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United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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DESIGN ANALYSIS OF A HIGH Tc SUPERCONDUCTING MICROBOLOMETER
Qing Hu* and P. L. Richards

Department of Physics, University of California,
and Materials and Chemical Sciences Division

~ Lawrence Berkeley_Laboratory, Berkeley, California 94720

Abstract

Hé propose an antenna-coupled microbolometer based on the resistive
transition of a high T. superconducting film as a detector for far infrared and
millimeter waves. Suéh microbolometers can be mechanically stronger, more
easily fabricated, and much faster thah cohventiona] bolometric infrared
detectors. A design analysis shows that a noise equivalent power of
2.5x10"12 W Hz"1/2 j5 achievable for modulation frequencies up to 100 kHz. The
supercohducting film must be of high quality with narrow resistive transition

and low 1/f noise.
PACS numbers: 07.62. + s, 42.80. Sa, 44.10. + i, 74.75. + t, 85.60. Gz

* Present address: Department of Electrical Engineering and Computer Science
and Research Laboratory of Electronics, Massachusetts Institute of

Technology, Cambridge, MA 02139.



A high T. superconducting bolometer was recently proposed which can
potentially be two ordérs of magnitude more sensitive than any other liquid
nitrogen-cooled detector at infrared wavelengths longer than 20 pm.l This
proposed bolometer is conventional in the sense that the incident radiation is
thermalized in a region that is cbmﬁarab]e‘in size to the focal spot which is
at least as large as the wavelength. Bolometers for long 1nfrared wavelengths
suffer from slow time constants due to the undesirable heat capacity of the
substrate which provides the mechanical support for the radiation absorber and
the thermometer. To minimize this undesirable heat capacity, very thin
substrates ($25 pm) can be used but they are difficult to produce and are
mechanically fragi]e,.

In this letter we propose a high T. superconducfing microbolometer whose
linear dimensions are small compared with the thermal diffusion length at the
chopping frequency. Because of the small size, a high T. film deposited
directly onto a thick substrate will have small thermal conductance into the
bulk of the substrate. Consequently, the sensitivity of the microbolometer can
be very good. 'A1so, the heat capécity of the film and of the vo1ume'of
substrate thermally coupled to‘it will be small enough that the microbolometer
can be quite fast. -A‘room temperature microbolometer, which uses the
temperature dependent resistance of a very small Bi film, was described a
decade ago;2 It has an NEP = 1.6x10710 wyz-1/2 up to several hundred kHz. We
estimate that a 1x5 umz YBCO microbolometer cod]d have NEP = 2.5x10"12 whz™1/2
up to 100 kHz. Even better performance may be achievable with smaller film

areas. Imaging arrays of microbolometers are much simpler to construct than of



conventional high T. bolometers because they can be lithographed directly onto
the thick substrate.

At near infrared wavelengths, the diffraction limited focal spot can be
made small enough that the incident radiation can be absorbed directly in the
microbolometer. At far infrared and submillimeter wavelengths, an antehna can
be used2 to couple radiation into a small area of high Tc superconducting fi]m;
Although the antenna must be at least comparable in size to the wavelength, the
dimensions of the region in which the infrared power is thermalized can be much
smaller. |

Planar lithographed antennas are used to couple both semiconducting and
superconducting devices to radiation fields from far infrared to millimeter
wavélengths.3 The short wavelength 1imit of this technology is not well ' TR
understood, but response has been demonstrated at 119 pm.z The simplest example
of such an antenna is the dipole. Alternatively, there is a useful class of R
broad band antennas, called self-complementary, in which the shape of the
regions covered by metal is the same as the shape of the regions of bare
dielectric. The simplest such antenna is the 90° bow tie. Others, with more
ugeful antenna patterns include the log-periodic4 and the spira].s A1l are very

broad band and have a frequency independent real antenna impedance3

. R = 377[2(1+e)]‘1/2 Q. that depends only on the dielectric constant e of the

substrate. Because the radiation from antennas on dielectric substrates
propagates preferentially into the substrate, they are often made on the‘flat

side of a dielectric lens, as is shown in Fig. 1.



The high Te film used in the antenna-coupied microbolometer must meet
several requirements. In order to thermalize the far infrared energy
.efficient1y, the resistance at the midpoint of the transition must match the
resistance of the antenna. Since the typical resistivity of a good quality YBCO
thin film is -100 uQcm just above T., the ratio of length to cross sectional
area should be ~106 e} to match a self-complementary antenna on a substrate
~with €= 10. The width of the resistive transition should be narrow so that

the voltage responsivity, which is proportional to dR/dT for a constant current
bias, will be large. Also, excess (1/f) noise in the bolometer must be small.
This réquires the use of high quality c-axis films.! The responsivity of the
bolometer will improve as the film area A is reduced. Successful patterning of
films with sub-micron dimensions has been reported.6 We have chosen a
conservative film volume of 5;1x0.02 pm3 for the numerical exaﬁp]es quoted
below to avoid excessive low frequency noise, which may scale inversely with
film volume. