the
bqlometer which integrates voltage fluctuations occurring on time scaleé shorter tha.p RC.
The RC time should approximately equal the frame time.

_ As a specific example, we consider a 64 X 64 imaging array of high-T, bolometers
similar to existing arrays of bismuth bolometers built at'Honeywell[36]. Since both the
.rea.dout amplifiers and the bolometers have 1/f noise, we assume the incident radiation is
chopped at 60 Hz. This leads to a frame rate of 30 Hz and a thermal time constant 7 = 3ms
for each bolometer pixel. The pixels are continuously biased and dissipate less than S5uW
each. The whole a.rraj_is read out once while observing the target, and again while observing
the chopper blade. The two frames are then digitally subtracted. Assuming four rea.dbut
amplifiers, each pixel is sampled for a maximum time 7yample = 3.usec. Electrical noise
in the thermométer occurring at higher ‘frequencigs than 60 Hz is then aliased across the
bandwidth of the readout ampliﬁér. An RC filter next to eacﬁ pixel would roll off this high
frequency; noise before it is aliased. ‘ |

~ Figure 3.6 shows a schematic implementation of the readout circuit for a two
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aimens'ional bolometer array. The readout circuit elements could be fabricated on a separate
silicon wafer which is bonded to the b_olometer array with indium bumps. The R4C filter
appears in parallel with the high-T. thermometer. For conceptual simplicity, we will first
consider passive circuit components. In practice, circuits with active components may
consume less power and surface area. Active components are frequently used in CCD
a.rrays»[55, 56]. A polysilicon resistor with Ry = 10 MQ and a trench capacitor with C =
300pF would give a time constant R¢C = 3ms. Typically, Ry > R so the contribution to
_the NEP from Johnson noise is mostly from Rjs. This contribution will be negligible if the

constraint (3.2) is modified to

_ 2 1/2
ISR > |4kT.Ry +

€2 inR

}:;:T:m;e (3.7)
The divisor fehopTsample 2ccounts for the reduced integration time of noise from the readout
amplifier. The resulting amplifier noise contribution to the NEP is negliéible for available
amplifiers[57]. For exa-mple, a bolometer on a Si3N4 membrane using sample C could
satisfy conditions (3.7) and the thermal stability condition for Ry = 10MQ and the array

~parameters described.above if fhe YBCO is patterned into a meander line with R = 50kQ
at T.. _

It may be difficult to satisfy (3.7) as well as the_conditibn for thermal stability
ﬁsing only passive components because of size constraints on the Capa_citors and difficulty
in making high resista.ncevmeander strips of YBCO. Although exact requirements on the
anti-aliasing filter are specific to the system, we will mention two approaches which address
these potential problems. First, the RyC time constant could be reduced by reading out
the array more frequently. For example,‘most of the signal integration could be performed
by a bank of larger capacitors called a frame averager which is located outside the focal

- plane. In this scheme, multiplexers transfer charge from a small capacitor next to a pixel to
a much larger capacitor out of the focal plane at a faster rate than the chopping frequency.
Then the readout amplifier samples the capacitors in the frame averager at the choppiﬁg
frequency. Second, two-transistor amplifiers with anti-aliasing filters could be fabricated in
silicon for each pixel. Figure 3.7 shows a schematic diagram of a cirguit which is functionally
similar to Fig. 3.6 but which uses active components. The deplefion-mode transistor T1
presents a current bias to the bolometer without dissipating' much power.v The depletion-
mode transistor T2 functions both as Ry for the anti;ali:«ising filter and as a load resistance

for the common source buffer stage made from T3. This circuit has both an anti-aliasing
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Figure 3.6: Schematic layout of a possible implementation of a high T, bolometer array with
a novel readdut scheme in which above-band electrical noise from each pixel. is integrafed
by an RyC filter. In this scheme, a multiplexed readout amplifier which undersamples a
given pixel does not alias above-band noise into the signal channel. The unit cell consists of
a YBCO thermometer R, an R;C filter, an access transistor, a load resistor R, and bias
lines. The voltage across R appears on the‘appropriate “READ?” line when the “SELECT”
v voltége is high. All pixels are constantly under bias. The readout circuit elements would be
irﬁpleménted on a separate Si wafer which could be indium bump-bonded to the bolometer
piﬁcels. The optical fill factor will probably be limited by geometrical constraints on the

bolometer imposed by requirements for thermal isolation.
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. filter and voltage gain to buffer the signal from noise in the “Select” transistor. If a specific
application requires a higher resistance from the active load, a current mirror could be used
in place of the depletion-mode transistor[58]. The transistors can be MOSFETs in most

applic.ations. Some applications may benefit from the lower 1/f noise of JFETs.

3.6 Thermal imaging applications |

Some of thé membrane bolometer designs developed above could be used in thermal
imaging arrays which operate in the atmospheric window from 8 — 12um. There is a
substantial commercial market for infrared imagers. They are produced by more than
eight different companies for applications as diverse as studies of the thermal efficiency
of buildings, the diagnosis of malfunctions in machinery and electronic circuits, security
systems, the detection of clear air turbulence for aircraft, and the detection of cancer in
hum’aris;- Most of this work is done near 3 um wavelengths because of the availability
of suitable detector arrays of InSb or PtSi. Much of this work would benefit from cost-
effective detectors operating from 8 - 12 uym. A demonstration of a high-T. bolometer with
a cost or sensitivity advahtage over existing thermal imaging detectors would be a major

development.:

3.7 Summary

In this chapter, we have discussed the optimization of high-T bolometers for imag-
ing arrays for wavelengths longer than 10 um. An analysis of the thermometer seansitivity
required for different pixel sizes indicates that there are useful applications for small SizN,
‘membrane Bolometers at A ~ 10pum and larger Si membrane bolometers at longer wave-
lengths. A readout scheme for an array of bolometers which provides real-time signal inte-
gration on chip has also been described. There may be applications for arrays of high-T,

bolometers for thermal imaging.
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Figure 3.7: Schematic layout of a readout for a single pixel which is functionally similar

to a single cell in Fig. 3.6 but uses active devices. This circuit has both an anti-aliasing B

filter and voltage gain to buffer the signal from noise in the “Select” transistor. The power

consumption and size of this circuit can be much smaller than the circuit shown in Fig. 3.6.
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- Chapter 4

Nonisothermal High-T¢ -

Bolometers

The high-T, composite bolometers described in Chapters 2 and 3 are built from
individual components which functidn as the radiation absorber, thermometer, substrate,‘
and thermal link to the heat sink. At T = 90K, the bolometer substrate is eﬁ'ectively
isothermal and is the dominant contribution to the heat capacity. The thermal links are
copper electrical leads for the sapphire bolometer or micromachined legs for the Si or Si3N4
membrane bolometers. The thermal link acconnts for most of the temperature‘ drop be-
tween the thermometer and the heat sink and is the dominant contribution to the thermal
conductance. An eﬁuivalent circuit which consists of lumped elements accurately models
the thermal response of these bolometers. Composite bolometers can be designed for a va-
riety-of applications since their individual components can be optimized independently. For
applications such as Fourier transform spectrometers, the thermal conductance G and heat
* capacity C are usually adjusted so that the bolometer operates in the limit w.7 < 1. Here
7 = C/G is the thermal time constant and we/27 = 2¥mjrror/Ac is the highest frequency
at which interference fringes appear on the bolometer, where vmjror is the mirror velocity ‘
and ), is the shortest wavelength to be measured. In the limit w.7 < 1, the bolometer
.responsivity (1.1) is independent of the fringe frequency for w < w.

There are applications for bolometers where some of the components serve multiple
functions. This chapter discusses the design of nonisothermal bolometers on yttria—stabﬂized

zirconia (YSZ) membranes for spectrometer applications. Such:.a bolometer consists of a
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YBCO film of thickness ~ 40 nm deposited on a YSZ membrane of area 1 mm? and thickness
0.5um. The membrane is etched from a YSZ coated silicon wafer. Figure 4.1 shows a
schematic diagram of such a bolometer. The membrane is heat-sunk along its perimeter
and serves as both the bolometer suBstrate and as the thermal link. The YBCO film
serves as both the thermomefer and as the radiation absorber. The thermal response of
the membrane bolometer can be analyzed with a continuum of distributed elements. Such
a calculation gives effective values for C.g and G.g which are useful for compa.ring' the
performance of a membrane bolometer to the performance of a lumped-element, composite
bolometer. The quantities Ce and Geg for the membrane bolometer are interdependent and

are difficult to optimize independently. The membrane bolometer cannot be optimized for as

" many applications as a lumped-element bolometer such as the composite sapphire bolometer

discussed in Chapter 2. For the application of Fourier-transform spectrometers, hewever,
the membrane bolometer may be more manufacturable because of its simple geometry and.
it may be more sensitive because of its reduced heat capécity.

N

4.1 Fabrication considerations

' 4.1.1 Substrate material

Yttria-stabilized zirconia (YSZ) is a favorable substrate material because of its
low thermal conductivity and its compatibility with YBCO. The fabrication of YSZ mem-
branes is well-suited to macro-maclumng techniques such as those used with silicon nitride

membranes. Films of YSZ have adequate fracture toughness to be made into membranes of

_submicron thickness. The process we used for fabricating YSZ membranes can be described

~ as follows. First, a 1 X 1 x 0.05cm wafer of silicon with {100} orientation was coated with

a 1pum thick film of SizN4. We then etched the SigNy off the polished side .'(front) of the
wafer and patterned holes in the Si3N4 on the back of the waier. The wafer was transferred
to a laser-ablation chamber where 0.5 um of YSZ was deposited on the front side[45]. The.
wafer is then etched in a 80° C solution of 750 g solid KOH -dissolved in 1500 ml of water.
The KOH solution etches silicon anisotrop‘ically but does not noticeably etch the YSZ film.
The YSZ film functions as its own etch-stop |

This fabrication process is complicated by the need for a YBCO ﬁlm of high quality
on the YSZ membrane. The YBCO must be deposited on the YSZ film before the underlying.
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IR signal

Figure 4.1: Diagram of three membrane bolometers. Each bolometer consists of 2 YBCO
film which functions as the radiation absorber and as the thermometer. The YSZ membrane
is in contact with the heat sink along its perimeter. Radiation is incident on the bolometer
from the top side and is parfially collected by the 54° facets in the silicon which are produced
by the anisotropic Si etch. ‘

. silicon is etched because of the difficulty in uniformly maintaining the YSZ membrane at
700° C during deposition of YBCO. The YBCO film must then be protected from the KOH
solution during etching. We have built an apparatus for etching YSZ membranes from

vsamples which are already coated with YBCO. It consists of a 5-sided box of teflon. A
teflon flange holds the silicon chip as the sixth side. The edges of the chip are protected by
the flange and the KOH solution only etches the silicon through the patterned holes in the
SizN4. The inside of the box is filled with water and contains a red LED. The enclosure
is sea.led with silicone cement and is placed in the etchant until a photodiode detects red
light from the LED transmitting through the thin YSZ membrane. We have produced YSZ

membranes of 0.4 um thickness with areas up to 3 mm? using this technique.

4.1.2  Infrared absorber

In earlier work on sapphire composite bolometers, we used a gold black absorber
for wavelengths from 0.5 — 50 um and a resistive bismuth film from 50 — 1000 um [4]. A
30 nm Bi film deposited on the back of the YSZ bolometer would have a surface resistance
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R, = 150/9 and could absorb ~ 50% of the radiation incident through the YSZ substrate [2].
Such a metal film must be much thinner than the skin depth and must have a quasipa:tide
scattering rate which is higher than the frequency of the photons to be absorbed. An
alternative scheme is to use a YBCO film on the front of the bolometer as the absorber of
infrared radiation incident from the back. This could be the same YBCO film used for the
thermometer. We use data from Gao et al. on the infrared conductivity [59] of a2 48 nm thick
YBCO film measured near T, to estimate -the absorption efficiency of a YBCO absorber.
We assume that radiation is incident normally on the back side of the YSZ membrane (the
side not coated with YBCO) and that the YSZ and YBCO films are infinite in area. We
ais_o assume the thickness t of the YBCO film is much thinner that the skin depth and that
the infrared sheet resistance is R, =~ (04t)"}. From the cdnductivity data of Gao et al., a 20
nm thick film of YBCO would have a value of R, which monotonically decreases from 250 Q
to 110 Q for wavelengths of 30 — 100 um respectively. We assume the dielectric constant of
B YSZ[60] to be € = 12.5 and use the equations derived by Clarke et al.[2] to vc'a.lcﬁlate the
power absorbed by the bolometer. Although these equations are derived for radiation of
normal incidence, Clarke et al. argue they are accurate to within a few percent for angles
of incidence up to 60°. For wavelengths from 30 — 100 gm, we calculate that the YBCO
film absorbs between 46 — 49% of the incident radiation. Such an absofption efficiency is
~ competitive with the résistive metal film absorbei's used on composite bolometers.

| The geometry of the YBCO film may also be favorable for use as the thermometer.
A square of YBCO film of 20 nm thickness with resistivity p, = 200 u2 — cm would have
.aDC res_istance'of 100 Q2. A DC resistance > 100 2 is required for adequate coupling to a
readout amplifier. As we discussed in Section 3.2, the voltage noise in YBCO films tends
to increase when they are patterned into small volumes. The YBCO ﬁlm for the YSZ
bolometer covers essentially the entire area of the membrane and may heip to avoid this

problem.

4.1.3 Electronic read-out circuit

Ampliﬁers which have noise temperatures lower than 90K for a 100 €2 source Te-
sistance are not readily available. An FET amplifier coupled through a transformer has
~ excellent performance Ty < 1K but is bulky and undesirable for commercial applications.

We have built instrumentation amplifiers based on LT 1028 operational amplifiers made by
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Linear Technologies Corp. which use a bipolar input stage and have a noise temperature
of 180K for a 200 Q source impedance. All of the YBCO thermometers we have measured
to date show electrical noise at least two times higher than Johnson noise. Therefore, such
amplifiers are currently adequate for the best YBCO thermometers.

v Bolometers are usually operated as square-law detectors so that the output signal
depends linearly on the absorbed power. The maximum power that the membrane bolome-
ter can absorb and réspdnd to linearly is that power which does not produce temperature
giadients > 8T across the membrane. Here 6T is the width of the part of the resistive
transition where dR4/dT = const. The maximum AC component of the power is there-
fore Prax = nAQ(G + iwC)éT, where 1 is the optical efficiency. The dynamic range of a
bolometer is the ratio of the maximum power which does not saturate the bolometer to the
minimum detectable power in a 1 Hz noise bandwidth. The minimum detectable power in a
1 Hz Bandwidth is Ppin = nAQ(N EP). Assume that the contributions to the NEP in (1.2)
- from amplifier noise and from photon noise are negligible. Then thefmometer noise and
thermal fluctuation noise are the largest contributors to Py Consider the limits when
either thermometer noise or thermal fluctuations dominate. The ratio of Ppax t0 Prmin gives

the dynamic range

(G + iwC) 6T/NET, thermometer noise limit.
T NEP % , thermal fluctuations limit.

In the limit imposed by thermometer noise, the dynamic range is independent of the thermal -

D.R (4.1)

parameters of the bolometer. In the limit of thermal fluctuations, the dynamic range
depends on G. _

In order to adjust the maximum power Pp,x, the bolometer can be operated
" in a thermal feedback circuit in which the bolometer is kepf at constant temperature by
féeding back a heater current which cancels the temperature changes induced by_the incident
infrared signal. The feedback current then carries the signal information. Figure 4.2 shows
such a circuit which is qualitatively similar to the flux-locked loop circuit used to read out
SQUID magnetometers. This circuit is easily analyzed in the regime wr < 1. The AC
signal voltage V;;; from the thermometer is fed back to ;a. heater on the bolometer through a
v voltage-to-current converter such that 61 = 9Vsig, where g is the programmable conductance
of the voltage-to-current converter. A DC current I is added to the feedback current 67 in

a summing amplifier which drives the secondary heater. To lowest order in 61, the heater
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* Figure 4.2: Feedback circuit for adjusting the operating ra.nge. in infrared power of the = =

bolometer.

power dissipated in the bblometer is
I+ 51)2R,, = 123,, + zI‘HR,, o, 42

where Ry is the heater res1stance Equatmn (4.2) can be solved for VSIg a.nd written as a

voltage responsxvxty

IdR/dT -
G (1 + 29(IRw/G)(dR/dT))’
with a loop gain A = 2¢g(IR,/G)(dR/dT). When A is reduced to zero, Eq. (4.3) is the
same as the responsivity (1.1) derived in the first chapter. This feedback circuit allows

S(w) = (4.3)

adjustment of the bolometer responsivity through the 100p gain A. Adjusting the quantity
(1+A4) is functionally equivalent to adjusting the thermal conductance G of the bolometer.
The thermal conductance cannot be reduced below P, /(90 — 77)K, where P, is the infrared
power which loads the bolometer. A bolometer with its NEP Hmited by voléage noise
fluctuations can operate at a higher maximum power;from the background and from the
modulated signal—before it saturatesif A is increased so that (1+4) > 1. The NEP of such
a bolometer is degraded in proportlon and the dynamic range is uncha.nged A bolometer
with its NEP limited by thermal fluctuations can have its dynaxmc range increased in
' proportion to v/1+ A. Hence, the circuit provides an electronically tunable G which allows

a bolometer to operate in a variety of infrared loading conditions.
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The RC network in series with the preamplifier has a time constant equal to the -
thermal time constant of the bolometer. This acts as a zero which cancels the pole in
the frequency-dependent response of the bolometer. At the output of the preamplifier, the
response of the bolometer is independent of frequency even when wr >. 1. The responsivity
of the bolometer may be slightly enhanced by operating with positive feedback (1+4)< 1.
This could ma.ke a bolometer limited by voltage fluctuations more sensitive as long as the
feedback circuit remains stable. It may be difficult to enhance the sensitivity by more than

a factor of two and keep the thermal circuit stable.

4.2 Thermal analysis and estimate of the NEP

This section presents an analysis of the membrane bolometer in ferms of dis-
“tributed elements. A comparison of the distributed-element solution with the response of
a lumped-element bolometer shows that equivalent thermal parameters C.g and Geg ex-
ist for the membrane bolometer. The contributions to the minimum NEP from thermal -
fluctuations and thermometer noise can then be calculated. v
There are ma.ny'co'nceivable geometries for a membrane bolometer. A square or
rectangular geometry is the most practical to fabricate given the properties of the anisotropic
etch of silicon. For the square bolometer shbwn in Fig. 4.1, radiation is incident on the
bolometer from the top side and is partially collected By the 54° facets in the silicon which
are produced by the anisotropic etchant. Our goal is a qualitative understanding of the
thermal response of nonisothérma.l membrane bolometers. For simplicity, we choose a cir-
cular geometry which has only one spatial coordinate. Consider a disc-shaped membrane of
YSZ with radius a with the perimeter in thermal contact with the silicon substrate which

functions as a heat sink. The equation which governs heat transfer[61] can be written as
vir-2ar=2, | (4.4)
K K «

where T is the temperature, ¢, and k are the specific heat and thermal éonductivity of the
membrané material respectively, and p is the amount of power absorbed per unit volume.
This equation describes diffusive heat flow and implicitly assumes the speed of sound is much
greater than wa /27 where w/2r is the highest frequency at which the incident radiation is
modulated and a is the radius of the membrane. If the speed of sound in YSZ is 5% 10° cm/s,

the heat flow in 2 1 mm diameter membrane is no longer diffusive at frequencies above
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~ 5 MHz. There are no solutions of (4.4) which describe prqpagating.waves of heat flow[62].
Assume uniform absorption of infrared radiation occurs across the membrane and

neglect any effects from ohmic heating of the thermometer. If the thermometer noise arises
from resistance fluctuations, the optimum bias current I in (3.2) is that which makes voltage
fluctuations in the thermometer‘ larger than the amplifier noise. If I2dR/dT < G.g, then
ohmic heating can be neglected. For simplicitjr, the temperature T is measured relative .to
the temperature of the heat sink. The perimeter of the membrane is in confact with the
heat sink and leads to the boundary condition T(r = a,w) = 0. We assume the incident
_power has the form p = po(1 + cos(wt)). Since (4.4) is linear in T, the temperature of the
" membrane will have the form T(r,t) = To(r,0) + T1(r,w) exp(—iwt). Integrating (4.4) with

| ‘w/2r = 0 gives a solution for Tp(r,0).
= Po (g2 2 | ,
To(r,0) = £2 (a®-r?). (4.5)
A solution of (4.4) for nonzero values of w is

Ty(r,w) = p; % [\/9;—75(14-1')1‘] -1 | . (4.6)

wep \ J, [\/%(1 + i)a]

The Bessel function Jo[(1 + ©)z] has a complex argument and is referred to as either a

Kelvin function or a Farmyard function in microwave handbooks. It is used to calculate
wave propagation in lossy coaxial transmission lines. '
Inspection of (4.6) suggests there is a characteristic relaxation time for a circular

membrane
T = aep/k. ’ (4.7)

This is roughly the time for a circular membrane to ‘approach a steady state temperature
distribution if constant power suddenly illuminateé the membrane and is uniformly absorbed
* across the entire area. Table 4.1 shows the thermal conductivity, specific heat, and relax-
ation time for membranes of Si, Si3N4, and YSZ with radius ¢ = 0.5mm. A nonisothermal
bolometer can have a value of 7, which can be varied by a factor of 500 by making an -
appropriate choice of membrane material. S

Figure 4.3 shows plots of T;(0,w) computed from (4.6) for four values of wr, for
" a YSZ membrane of thickness 0.5 um and radius 0.5 mm. The incident power is 1 uWw.,

For wr, = 0, the temperature decreases quadratically with distance from the center of the
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Material | K (W/cmK) | ¢, (J/cm®K) | 7, = a®c,/k (ms)
ST 55 0.53 0.24
SisNg 0.056 0.31 14
YSZ 0.015 0.72 : 120

Table 4.1: Thermal properties of materials at 90 K for nonisothermal membrane bolometers

of radius @ = 0.05 cm.
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Figure 4.3: Plots of (4.6) as a function of radial distance from the center of the membrane
computed numerically for three values of wr,. At frequencies w7, > 1, most of the central
region responds isothermally at w and a temperature gradient appears along the perimeter

of the membrane.
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membrane, as predicted by (4.5). For wr, = 1, the AC component Ty(r,w) has a shape
which is similar to the curve for wr, = 0. As wr, is increased until w7, > 1, most of the
central region responds isothermally at w and a”t‘empera.tu‘re gradient appears along the
perimeter. In this regime the temperature in the central region oscillates in responsé to
the modulated incident power, however, the amplitude of oscillation is reduced and is out
of phase since the edge of the membrane is farther away than a thermal diffusion length
@ > lthermal = /26 /wep. ' ' | v

It is instructive to examine the limiting forms of (4.6) at the center of the membrane
for small and large values of wr,. The contribution from (4.6) to the temperature at the

center of the membrane is

Ti(0,w) = 22 (o [Vor] ™" - 1) . | (4.8)

Wep

| Figure 4.4a shows the oscillating compoﬁent of the temperature at the center of the mem-
"brane T3(0,w) plotted as a function of wr;. qu wT, < 1, the response at the center of the
membrane is independent of frequency. For w7, > 1, the response decreases in proportion
to w™!. In these limits for wr,, the Kelvin function in (4.8) can be approximated using
series expansions. The terms of lowest-order give a.na_lytica.l expressions for the effective
thermal pa.rameteré Ce and Geg of the membrane bolometer.

For z < 1, Jp[(1 + ©)z] is [63]

24 (z/2)8 . ' 2)6 10 , ‘
- (:(122/!); + ((4/!)2 - ] +1 [(2:/2)2 - (?3/,)3 + (:Eé?))z - (49)

Jol(1 +i)e] = |1

Substitution of (4.9) into (4.8) gives a limiting form which is the same as the DC solu-
_tion (4.5). Therefore, to within an error O[(wr,)?), the temperature at the center of the
‘membrane is ' |
. Po a2 -

Tl(O,w) ~ —K , wr, <1, i (4.10)

For z > 1, the asymptotic form for Jo[(l +1)z] is

| Jb[(l +1i)z] = e;gfé) co§(a) + iej;lz)(?ﬂz) sin(é) . .‘ | ,(4'11)

where a = z/V2 - 7n/8~1/8V22 — ... and B==z/V2+ 1/8v2z — Substituting this
expression into (4.8) gives R o ¢ _
T 0,w) ~ 22w > 1. (4.12)

Wcep
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Figure 4.4: (a) The oscillating component of the temperature at the center of the membrane
T,(0,w) plotted as a function of wr.. (b) Plot of the single-pole response of a composite

bolometer.

This is the same frequency dependence as for a lumped-element bolometer operating in the
fegime wrr > 1.

We can compare the response of the membrane bolometer to the response of a
lumped-element bolometer as follows. I the numerator and denominator of (4.10) and
(4.12) are multiplied by the volume of the membrane 2, the temperature oscillation at the

center of the membrane can be compared to a single-pole response

PoSd

Ty(0,w)~ —P" (413
1(0,) Gef + wCeq (413)
where
. Ceg = ch,
Gef = 4mktysz, ,
Tefi, = Cefi/Gest = 0.257,, | : (4.14)

and tysz is the thickness of the YSZ membrane. Figure 4.4b shows (4.13) plotted as a func-
tion of wr,. The similarity of the two curves in Fig. 4.4 shows that (4.13) provides a useful

s/



CHAPTER 4. NONISOTHERMAL HIGH-Tc BOLOMETERS | 57

intuitive picturé for designing nonisothermal membrane bolometers. If the thermometer
only measures the temperature at the center of the membrane, the membrane bolometer
behaves like 2 lumped element bolometer with eﬁ'ectxve thermal parameters given by (4.14)
- when operated in the regime wr.g < 1 or wreg > 1 The two types of bolometer have
- different behavmrs in the regime wreg ~ 1. With these effective thermal pa.rameters one
can estimate the sensitivity of the YSZ membrane bolometer using (1.2) for the NEP of a
lﬁmped-element bolometer. | »
Before estimating the NEP, we give an example of how the effective thermal pa-
rameters in (4 14) are modified by the finite size of the YBCO thermometer. A practlcal.
bolometer des1gn would not use a YBCO thermometer which measures the temperature
only at the center of the membrane as was assumed in (4.8). Such a thermometer would
probably have much film noise because of its small size and also could not be. used as the
radiation absorber. We consider the response of a disc-shaped thermometer which cov-
ers the central ~ 80% of the membrane area. The thermometer ﬁlmvis’ kept away from
the membrane edge to avoid averaging over the large thermal gradients which occur there.
We assume the sheet resistance R A of the thermometer ﬁlm has a linear dependence on
temperature such that dR4/dT = const. If current density is constant everywhere in the
thermometer, the component of the thermometer resista.n'c.e which oscillates in response to

modulated incident radiation is
-1

Ry(w) = 2/00.90 (2/0 0-§a - [ddI;,A Ti(z* +y w)] —.l dy) dz- ' (4.15);

Equation (4.15) can be integrated numerically. Assume that the incident power
is po = 1 uW and that dR4/dT = const. everywhere on the YBCO thermometer. Then the
effective rise in temperature which is measured by the thermometer is Tog(w) = R; (w)(ldR 4/dT) !
Effective thermal parameters which account for a thermometer of finite area can be calcu-
lated by using Teq(w) in place of T1(0,w) in (4.13). The new effective thermal admittance
is defined as |Gl + iwClg| = P/ Teai(w). |

In the linﬁt wtr > 1, the thermal admittance is. wCig. For wr, = 125, solving
(4.6) and (4.15) gives C'g = 2.6 x 10~7 J/K for the YSZ bolometef described above. For
wT, < 1, the thermal admittance is G.g and for wr, = 0. 15, Glg = 1.7x107°W/K. The

" effective thermal parameters are

w = 0.9¢,Q,
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W = 23ktysz, _ _ _
tle = Clg/Geg =0.127,. - (4.16)

For the membrane and thermometer geometries that we chose, Clg is 90% of the total heat
capacity of the membrane and Glg is 23 times the thermal conductance associated with
uniform heat flow through a square of the membrane. The time constant 7.g is more useful
to bolometer designers thari 7. The responsxvxty of the membrane bolometer is reduced
by a factor 0.9//2 when wr/g = 1. For comparison, the responsivity of a lumped-element
bolometer is reduced by a factor 1/v/2 when wr = 1.

The NEP of the YSZ membrane bolometer can be estimated using the equation
for the NEP (1.2) of a composite bolometer with the parameter |GLg + iwC.g| substituted
for |G+ 1wC)|. If the current I is adjusted so that the inequality (3.2) is satisfied, the voltage
fluctuations from 1/ f noise in the YBCO film will be larger than the voltage fluctuations

from the readout amplifier. Then thermal fluctuations and thermometer noise are the

" dominant contributions to the NEP. We will calculate the contribution to the NEP from

thermal fluctuations and from voltage fluctuations in the YBCO thermometer for wrlg = 1,
which occurs at w/27 = 11 Hz. At Wl =1, Teg(w) = 35mK for the YSZ membrane
bolometer. Therefore, the thermal admittance is |Glg +’,iwC;ﬂl =28 x 107°W/K. The
NEP contribution from thermal fluctuations calculated from (2.1) is NEPiherma) = 3.5 X

10-12W Hz=Y/2 for T = 90K. We assume that the thermometer is a film of YBCO with
equivalent noise to the film of YBCO/YSZ/Si described in Table 3.1. The contribution to

the NEP from thermometer noise is then
|GLg + iwClg| - NET = 1.7 x 1072 WHz /2, (4.17)

Hence, at /27 = 11 Hz, the NEP of the YSZ nonisothermal bolometer is limited by thermal
fluctuation noise. Since the responsivity is approximately constant at frequencies .below 11
Hz, thermal fluctuations are the dominant contribution to the NEP for.w/2r < 11Hz. For
frequencies above 11 Hz, the admittance |Glg + twClg| = wClg. Therefore the contribution
to the NEP from thermometer fluctuations is proportional to w. For w/27r = 18 Hz the
contributions to the NEP from thermometer noise and thermal fluctuations are equal. For
“w/2x > 18Hz, vthe NEP is dominated by thermometer noise and is proportional to w.
The total NEP arising from thermal fluctuations and thermometer noise corresponds to a

detectivity D* = 2.3x10'°cm Hz!/2/W at 11 Hz. The detectivity for the YSZ nonisothermal
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bolometer at 11 Hz compares favorably with D* = 4.2 x 10° cm Hz!/2/W for the sapphire
composite bolometer and D* = 2 x 108 cm Hz!/ 2/W for the pyroelectric detector, both
measured at 10 Hz. ' ‘ '

Assume that the bolometer operates in a regime where the;mometer noise is the
largest contribution to the NEP. For the YBCO film on YSZ on Si in Table 3.1, the dynamic
range (4.1)is D.R. = 3x107 = 150 dB. Equation (4.1)is basically correct for both 2 lumped-
element bolometer and for the membrane bolometer. The dynamic range written this way
is independent of the optical throughput and of the thermal parameters of the bolometer.
For a detector to realize the dynamic range (4.1), the incident power must be kept below
Prax, the largest power to which the bolometer responds linearly. - |

The YSZ nonisothermal bolometer may be useful for commercial infrared spec-
trometers. A typical Fourier transform infrared spectrometer (FTIR) sold by Nicolet, Inc.
has a 1500 K blackbody source of infrared radiation. Assume that the spectral range of in-
terest is 40 — 400 cm™!, the optical efficiency is 10%, and an f/1 mirror focuses the radiation
onto a 1 mm? detector. The power in this band computed from (1.6) is 3.4 mW. Some py-
roelectric detectors can operate linearly at this power level. For a YBCO thermometer with
6T = 2K, the maximum power that the YSZ bolometer can measure without saturating~
is' Pmax = 56 pW at 10 Hz. An infrared power of 3.4 mW would readily saturate the YSZ
bolometer. The infrared power must be attenuated either with a 1% neutral density filter
or by reducing the optical throughput AQ by a factor of a = 0.01. Reducing the efficiency
of the optical system allows the bolometer to 6pera,te in the linear regime but increases the

. NEP by a factor of a~! = 100. The NEP of the bolometer mounted in the FTIR can be

written as '
Prax

a-(D.R.)’

A bolometer which is operated in such a spectrometer with o < 1 is more sensitive than a

NEP = (4.18)

pyroelectric detector operating just below its saturation power only if the dynamic range of
- the bolometer is larger than the dynamic range of the pyroelectric detector. The dynamic
railge of the pyroelectric detector is Hmifed by the analog-to-digital converter (ADC) in
the readout eléctroni_cs of the Nicolet FTIR[64]. Curréntly -available ADC’s use 16 bits and
have 96 dB of dynamic range[65]. Signal processingvtechniques in the FTIR such as gain-
switching can increase the effective dynamic range to ~ 120 dB. If the pyroelectric &etector

and the YSZ membrane bolometer use the same ADC in the FTIR, their effective dynamic
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ranges are equal. VHence, the sensitivity of a YSZ membrane bolometer is at best equal
to the senmsitivity of a pyroelectric detector for FTIR applications with high background '
loading.

Some spectroscopic measurements have low background loading. Two examples
are measurements of very small samples, and transmittance measurements of opa,qﬁe sam-
ples. The YSZ bolometer is more sensitive than the pyroelectric detector if the infrared |

power loading P, satisfies the condition
Po < (NEPPYTO) M (D,R.) ) ' (4.19)

where NEPypyr, is the NEP of the pyroelectric detector and D.R. = 120dB.

A YSZ bolometer with a neutral density filter which can be placed in and out of the
optical path may have applications for this type of spectrometer. The YSZ bolometer would
give equivalent performance to the pyroelectric detectorfor high background measurements,
and superior performance for low background measurements. For frequencies v > 400 cm™?,
the competing detector technology is HgCdTe cooled to 77 K. The deteétivity of the YSZ
bolometer D* = 2.3 x 101%cm Hz'/2/W at 11 Hz is slightly worse than for HgCdTe D* =
4 x 10" cm Hz'/2/W [66]. The detectivity of the YSZ bolometer, however, degrades at
higher modulation frequencies as w™! while D* of the HgCdTe detector is roughly constant
until w/27 ~ 1 MHz. » |

The most common spéctrdmefers are gas-purged rather than evacuated. They are
- susceptible to low-frequency noise from the air-conditioners in many laboratories. Therefore,
the rapid-scan mirror is typically operated at a speed Umirror such that the fringe frequency
w/27 = 2Vmirror/A is > 200 Hz. The YSZ membrane bolometer is in the roll-off regime
wTeg > 1 at 200 Hz. Isothermal composite bolometers are typically designed to be operated
at wr < 1in order to avoid the 1/w frequency-dependence of the responsivity. For the YSZ
bolometer this corresponds to increasing Geg until G.g = u;cC;g,.where we is the highest
frequency of the interference fringes‘. The value of G for the YSZ bolometer could be
increased by gas-cooling or by adding a layer of metal to the membrane. From (4.17), it is
apparent that the NEP is not reduced for w < w, by increasing Geg until Geg = w.Ceg. -Only
the dependence on frequency changes. Frbm (4.1), it is apparent that the dynamic range is
not increased by making G.g = w:Ceg. The saturation power Ppay i5 increased by a factor
v/2 at w, and by a larger factor at lower frequencies. There may be an ad'vanta,ge.fo'r FTIR

applications in not increasing G.g and operating the YSZ bolometer in the regime wreg > 1.
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As was shown in (1.6), the power per unit bandwidth from a blackbody which couples to
a bolometer w1th a fixed throughput is proportional to A~3. For short wavelengths near
Ae, the power is large and produces fringes with large amplitude at w = w.. An optimized
YSZ bolometer would have the infrared signal attenuated by a factor o until the power
associated with the fringes at w, is just below Ppay. At longer wavelengths, the fringes are

‘smaller and occur at w < w.. The power associated with the fringes for w < we is much less |
than Ppay. Therefore, the signal-t.o-noise ratio of a spectrum at long wavelengths can be
improved without saturation by a YSZ bolometer which operates in the ._roll-olff regime since
its NEP is reduced in proportion to w. If desired, the 1/w dependence in the responsivity
can be cancelled in the read-out circuit by placing a capacitor ir_x series with the input of
the preamplifier aé is shown in Fig. 4.2. This has the effect of making the responsivity
independent of frequency while preserving the factor of w reduction of the NEP at low

fringe frequencies.

4.3 'Summary

A nonisothermal bolofneter on a YSZ membrane with a.YBCO infrared absorber
: might be the next generation high-T, bolometer after the sapphire_bomp‘osite bolometer.
The YSZ membrane bolometer can be both sensitive and easy to manufacture. A thermal
a.na.ljsis of a disc-shaped membrane bolometer shows that a nonisothermal bolometer can
be modeled as a lumped-element, composite bolometer with effective values of C, G, and
7. We used values of these parameters for a YSZ membrane bolometer with a diameter of
1 mm and a thickness of 0.5 um to predict a detectivity of D* =23x 10'%cm Hz!/2/W at
11 Hz. This value of D‘ is superior to the D" of the sapphire composite bolometer and of
- the pyroelectric detector. The YSZ‘bolometer may have application to commercial infra.red

spectrometers.
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Chapter 5

| Theor’y of Superconducting

Tunnel Junctions

This chapter provides some of the theoretical background necessary for under-
standing the high-frequency response of supercbnducting tunnel junctions. First, we discuss
the energy gap and the density of states of a superconductor predicted by Bardeen, Cooper,
and Schrieffer. These qua,ntitiés are then used to derive an expression for the DC current-
voltage characteristic. Finally, Werthamer’s description of the high-frequency response of

tunnel junctions is presented in the frequency-domain and in the time-domain.

5.1 BCS theory

A brief outline follows of some basic results of Bardeen-Cooper-Schrieffer (BCS)
theory which apply to tunnel junctions[67]. Excellent descriptions of BCS theory exist in
several books[68]-[70].

5.1.1 Ene'rgy gap

In 1956, Cooper presented his pair wavefunction by showing that the Fermi sea of
electrons in a metal is unstable against the formation of a bound pair of electrons. This
instability occurs regardless of how weak the interaction is, so long as it is attractive. Prior
to 1956, Pines built on the work of Fréhlich and showed that. within the “jellium” model '

the screened Coulomb repulsion can be weaker than the attractive interaction which occurs
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when two electrons of opposite spin and momentum exchange virtual phonons of roughly the
Debye energy. The basic idea is that the first electron polarizes the medium by attracting
positive ions. These ions then attract the second electron, giving an effective attractive
potential V between the electrons. A short Thomas-Fermi screening length is a necessary
condition for the phonon-mediated attraction to be shielded from the Coulb_mb repulsion.
Below the critical température T, Cooper pairs form out of the unstable Fermi
sea until the binding energy for vcre;ating an additional pair goes to zero. In BCS theory,
this binding occurs for electrons within an energy Aw. vfrom the Fermi surface, where fw,
is the cutoff energj of the attractive interaction V. The bound pairs can be thought of as
overlapping composite particles with integral spin. They condense into a ground state with
a condensation energy of approximately —N(0)A%(0)/2, where A is the superconducting
energy gap and N(0) is the density of states at the Fermi surface of the metal in the normal
state. The first excited quasiparticle state is an energy A above the ground state. There

are no low energy excitations below this energy. Two useful results from BCS involving the

energy gap are

kT. = 1.13hwexp(—1/N(0)V) =~ 2A(0)/3.52, N(O)V < 1,

AT) T\? |
O ;.74(1—-:,-;) . , | . (5.1)

For bulk niobium, T, = 9.25K and 2A(0) = 3.05mV [70].

5.1.2 Density of states

The excited states from the BCS ground state are Bogoliubov quasiparticle states.
The Bdgoliubov quasiparticle wavefunction can be written as a superposition of electron-
like and hole-like excitations of the normal Fermi sea.. The energies of these Bogoliubov

excitations are v v
E = (& + A2, (5.2)

where £ = (hk)?/2m is the kinetic energy of a single particle. There is a one-to-one
correspondence between the Bégoliubov quasiparticles and the single particles of the normal
state such that the density of states for the superconductor N,(E) can be related to the
density of states for the normal metal ]\_’n(f ). »

N,(E)dE = N,(£)d€. ' -~ (5.3)
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Combining (5.3) with (5.2) leads to the result

N(E) _ d _ | wmayrs (B> 0) | o
Na.(§) dE 0, (E <) .

A divergence ariseés in (5.4) at E = A since excitations with { < A that were in the gap
region in the normal state have their energies raised above A in the superconducting’sfate.
The sharp divergence in N,(E) is a consequence of the sharp cutoff of the attractive pairing-
potentia.l V at hw.. In reaJ materials, the detailed shape of the peak in the density of sfates
depends on the actual electron-phonon interaction and there are corrections to the shape

. (
of (5.4) of order (T./©p)?, where Op is the Debye temperature.

5.2 Tunneling

Ivar Giaever discovered the tunneling of quasiperticles through a thin insulating
barrier between pairs of superconductors ( SIS junction) and betweex_l a superconductor and a -
normal metal (SIN junction){71]. He used quasiparticle tunneling measurements to confirm
the density of states and the temperature dependence of the energy gap predicted by BCS.
Two years later in 1962, Brain Josephson’s prediction of pair timneling—the Josephson
current—along with its phase coherent properties eclipsed much of the work on applications
"on quasiparticle tunneling. The Josephson currents have been successfully exploited in
low-frequency SQUID technology and show promise for high-speed digital technologies.
Interest returned in the late 1970s to the quasiparticle tunneling current when Paul Richards
discovered that the quasiparticle response of SIS junctions has nearly ideal properties for
making microwave heterodyne mixers with low-noise. In this section we follow the treatment
of Cohen, Falicov, and Phillips[??] for calculating the DC current-voltage (I-V) characteristic
for the quasipa,rticle current and then we discuss Werthamer’s[73] generalization of the
theory for calculating the high-frequency response. _

There is a non-zero probability of charge transfer by tunneliné of electrons through
the thin barrier that separates two superconductors in a SIS junction. This probability de-
cays exponenfia.lly with the separation distance and depends on the details of the insulating
material and on screening effects from the image potential in the superconductors. These
aspects of the tunnel barrier can be lumped into a phenomenological tunneﬁng matrix el-

. ement Ti,. A perturbative term in the Hamiltonian which describes coupling between the



CHAPTER 5. THEORY OF SUPERCONDUCTING TUNNEL JUNCTIONS - 65

superconducting wavefunctions on either side of the barrier is

Hr = Z(quckc; + Tk‘chcl) , (5.5)
kq o )

where cx (cq) are electron destruction operators for the right (left) side of the junction and

cL (C;) are the electron creation operators. The total Hamiltonian for the system is
H=Hp+Hp+ Hr +eV(t)NL, ' o (5.6)

where H 1 and Hp are the mahy-body Hamiltoniaﬁs describing the left_a.nd right electrode |
respectively. The applied voltage is V(¢) and is assumed to modulate thg chemical poténtial
of the single-particle states on the left side described by the number operator

Np = chfck . | 7 (5.7)

o o
As long as we exclude the coherent processes of Josephson tunneling, the transition

probability—and hence the current—is to first order proportion.a.l to |(Hr)|2. An important -
point is that the electron operators ¢, ¢! must be written in terms of the Bogoliubov quasi-
particle excitations of the superconductor before the perturbative terms associéted with

(5.5) can be calculated. For example[68],
‘ t t i - V o
Ck1 = UkTeko + VEThEL 5 _ (5.8)

where u; and v; are BCS coherence factors and 711:0 and vxx are electron-like creation and
hole-like destruction operators respectively. After squaring the matrix element associated .

with Hr, the first order contribution to the tunneling current is proportional to
(luel? + 1) Tigl” = [ Tigl? 69
The probability that a gi;ren pair .state (k T,.—k 1) is occupied in the BCS ground state is
Il =1l - 1/2(1 - &/ Ex) -  (510)

v The BCS coherence factors of the forxﬁ ug vy drop out of the first order contribution to the
tunneling current. . '

“The disappeara.nce of the coherence fac'tors allows the coinputation of the tunneling
current to be expressed in the “semjcﬂnductor model_.” In this model, the superconductor

is répresehted by an ordinary semiconductor with a density of independent-particle states -
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obtained from (5.4) for positive and negative values of E. Here, the zero in E occurs at the
Fermi energy of the normal metal. Also, elastic tunneling thl"ough the barrier is assumed—
that is, there are no mechanisms for energy loss in the barrier. If the strength of the coupling
between the superconducting electrodes through the barrier is small, then Ty, is small and
Hr can be taken to first order: '
Ii(V) = % /Z dwrdwr|Tig|? AL(k,wr)AR(K,wRr) X

kqo :

[f(huor) = F(hwr)l6(V/h +wr, ~ wr)

e
ks

(5.11)

where f(hw) = [exp(hw/kT)]~? is the Fermi-Dirac distribution function, and Ay, Ag are
the single-particle spectral distribution functions for the left and right-side electrodes. In
BCS, the spectral distribution function is given by

( Ak, w) = [uk|?6(w — Ex/R) + |vi]26(w + Ex/R). (5.12)

Substituting (5.10) and (5.12) into (5.11) gives

Ige(V) = —

1 /°° E—-¢eV E
RN J- [V = By - A3 (B2 - 23]

(f(E-eV)- f(E)HE. (5.13)
Here,. we have assumed that |Ti,| is constant over the energy range of interest and can be
absorbed into Ry, the normal resistance of the j.unction at voltages -V > (AL + ARr)/e.

The. semiconductor model provides an intuitive picture for describing the I-V curve.
Figure 5.1 is a plot of the density of states (5.4) for ,single-paxfide excitations as a function
of energy for each electrode. At T = 0 there are no thermally excited quasiparticles and
there is an energy gap for tunneling to take place of eV, = (AL + Ag). At this voltage,
there is sufficient -energy for an electron-like pa.rticle to tunnel into the conduction band
on the right side, leaving a hole-like particle on the left side. This process represents a
Cooper pair becoming unbound with one of the constituent electrons tunneling across the
junction. Because of the singularity in the density of statés, the onset of tunneling.current
is rapid. Above the sum.-gap voltage V;, the current I asymptotically abproaches V/Rn.

"Figure 5.2a shows an experimentally measured I-V curve for a 2. x 2pum Nb/AlO,/Nb
junction fabricated at Conductus by A. T. Barfknecht. In an ideal BCS junction, the
current rise at the Sum-gap voltage is inﬁniéely sharp. In real junctions,. the current rise is
smeared out by effects such as gap inhomogeneity, gap anisotropy, and quasiparticle lifetime

broadening.
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—
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j— h—{
Ns(E) Ns(E)

Figure 5.1: Energy for single-particle excitations in the semiconductor model of a SIS
junction plotted against the density of states N,(E) for both superconducting electrodes.

No current flows until the voltage eV, = 2A and filled states in the left electrode can tunnél

. into the vacant states in the right electrode.
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'Measured I-V curve
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Figure 5.2: (a) Ekperimenta]ly measured I-V curve of 2’ Nb/AlO, /Nb trilayer SIS junction.

The device area is 2 X 2 um. (b) Kramers-Kronig transform of the I-V curve.
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5.3 High-frequency response of tunnel junctions

"In this section, we outline the theory of the high-frequency response of the quasi-
particle current in superconducting tunnel jﬁnctions. First, we follow the treatment of
Werthamer in the frequency-domain[73]. Next we discuss the work of Harris and of Tucker

in extending Werthamer’s theory to the time domain[74, 75].

5.3.1 Frequency-domain fheory

Werthamer used perturbation theory based on the Hamiltonian (5.6) and derived
an expressmn for the tunnehng current as a function of time in the presence of a time-varying

voltage V(t) and a DC bias voltage Vo.

() = Im /-°° dudu’ (W ()W ()™ =5 (' + eVa/R)+

W(W)W(w' )e“’(“"*’“’ Jerid s (! +eV/n)) (5.14)

. Here, jgp(w) and jp(w) are the response functions of quasiparticles ba.nd Cooper pairs re-
spectively.” The first term in (5.14) is the quasiparticle tunneling current. The second term
is the pair .tunne]ing current which depends on the phase difference ¢ between the BCS
ground state wavefunctions on the two sides of the junction. The real parts of the response
functions correspond to reactive components in the current which lead or lag the applied
AC voltage. The imaginaiy parts correspond to the resistive .components which are in-phase
~with the applied voltage. The function W(w) is the Fourier transform of the time-evolution

opera.toi- W(t) used in the interaction picture of time-dependent perturbation theory.
. _ - o
W(t) = exp (—i% /'dt’(V(t') - Vo)> = / de(w)e"f‘“ .. (5.15)
" Jt -00 . . :

_ .For,ideal BCS-like SIS junctions, the response functions jg and Jp can be cal- .
culated using the density of states for quasiparticles and Cooper pairs[73]. However, the -
calcﬁla.tion is tedious and does a poor job of modeling a real junctidn with the onset in
current at V, broadened. The quasiparticle response function jg, can be obtained directly
from the measured DC I-V curve. When the voltage across the junction contains only a

DC component V,, then W(w) = §(w), and (5.14) becomes

(I(2)) = Imjop(eVo/R)] + Relip(€Vo/h)] siné + Imlip(eVe/R)]cos . (5.16)
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Because of the Josephson relation é = 26V, /A, the second and third terms oscillate at the
Josephson frequency and the only contribution to the DC current comes from the first term.
Therefore, the imaginary part of the quasiparticle response function is equal to the DC I-V

curve

Im[jop(wo)] = Zue(Vo)s (5.17)

where w, = eV, /h. The real part Re[jgp(eVs,)] does not contribute to the DC IV charac-
teristic. Therefore, measurements of the current in an SIS junction biased with a static
voltage are not sensitive to ‘the reactive componeﬁt of the quasiparticle current. Instead,
AC measurements are needed to measure the reactive component. In contrast, both the
reactive cos ¢ term and the resistive sin ¢ term of the Josephson current contnbute to the
current when a static voltage biases the junction.

If we assume the shape of the DC I-V curve is known for all voltages, then we
know Im[j,,(wo)] for all frequencies. As is vrequired by any finite, causal response function,

Re[jgp(€Vs)] is related to the imaginary part by a Kramers-Kronig transform. For jop(w),

Re[jp(w)] = P /°° dw Imbqp(ww]—ww/eRN
=Iw(V) = P /°° V" Iae( V"/),—‘;'/RN e

In (5.18) an ohmic term is subtracted from the I-V curve to avoid a divergence of the integral.
- The result of the Kramers-Kronig transform in unaffected since only the nonlinear part of
the I-V curve gives rise to a reactive component Ixx. Figure 5.2a shows an experimentally
measured I-V curve and Fig. 5.2b shows its Kramers-Kronig transform. The peak in Iy
arises from the sharp nonlinearity in the I-V curve at V. For an ideal BCS junction, the
peak in Iy diverges logaiithmicaﬂy [73]-[75] at V.
In summary, using (5.14), (5.17), and (5.18) allows one to calculate the frequency-
dependent response of the quasiparticle current to an arbitrary voltage waveform. The
'DC IV curve, which is easily measured, contains all the information #bout the response
of single-particle excitations in the SIS junction at high frequencies. This statement is
subject to two conditioné. First, the tunneling through the barrier must be elastic. Second,
quasiparticles must not interact with each other and cause a loss of phase coherence in the
tunneling. This condition is only met when the first term in H T in the perturbation theory

expansion is sufficient to describe the data.
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5.3.2 Time-domain theory

Equation (5.14) for the frequen.cy-doma.in is convenient for calculating the response
of the quasiparticle current to an RF voltage of a single fréquency. This equation is the basis
for the quantum theory of SIS mjxers[.75]. In the small signal limit where the quasiparticle
current responds linearly to an applied voltage, the results of (5.14) can be calculated for
many RF fi‘equencies and superposed. When nonlinear effects become important at larger
signal levels, the different frequencies mix together and the frequency-domain calculation is
no longer convenient for a large number of frequency components.
| , Following Harris[74], the quasiparticle tunneling current may alternatively be ex-
pressed in a form suitable for analysis in the time domain[76]. |

(I(t)) = 140) +Im (U‘(t)/t dt'x(t - t’)U(t')) . _ (5.19)
- Ry AN A )
The time-dependent phase factor induced by the potential across the barrier is represented

as .
e ft

U(t) = exp (-—i—;- / dt'V(t’)) ,  (s.20)

where V(t) is the total potential across the junction. The phase factor U(t) results from

- calculating the perturbation term eV(t)Ny, in (5.6) to all orders. The response function

characterizing the nonlinear behavior of the junction is given by |

(t) = % /0 ww(Idc(ﬁw/e)v— e—%) sinfut). - (5.21)

Here we héﬁe assumed the DC I-V curve is antisymmetric, Ig(—V) = —I4(V), and that
it approaches an ohmic resistance'Rp} at. 1aigé bias voltages. The response function ¥(t)
results from calculating the perturbation term Hr in (5.6) to first order. The function ¥(t)
is the inverse Fourier transform of the response function Im[(i/4e)j p(hwo/e)].

‘ Equation (5.21) for x(t) was Vplotted'by McDonald et al.[77] for an ideal SIS junc-
'~ tion at T=0. The function )Z(t) behaves like the impulse response of the SIS junction and
oscillates in time with the energy gap .frequency 2A/h. The amplitude of oscillé,tion' decays
only invérsely_ with ¢ at large times. Thereforev, the current depends on the history of the
voltage infinitely far into the past. The t~! decl.ay is expected for an ideal' junéti_on with
an infinitely sharp onset in current since the inverse Fourier transform of a step function
in the frequency-domain has temporai oscillations which decay as t=!. For a rea.i jﬁnction,

the nonlinearity at V; occurs over 2 finite range in voltage and x(t) dies off in a finite time.
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Figure 5.3: Measured I-V curve of a Nb/AlO/Nb trilayer SIS junction with the current

contribution from the normal resistance V/Rn subtracted.

The response of a junction with a very broad ndnlinearity dies off in a short time. Fig-
ure 5.3 shows the DC I-V curve of Fig. ‘5.2a with Ry subtracted. .The steep edge at 2.75mV
would be perfectly sharp for an ideal BCS junction. Figure 5.4 shows the response function |
x(t) calculated from Fig. 5.3. The oscillations in X(t) occur at the freqﬁency of the energy
gap.. The energy gap of this juncﬁdn is approximately 2.75mV, slightly below the value for
bulk Nb of 3.05mV. A suppressed gap is common in Nb /AlO, /Nb trilayer junctions and
probably arises from incomplete anodization of the Al film used to make the AlO, tunnel
barrier. The quasiparticles then tunnel into a thin Al film of thickness < Eo,‘ where £ is the
coherencev.length. The thin film has its gap enhanced by the proximity effect from the Nb
layer to a value slightly below the gap of Nb. The oscillations in x(t) in Fig. 5.2 decay in
~ 20 ps. This decay time arises from the width of the non-linearity shown in Fig. 5.2a.

In the limit where %(t) becomes negligibly small on a time-scale corresponding to
the reciprocal of the applied frequency, the response will be effectively instantaneous. In

‘'this case, the tunneling current simply follows the classical, time-dependent modulation of



CHAPTER 5. THEORY OF SUPERCONDUCTING TUNNEL JUNCTIONS 73

/o

X (t) response with R subtracted

T 14 T U

100 ¢ - | | V bias=0 — 1.
2 50 | ]
5
rs M
< 0
50 L - . - —
0 10 20 30 40 50

time (ps) B

" Figure 5.4: Response function X(t) for the quasiparticle current calculated from the I-V
curve in Fig. 5.3 with Ry subtracted. '
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the IV curve and the in-phase conductance is independent of frequency. This regime is
referred to as the “classical regime.” If, on the other hand, the nonlinearity is sharp enough
that x(¢) remains finite over the RF period, then the current is a nonlocal function of time
and the device operates in the “quantum regime.” Because the junction response is no
longer instantaneous, the in-phase conductance becomes frequency-dependent and results
in the a.ppéara.nce of nonlinear reactances. '

' Given knowledge of the temporal RF waveform, the time-domain equation (5.19)
allows one to calculate the quasiparticle reéponse in the voltage-biased case. Equation (5.19)
is appropriate for calculating the instantaneous current (I(t)) flowing through the SIS junc-
tion with the DC bias V, = 0. For nonzero bias voltages, the integral in (5.20) diverges.
.Thé DC voltage bias can be accounted for in the response function x(t) by shifting the DC
IV curve along the voltage axis by V,. This breaks the. antisymmetry of the I-V curve
about V = 0. The response function that should be used in (5.19) is then

[ ‘ hw — eV, L :
Y = — -V,) - 0} it )
| %)= 1 /_wdw (Idc(hw/e - ) e (5.22)
The time-dependent phase factor then becomes
t '
U(t) = exp (-—i% / V() - vo]) .  (5.23)
-0

Given the voltage a.ctoss the SIS junction V(t), and the measured DC I-V curve, we can
-~ now calculate the nonlinear response of the quasiparticle current in the time-domain.

As an example of such a calculation, consider the voltage produced by a pho- '
toconductive switch. A photoconductor at the terminals of a dipole antenna which is
voltage-biased and illuminated with a 100 fs laser pulse can produce a pulse of RF volt-
age at millimeter wave frequencies[83, 84]. Figure 5.5 shows the RF voltage produced by
a photoconductive switch. Chapter 6 describes this paiticula.r photoconductive switch in
detail. Using the voltage waveform in Fig. 5.5, we can calculate the time-dependent phase |
factor (5.23) and then convolve U(t) with x(t) in (5.22) to calculate the quasiparticle cur-
rent (I(t)). Figure 5.6 shows the results of such a calculation for bias voltages of 2.3 mV
and 2.1 mV. For a bias voltage of 2.3 mV, there is a threshold for absorption of photons
- with energy Aw > 24 — V; = 0.45meV. Only the frequency cdmponents of the voltage
waveform with w/27 > 110 GHz couple to the quasiparticle current. For V, = 2.3mV, the
. current waveform in Fig. 5.6a resembles the shape of the applied voltage in Fig. 5.5 since

most of the frequency components couple to the quasiparticle current. For V, = 2.1mV, the
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Figure 5.5: Voltage pulse produced by an Auston switch in the time-domain. The,puise
shape was deduced using an interferometer and a LHe-cooled bolometer in the method

described in Chapter 6.

absorption threshold occurs for w/2x > 160 GHz. The current oscillations of Fig. 5.6b have
slightly lower amplitude than in Fig. 5.6a and lack the low-frequency components which

| appear in Fig. 5.6a. To a good approximation, the quasiparticle current responds linearly
to the voltage wa&eform in Fig. 5.5 for 2.1 < V, < 2.3mV. The quasiparticle current only
conta.ihs frequency components which vare present in the applied voltage.

Figure 5.7 shows the reéponse of the quasiparticle current to the voltage pulse.
for Vo, = 1.0mV. The threshold for absorption of photons occurs for w/2r > 424 GHz.
There is no amplitu&e of oscillation in the voltage of Fig. 5.5 for frequencies above 400 GHz.
However, two-photon processes can couple to the quasipa.rti‘clle current. For example, two
photons of energy w; and w; can break a pair if (w; +w2)/27 > 424 GHz. The high-frequency
oscillations in Fig. 5.7 arise from these nqnliﬁear processes. The nonlinear dependence of
the phase factor U (t)lon the applied voltage accounts for inultiple-photon interactions with
the quasiparticle current. Multiple-photon processes are treated in the fheory since the
term eV(t)Nr in (5.6) is taken to all orders in the perturbation expansien. Interactions

between quasiparticles can also produce a nonlinear response. These interactions are not
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" Figure 5.6: Calculation of the response of the quasiparticle current to the voltage pulse in

Fig. 5.5. (a) Vo = 2.3mV. (b) V, = 2.1mV.
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Figure 5.7: Calculation of the nonlinear response of the quasiparticle current to the voltage
pulse in Fig. 5.5 for V, = 1.0mV. At this bias voltage, multiple photon processes contribute

- to the quasiparticle current.

accounted for by the theory since the term Hr in (5.6) is only taken to first order. We will

“address interactions between quasiparticles in the next chapter.
/
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Chapter 6

Picosecond Response of Nb

Tunnel J unctions

In this chapter, we discuss ineasureménts of the response of Nb SIS junctions tov
picosecond pulses of millimeter wave radiation. This work was a collaboration with Chandu
Karadi in the research group of Professor J. W. Orenstein at the University of California at
B,erkeléy. A brief introduction describes previous work with constant wave (CW) sources
of millimeter waves. The experimental technique for measuring SIS junctidns in the time-
domain is then presented. Results for the linear response of the SIS junction are compared .
with the theory of linear photon-assisted tunneling. Preliminary results from nonlinear

measurements are also presented.

6.1 Introduction

In Chapter 5, we discussed the sharp nonlinearity which.occurs in the I-V curve
of an SIS junction at a voltage 2A/e, where A is the energy gap of the superconductor. If
the junction is excited with photons of energy fw, where hw/e is greater than the width of
the nonlinearity in the I-V curve, there is a threshold for the absorption of photons which
occurs at hw = 2A — eV, where V, is the bias voltége. This regime is sometimes called the
“quantum regime” since the amount of -radio-frequency (RF) power absorbed by a voltage-
biased junction has a strong dependence on frequency. The component of the quasiparticle
current which is in-phase with the épplied voltage gives rise to the quantum conductance.

The out-of-phase component gives the quantum susceptance. The strong dependence on



. CHAPTER 6. PICOSECOND RESPONSE OF NB TUNNEL JUNCTIONS = 79

frequency of the total admittance of the SIS junction in the quantum regime a]iows SIS
quasiparticle mixers to have conversion gain at microwave frequencies{75, 78];
Previous workers measured the response of SIS junctions in the qué.ntum Tegime
| at a single frequency near 80 GHz using CW oscillators. Hu et al. made the first measure-
ment of the quantum susceptance[79]. They patterned a i)la.nar antenna and an inductive
microstrip stub in parallel with a Nb/AlO,/Pb junction. The parallel combination of the in-
ductive stub and the geometrical capacitance of the junction formed an LC resonator. Using
a Fourier-transform spectrometer, they observed small shifts in' the resonant frequency as a
function of the bias voltage V,. The existence of the quantum susceptance v?as deduced from
the voltage-dependence of the shift in the resonance frequency. Worsham et al. performed
a reflection measurement at 80 GHz on an array of two Nb/AlO,/Nb junctions mounted
in a waveguide using a voltage standing wave ratio (VSWR) technique[80]. They decon-
volved the junction impedance from the embedding impedance of the waveguide mount
and ‘deduced the full voltage-dependence of the quantum conductance and susceptance at
87 GHz. | » :

We have made the ﬁrs_t measurement of the quasiparticle response in a Nb/AlO, / Nb
junction over a broad bandwidth from ’}5 — 200 GHz. We used a photoconductive switch
as a pulsed source of millimeter wave radiation which has broader bandwidth than CW
microwave oscillators and has an avefage power which is two orders of magnitude higher
than that of a blackbody éource with T = 1000 K. The power is sufficiently high such that -
radiation can be weakly coupled to the SIS junction via an antenna which is impedance-
mismatched. Coﬁsequently, the qués.iparticle response is not significantly broadened by the
radiation resistance of the antenna. - \ '

Equation (5.19) is an expression for the quasiparticle current which oscillates back
and forth across an SIS junction which is excited by a short voltage pulse. Figure 5.6
is a simulation of the quasiparticle resbonse to a voltage pulse from the photbconductive
switch d\escribed above. In principle, tﬁis response could be measured by illuminating -
an SIS junction witﬁ a pulse from the photoconductive switch and measuring the cufrént
through the SIS junction with an oscilloscope with < 1ps femporal resolution. In practice,

" oscilloscopes with adequate speed and sensitivity for this measurement are not available.
The linear response of a stationary system can be rﬁeasured by using two fast voltage pulses
which are seﬁarat’ed in time by a variable delay. The voltage pulses interact with the system

and are then multiplied together and time-averaged in a correlator. The correlator can be
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a square-law detector[81] such as a bolometer which produces an output current which is
proportional to the square of the input voltage Iy  |Vin|%.

In the case of the SIS juﬁction, we infer the high-frequency response by measuring
the change in the DC current through the junction as a function of the time-delay between
the two pulses. The voltage pulses probe the high-frequency conductivity of the junction -
and the square-law behavidr of the junction itself is used as the correlator. An intuitive
description of how the pulses interact with the quasiputide current follows. Consider two
equivalent voltage pulses of ~ 1ps duration which are sepérated by a variable tixﬁe-delay.
The first pulse incident on the junction causes the quasiparticle current to oscillate back
and forth across the junction as was simulated in Fig. 5.6. Assume that the second pulse
arrives at the junction after a small time-delay such that the quasiparticle current is still |
oscillating in response to the first pulse. The second pulse induces an oscillating current
" which can add constructively or destructively to the current fro’zﬁ the the first pulse. If the
currents add comstructively, there is a large amplitude of oscillation and a cdrrespondingly
large square-law signal I,,. If the currents add destructively, the oscillations are small
and I,y is small. By measuring the square-law signal as a function of the time-delay, we '

indireétly measure the coherent oscillation of the quasiparticle current through the junction.

6.2 PhotoConduCtive switch

The picosecond pulses of millimeter wave radiation were generated by rapidly
closing a p’hotoconductivé switch which was fabricated at the terminals of a dipolé antenna
and was biased with a DC voltage. The photoconductive switch can be short-circuited in
less than 1 ps by a 100 fs pulse of visible light from a mode-locked laser with photon energy
hw > E,, where E, is the bandgap of the photoconductor. The DC bias voltage accelerates »
the excess carriers and there is a sudden rise in the current flowing between the antenna
terminals. In 1 — 2ps, the excess carriers recombine and the current decays rapidly.i By the -
Larmor power formula[82], the radiated RF power is proportional to

dI|®
vPRF«l—

= (6.1)

If the photoconductor is voltage-biased at frequencies ~ 1THz, then dI/dt « Vi/R(t),

where R(t) is the time-dependent resistance of the photoconductor. Then the power is
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Figure 6.1: Schematic diagram of a photoconductive switch coupled to a dipdle antenna

- fabricated on a silicon-on-sapphire wafer.

N

proportional to the square of the bias voltage

Prr « |[Vie|? . (6.2)
f .

Experimentally, we observe that the emitted RF power obeys (62)

Silicon photoconductive switches were fabricated on silicon-on-sapphire (SOS)
wafers[83, 84]. Figuré 6.1 is a schematic diagram of the photoconductive switch coupled
to a dipole antenna. The silicon was ion-implanted at doses of 10'® cm™2 with oxygen
ions at energies 100 keV and 200 keV. The oxygen impurities are electrically neutral and
cause radiation-damage in the silicon which reduces the lifetime of excess carriers. A dipole
‘ antenna was patterned in the middle of a 20 mm long transmission line consisting of two
parallel aluminum lines of width 10 um and separated from each other by 300 um. There
is a 10 um wide gap Vbetween the antenna términals where the ion-damaged silicon was
patterned. The photoconductor was excited with a Ti:sapphii'e laser dperating at 800 nm
with 100 fs pulses and an average power of 200 mW. The time-a.vefaged power emitted by
the photoconductive switch was 68 oW With 40 V of DC bias. The laser pulses repeat at
a frequency of 100 MHz and the duty cycle of the millimeter wave pulse is approximately
0..1%. The emitted pulses are nearly a single cycle of electric field oscillation and have a
‘center freqﬁeﬁcyv of 180 GHz and a 3dB bandwidth of 80 GHz. | |
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Figure 6.2: Schematic diagram of the millimeter wave interferometer used to measure the

high-frequency response of an SIS junction.

6.3 Interferometer

This section discusses the interferometer used to measure the high-frequency re-
sponse of an SIS junction. First, the interferometer is analyzed for the case of a square-law
detector. Then we present calibration data which were measured with a LHe-cooled bolome- -
ter as the square-law detector.

Figure 6.2 shows a schematic diagram of an interferometer which illuminates an
SIS junction with two pulses of millimeter radiation. A 50% beam splitter divides a 100 -
fs optical pulse from the Ti:sapphire laser into two pulses, one of which is delayed by a
variable amount. Both optical pulses are focused onto nominally identical photocoﬁductive
switches, each biased with a variable DC voltage. Each photoconductive switch emits a pulse
of millimeter wave radiation which is partially collimated by a 13 mm diameter sapphire.
hyperhemisphere and then further collimated by an f/1 parabolic mirror with a diameter of
9 cm. The two beams are combined into one with a 175 um thick Mylar beamsplitter. An
{/3 parabolic mirror then focuses the combined beam through a 25 um thick polypropylene
window on a liquid helium cryostat which houses the SIS junction. The cryostat with the
SIS junction rests on a kinematic mount and can temporarily be replaced by a cryostat
containing a helium-cooled bolometer for calibration measurements.

The interferometer treats the two millimeter wave pulses asymmetrically. One of
the pulses transmits through the Mylar beamsplitter while the other pulse reflects off the
beamsplitter. The reflected pulse undergoes a phase shift of 7 relative to the transmitted
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pulse in addition to any phase shifts arising from the optical delay line. When the delay time
7 between the two optical pulses is zero, the electric field amplitudes of the two millimeter
wave pulses are of opposite sign and cancel. We will show that the cross-correlation of the
two electric field amplitudes is antisymmetric about 7 = 0. |

* For clarity, we analyze the effect of a single frequency of the millimeter wave
pulse propagating through the interferometer. Assume that a square-law detector such as
a bolometer replaces the SIS junction in Fig. 6.2. Also, assume the square-law detector
absorbs-the incident radiation with unity efficiency at all frequencies. The amplitude of
the electric field at the square-law detector which reflects from the Beamsplitter is Ey(t) =
.r 1Ei(w)e~t, where 1, is the coefficient for the reflected electric field. The electric field
which. transmits through the beamsplitter is Eq(t) = ti Ep(w)e~"“t+%) where ¢} is the
t.ra.nsmission coefficient and ¢ = wr = 2dw/c is the phase difference betw_ee'n‘El(t) and
- E(t) caused by a displacement d of the mirror in the optical delay line. The voltége which

appears at the output of the square-law detector is proportional to

(Ba) + Ea(t + ) = (B + (B0 +
(EOE(t+ 1) + (BADE;(+ 7)),  (63)

- where the bra and ket denote averaging over time
‘ ‘ _ ; '
(BBt +7) = Jim [ Ei(0)Ba(t+ r)dt. (64)

Substituting the expressions for E;(t) and E,(t) into (6.3) gives

KEA(®) + Eat + TN =" KE@)P Iral + KE2@)P t2f? +
(Bv(w)Ea(w)) (ritie™™ + ritie®) . (65)

Expressions for 7, and ¢, for p-polarized radiation incident on a dlelectnc membrane are:

r12 + ra3¢'
1 4 712723€'28
t12 + t2ze®

L

ty (6.6)

where 8 = (w/c)nd COSog, sinf; = n~1sind;, and 6, is the angle of incidence measured
. from the normal of the pléne of the beamsplitter. The quantities r;; and t.-; are the Fresnel
coefficients for the vacuum/Mylar interfaces(85]

cosfy — ncosfy
cos 8y + ncos b,

T12
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ncos 8y — cos by

s = n cos 8, + cos 6,
2cos by
iz = ‘
cos 8y + ncos b,
2ncos 8
tys = 2 (6.7)

ncosf, + cosby

where n = 1.85 is the index of refraction of Mylar for millimeter wavelengths(86]. High-
frequency losses in the Mylar beamsplitter are neglected. Numerical calculations of the

quantities 7 ¢7 and r]#; indicate the following:

Re[rit,] = Re[rit]]=0

Im[ritl] = —Im[riti]#0. (6.8)
Figure 6.3 shows the beam splitter efficiency 2Im[r t]] plotted as a function of frequency
for a Mylar beamsplitter with thickness 175 um and 6; = 7/4. This beamsplitter has useful
efficiency from 50 — 450 GHz. Substitution of (6.8) into (6.5) gives

KEr() + Ea(t+ ) = [{Ex()PIrel® + (Ea(w))P L] + |
2(Ey(w)Ey(w))Im[r t]]sing. © o (6.9)

- Equation (6.9) can be generalized 'fo_r the case when E;(t) and E,(t) are comprised of

photons with many different frequencies w. Then, application of the Wiener-Khintchine

theorem[81] gives |

(E®) + Eatt + M = 5= [ do{[E@NP sl + KB e+

2(E1\(w)E2(w))Im[1‘_Lt1] sin(wr)} . (6.10) |

' EQuation (6.10) shows we can measure the power spectrum of the absorbed electric
field as a function of frequency by monitoring the output of the square-law detector as a

function of time delay 7 = 2d/c and ca.lculating its sine Fourier transform.
(By(w)Ey(w)) = (Im[ryt7])7! /0 Re[(Ef(t)Eg(t + 7))] sin(wT)dr . (6.11)

The operation of conventional Fourier transform spectrometers (FTS) is based on
an equation similar to (6.11) but with sin(wr) replaced by cos(wr) and Im[r 7] replaced

by |r1t1|?. These changes are a result of the symmetric design used for most FTS’s. In
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Figure 6.3: Beam splitter efficiency 2I'm[r 17 ] plotted as a function of frequency for-a Mylar
beamsplitter with thickness 175 um and 6; = = /4. This beamsplitter has useful efficiency
- from 50 — 450 GHz. :

é.n'FTS, a single radiation source emits light which is divided by the beamsplitter into .two
components, each of which transmits and reflects off the beamspiitter. In principle, the
FTS and th‘e interferometer in Fig. 6.2 give equ.ivaleﬁt information when used for linear
spectroscopy. Section 6.7 discusses how the sine—éymmetry of the interferometer used in .
this work has advantages for making nonlinear measurements. |

© The first measurements using the interferometer were made for c_alibra‘tion of the
photoconductive switches. The cryostdt housing the SIS junction in Fig. 6.2 was replaced

with a cryostat containing a cozﬁpdsite bolometer which operates at T = 1.6 K. The bolome-

ter was designed for measurements with low background power. Its spectral range is re-

stricted to frequencies < 600 GHz by a cooled low-pass filter of fluorogold which prevents
300 K thermal radiation from saturating the bolometer. The DC voltage across each photo-
conductive switch was adjusted until the RF power in each arm of the interferometer was the
same. The intensity of one of the visible beams from the laser was modulated at 10 Hz with
a chopper wheel and a lock-in amplifier measured the signal from the .b‘olometer. Figure 6.4a

shows the signal at the output of the lock-in amplifier plotted as a function of the mirror
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Figure 6.4: Measurements using the interferometer in Fig. 6.2 using a bolometer in place
of the SIS junction. (a) Bolometer signal plotted as a function of mirror displacement in .
the delay line. (b) Amplitude of the Fourier-transform of the interferogram. The spectral
power of the photoconductive switches peaks at 180 GHz and has an ~ 80 GHz bandwidth
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displacement d. A null appears in fhe interferogram at zero time-delay (d = 1550 um).
Here, the electric fields have a phase difference of 7 and cancel. For time delays IT' > 0,
the interferogram has sine-syrﬁmetry. The povrrer spectrum calculated from the Fourier -
transform of Fig. 6.4a is shown in Fig. 6.4b. The spectré.l power peaks at 180 GHz and
the bandwidth between the —3 dB points is ~ 80 GHz. Comparison with Fig. 6.3 in_djcétes
" the beamsplitter eﬁiciency is roughly constant over the bandwidth of the photoconductive
switch. The small structure in the spectrum of Fig. 6.4 may arise from interference effects

related to the coupl_i'ng'of the Winston cone to the quasioptical system.

6.4 SIS junction fabrica‘tiOn

The SIS junctions were fabricated at Conductus, Inc. w1th a Nb trilayer process[87]
which is primarily used for fabricating digital circuits based on Josephson junctions. Fig-
ure 6.5 shows a schematic cross-section of such a junction. The Nb trilayer is deposited in
sttu. First, the Nb counter electrode is sputtered onto a silicon wafer of 4” diameter. Next,
a thin aluminum film is deposited and oxidized to form the insulating tunnel barrier. The
top Nb_‘electrode is then deposited and selectively anodized to define the junction area. A
layer of SiO, is deposited for electrical isolation. Finé]ly, a Nb “wire-up” layer is deposited

~ which serves as one terminal of a planar log-penodrc antenna. 'I‘he counter electrode forms

- the other antennd terminal.

A typical junction has a 2 X 2um area and a critical current density of 5 x
10%Acm-2. The capacitance is C 2001F and Ry = 14Q. For a frequency w/27 =
180 GHz, the product wRNC = 3 grves an mdrcatron of the amount of RF power which is
| shunted through the geometric capacrta.nce C. A magnetxc field of about 100 G cancels the

Cooper pair 'tunneling current and allows us to isolate the quasiparticle tunneling current.

6.5 Video detector response

The nonlinearity in the vI-'V curve of the SIS junction leads to_frequency conversion.
~ In the case of video detecrion, an RF voltage V., of angular frequency w is converted to a’

DC current. For RF voltages with eV,,/hiw < 1, video detection in an SIS junction has a
' square-law behavior. A sharp nonlmeanty leads to efficient conversion from RF to DC. The

current responsivity—defined as the induced DC current per unit RF power incident on the
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Figure 6.5: Schematic diagram of the cross-section of a Nb/AlO,/Nb trﬂayer Junctxon:
fabricated at Conductus, Inc.

junction—is a measure of the conversion efficiency of an SIS video detector. Tucker derived
the following expression by using the equations presented in Chapter 5 in the small-signal

limit eV, /hw < 1
Alpc _ e Ipc(Vo+ hw/e) — 2Ipc(Vo) + Ipc(Vo — hw/e)

Srw) = = Crr.  (6.12).
1(w) Prpr hw Ipc(Vo + hw/e) — Ipc(Ve — hw/e) RF. | ( )
The RF coupling coefficient is
o Ys - Y2 _ .
Crr=1-13—=% | ° 6.13
RE Ya+Y; (6.13)

where Y7 is the junction admittance and Y} is the antenna’admittance. The expression for
S1(w) in (6.12) reduces to the classical expression

d2I DC / dv?
S — 2 .
in the limit of small w where

dlpc
av, -

(e/2tw)(Ipc|Ve + tw /€] — Ipc[Ve ~ hw/e]) = (6.15)

The admittance of an SIS junction with capacitance C can be written as Y; =
G4 + 1(Bg + wC). The quantum conductance G, and the quantum susceptance B, can be

calculated from the DC I-V curve and from the Kramers-Kronig transform Igx (V) of the
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DC IV curve, respectively [75].
Gy = ’2‘;; [Ipc(Ve + tw/e) — Ipc(Vo — hwfe)] (6.16)
e :
By = sr=[Ikk(Ve + hw/e) = 20k (Vo) + Ik (Ve = /)] . (6.17)

In the small-signal limit, processes involving the absofption of single pﬁotons dominate
the response. The induced DC current Alpc is proportional to Prp(w). The response of
an SIS junction to a pulse of RF pdwer can then be calculated by adding the values of
Alpc computed using (6.12) for each frequency component in the pulse. At large signal
levels eV, /fiw = 1, multiple-photon absorption processes are important and the broad-band
response is best calculated using the time-domain formulation (5.19). ‘

We used a photoconductive switch to illuminate an SIS junction with pulses of RF
power at a repetition rate of 100 MHz. F igure 6.6 shows the time-averaged video response
plotted as a function of V, for two values of RF power. Consider the curve measured with
4.2 uW of RF power. For V, < 1.5mV, there is no discernible video signai since only
photons in the pulse in Fig-. 6.4 with frequency w/27 > (2A - V,)/k = 300 GHz contribute
to single-photon absorption. For V, = 2.5mV, there is a peak in the videb response. This
- peak occurs at a lower frequency (2A — V)/h = 60 GHz than the frequency of the peak
in Fig. 6.4 because of the frequency-dependence of S;(w). The factors e/fhw and CgrF in
(6.12) reduce Sy(w) when the frequency isincreased. For bias voltages larger than the gép
voltage V, > 2.75mV, the video response is negative. The negative video response arises
~ from stimulated emission of photons from occupied quasiparticle states in the “conduction -

- band” of the right side of the junction in Fig. 5.1. These states are occupied because of DC
injection of quasipaiticles across the junction which occurs for eV, > 2A.

The video response for 4.2 uW of RF power has been multiplied by the ratio of
the RF powers 68/4.2 = 16. If the video response were linear in power, the two curves
would be identical. The near overlap ‘of the two curves‘for 2.3 v< Vo < 2.7mV indicates
that the video response is nearly linear in power from 4.2 uW to 68 uW. At lower voltages, -
' the curves no long'er ovgr-lap. There is more signal at V, = 2inV for the 68 uW curve than
a linear extrapolation in power from the 4.2 uW curve predicts. The excess signal arises
from nonlinear absorption processes where two or more photons coherently interact with
a quasiparticle and cause it to tunnel. For example, two 90 GHz photons could cauée a
quasiparticle to tunnel when (2A — eV,)/h = 180 GHz. The difference in shape of the two

curves in Fig. 6.6 shows that the photoconductive switch has sufficient power for studying
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Figure 6.6: Video detector response of a Nb SIS junction to a single RF pulse from a
photocbnductive switch. The video response for two values of the peak power in ‘the RF

pulse is plotted as a function of the bias voltage V, across the SIS junction.

" the nonlinear response of the SIS junction.

6.6 Time-domain data

We placed the SIS cryostat in the interferometer and adjusted fhe bias voltage on
the photoconductive switches until the peak RF power from each arm of the interferometer
was ~ 1 uW. The beain in one of the arms was modulated at 1 KHz. The signal from
the SIS junction was coupled through a 300 K transformer to a low-noise FET amplifier
with a spot noise referred to the SIS junction of 0.2nV/Hz!/2 at 1kHz. Figure 6.7a shows
the average video signal of the SIS junction measured as a function of time-delay between
the two RF pulses. At this power, the video signal was propoi'tional to the RF power for
Vo = 2.2mV and there was an adequate ratio of signal to noise. Each interferogram was
measured for approximately 15 minutes. Curves corresponding to different values of V, are
offset for clarity. A null appears in the data at zero delay since the electric fields which
couple to the antenna cancel. The oscillations at non-zero delays result from the coherent

tunneling of quasiparticles in the quantum regime. Figure 6.7b shows the amplitude of the
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- Figure 6.7: (a) Shift in the DC quasiparticle current Alpc generated by two pulses of mil-
limeter radiation plotted as a function of the time-delay between the puises. (b) Amplitude

of the Fourier transforms of the data in (a).

Fourier transforms of the cross-correlations in Fig. 6.7a. As V, is reduced from 2.5 mV, the
threshold frequency (2A — eV,)/h increases and the amplitude of low-fr_ecjuency oscillations
decreases while high frequency osciliations persist. The small structurein the pdﬁrer spectra
results from interference effects in coupling the electrical pulses through the optxcal system
and onto the log-periodic antenna in the cryostat. .

It is difficult to make direct comparisons between the data in Fig. 6.7 and the
thebry in Chapter 5. To simulate the data, the theory requires detailed knowledge of the RF
pulses and of the coupling between the log-periodic antenna and the qua.si-opfica.l system.

In the small-signal limit where the video response is linear in povirer, one can compare
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ratios of the spectra in Fig. 6.7b for different Vo with calculated ratios of Alpc(w,Ve) =
S1(w,Ve)Prr(w). Many details of the RF pulse cancel out of the ratios. The current
responsivity (6.12) can be calculated from the DC I-V curve if C and Y4 are known. The

capacitance C is ~ 200fF. The antenna admittance Y4 can be a source of uncertainty.

The log-periodic antenna belongs to a special class of planar antennas referred to as “self--

complementary” antennas, in which the pattern of the metallic part is the same as that of

the dielectric part. The admittance Yy of self-complementary antennas made with a lossless _

conductor on a semi-infinite substrate with no sources of reflection is[88]
Ya =374 x1073(1 4+ ¢)/2071, : (6.18)

where ¢, is the relative djélectric constant of the substrate. For a log-périodic antenna on
" a Si substrate, ¢, = 11.9 for millimeter waves[86] and Y4 = (75Q)~!. Measurements by
Nahum et al. suggest that the beam pattern depends on frequency[89]. The portion of the
beam which does not couple out of the cryostat can reflect off the interior walls and make
Y, dependent on frequency.

' The antenna was designed to be impedance-mismatched to the SIS junction. The
impedance-mismatch provides some cancellation of Y4 in the ratios of the spectra. At
120 GHz, the admittance of the junction is ~ (7 )~! while the nominal antenna admittance
is (75 2)~!. Equation (6.13) for CrF can be expanded in terms of Y4 /Y, where {Y4/Y;| ~
0.1. The result to first order is Crr ~ 4Re[Y4/Yj]. The contribution of Yy to the ratios
of spectra with different V, cancels if Yy is real. The cancellation is imperfect if Y, has an
imaginary component. |

The symbols in Fig. 6.8 show ratios of the spectra in Fig. 6.7b to the spectrum

measured with V, = 2.5mV. The data show an absorption edge which scales with the -

_ frequency (2A —eV,)/h. The solid lines are calculated from equations (6.12)-(6.17) using the

DCI-V curve measured at T’ = 1.6 K. We assumed a real antenna admittance Y4 = (759)1 ‘

and that the junction capacitance was C = 200fF. No fitting parameters were varied
in calculating the solid lines. The calculated lines are in agreement with the data for
2.1 €V, £2.3mV. The data for V, = 2.4mV fall slightly below the theoretical curve. For
ffequencies less than ~ 170 GHz, the structure in the ratios is reproducible and may arise
from interference effects in the quasioptical system. For frequencies > 170 GHz, the video
signal is small and amplifier noise confributes to the structure in the ratios for the following

reasons. First, the RF power was kept small in these measurements so the SIS junction

ar
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Figufe 6.8: The symbols are ratios of the spectra shown in Fig. 6.7b to the spectrum
measured with V, = 2.5mV. Solid lines show calculations from linear theory of photon-

- assisted tunneling.

would respond linéarly. Second, the duty cycle of the photoconductive switches was 0.1%
but the preamplifier measured the signal from the SIS junction with a duty cycle of 100%.
" The signal-to-noise ratio could be improved by using a box car averager which operates at-

a repetition rate of 100 MHz.

- 6.7 Nonlinear response

’Ilhe previous section presénted ‘measurements in the time-domain of the linear
response of ‘the quasiparticle current to an RF pulse. In principle, linear spectroscopy can be
done in either the time-domain or in the frequéncy-dom'ain. For example, a Gunn oscillator
" which is tunable over the bandwidth of the photoconductive switch could be used to measure
the data in Fig. 6.8 withou@ using an interferoineter. vIn practice, broad-band measurenient's
with tunéble CW oscillators can be difficult because of interference effects. Sometimes these

effects can be avoided by averaging the CW signal over many frequencies. Nonetheless, in
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measuring the linear response spectrum we have not used the unique capability of the
photoconductive switch to provide short temporal pulses of millimeter waves. We have only
exploited the brightnéss and broad bandwidth of the source. In this section, we discuss a
nonlinear measurement of the quasiparticle response which uses the short pulse to obtain
information about the quasiparticle lifetime. |
Consider the interaction between a photon with energy hw > 2A — eV, and a
quasiparticle excitation. According to the theory of Cohen, Falicov, and Phillips[72], if
the photon is absorbed, the quasiparticle oscillates with frequéncy w/27 back and forth
across the junction forever. The infinite lifetime is manifested in the delta-function in the
spectral distribution function (5.12) for a quasiparticle. In this theory, the impulse response

of the junction shown in Fig. 5.4 decays only because many quasiparticles are excited, each

with a slightly different energy. The quasiparticle oscillations then dephase in a time 75 -

and the total current flowing through the junction averages to zero. The theory, however,
assumes that the quasiparticles are sfill excited. The finite lifetime of the quasiparticle can
be calculated using BCS strong-coupling theory. Kaplan et al.[90] calculated values for the
quasiparticle lifetime in various bulk superconductors using data for a?F(§2). Here, a.is
the matrix element for the electron-phonon interaction and F(2) is the phonon density of

states. The results of the strong-coupling calculation indicate that a quasiparticle excitation

-with energy & > A has two lifetimes. In a short time 7gpy, the quasiparticle emits phonons‘

and scatters to the gap-edge {x = A. In a longer time 7, the quasiparticle scatters with
another quasiparticle of opposite spin and momentum, emits a phonoﬁ of energy ~ 2A, and

relaxes to the BCS ground state. Both times 7,,; and 7o, depend on the temperature of

the superconductor and on the density of quasiparticles. Dynes et al. deduced information

about the quasiparticle lifetime from the temperature-dependence of the DC I-V curve fora

~ tunnel junction made from a Pb:Bi alloy[91]. This technique requires an SIS junction with
an extremely sharp onset in current at 2A /e and has poor sensitivity for T < 0.5T..

The data in Fig. 6.7 are proportional to the first order correlation function
g(r) = (E*®)E(t+7))+C.C.
x (I"(t)I(t+71)+C.C., . (6.19)
where E(t) and I(t) are the local electric field and current across the junction, respec-

tively. The function g(l)(‘r) measures how long the quasiparticle current oscillates co-

herently in response to a voltage pulse. The coherence time 7, measured by g(l)(‘r) is

o
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ol 4 (Crg) T + '(2qu2)‘1. The lifetimes which determine 7. cannot be measured
independéntly with linear 'spec'troscopy-. Researchers _ih laser spectroscopy have devised
ponlinear techniques which can separate these lifetimes. Some examples are pumi)-prc')be,
spectral hole-burning, and transient four-wave mixing techniques such as photon-echoes[92]. .
All these techniques measure higher order correlation functions than g)(7). The samples
are usually measured using laser beams with oppoéite polarizations or with different direc- -
tions of propagation to avoid the large background signal resulting from gW(r). |

The second-order correlation function g(.z)(r) contains information on the lifetimes. ‘

g@(r) = (E(1)E"()E(t + 7)E(t + 7)) + (E"()EME"(t + 1)E(t+ 1)) + C.C. (6.20)

The signai for g{®)(7) is higher order in the interaction between photons and quasiparticles
than the éigna.l for g)(r). Therefore, g(z)(r). <<‘g(1)(7') and it is difficult to measure
- g¢@)(7) unless some procedure is used to reduce the contribution from gM(r). The SIS
junction is much smaller than a millimeter wavelength and is antenna-coupled. The antenna
:coupl_es to light of a single Spatial mode and of one polarization. Therefore, the contribution
from g(1)(7) cannot be reduced by using opposite polarizations or beams with different
propagation vectors. We will argue that the sine-symmetry of the signal for g(l)(r) in our
interferometer allows us to measure g(?)(7) ind_épenden_tly.

Detailed discussions of g(z)(r) exist in textbooks on nonlinear optiés'[19, 92]. Some
of the basic results are reproduced here. The first term in (6.20) and its complex conjugate
can be reduced([19] to [g(M)(7)}2. These terms only provide information about the coherence
time 7.. The second term in (6.20) and its complex conjugate are closely related to the
intensity autocorrelation function[93]. If the junction absorbs a pulse of photons at .= 0,
these terms rﬁeasure how long the absorption of é.dditional photons from a second pulse is
corrélated with the first pulse. For example, if 80% of the available quasiparticle states are
occupied after the first pulse, additional excitation of quasiparticles by the second pulse will
be suppressed until a recombination time 7, has elapsed and the~statés are vacant.

In section 6.3 we showed that the signal corresponding to g(!)(7) can be mea-
'sured when the video responsé of 'the SIS junction is a square-law process. Because of
the asym_métry of the iﬁterfemmeter, the beam splitter efficiency is 2Im[r}t;] and g()(r)
has sine-symmetry. At higher levels of RF power than were used for measuring the lin-
ear response, the video response has a higher order confribution-from fourth-law detection

oyt x [Vin]f. This term in the video response results in a term in the interferometer data
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- which is proportional to
KB (t) + Ealt+ )" - (6.21)

Expanding (6.21) gives the terms in g(3)(7), all of which are multiplied by the coefficient
lr1tL|? cos(2wr). Hence, the terms.corresponding to g(3)(7) have cosine-symmetry while the
terms corresponding t'd g(7) have-sine-syrﬁmetry. If the interferometer is carefully aligned,
g(z‘)(‘r) can be sepa.rated.from ¢ (7) by subtracting the data which are sine-symmetric from '
the interferogram. ' V

Figure 6.9 shows preliminary data for both the sine-symmetric and cosine-symmetric
parts of measured interferograms. These data wére collected at various levels of RF power
with the SIS junction at T = 1.6 K. These data'havg not been analyzed in detail, but some
comments are appropriate. The curves in Fig. 6.9 are offset by an additive constant. The
 magnitude of the cosine-symmetric data is much smaller than that of the sine-symmetric
data. The difference in magnitudes is consistent with interpreting the cosine-symmetric
data as a higher-order correlation. We assume that the effect of increasing the RF power
is to increase .the density of excited quasiparticles. The magnitude of the sine-symmetric
data is roughly propor_tiona.l to the RF power but the shape does not change significantly.
If the sine-symmetric data are a measure of g(1)(7), the constant shape indicates that the
" coherence time 7. of the quasiparticle oscﬂlatioxi does not depend strongly on the density
of quasiparticles. The cosine-symmetric data change in both magnitude and shape as the
RF power is increased above 4.6 uW. If these data represent g(*)(r), the change in shape
may indicate that the quasiparticle lifetimes 7,53 and 7,p, depend on the density of excited
quasiparticles for RF powers > 4.6 uW. Future experiments will measure data similar to
Fig. 6.9 as a function of V, and temperature T'. A detailed fit of the cosine-symmetric data
toa phenomenological form for g{?)(7) may provide values for the quasiparticle lifetime as

a function of V, and T'.
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Figure 6.9: (a) Sine-symmetric part of an interferogram measured at various levels of RF
power with V, = 2.4mV. These data are proportional to g()(7). (b) Cosine-symmetric
part of the interferogram measured at various levels of RF power with V, = 2.4mV. These

data are proportional to g®®(7).
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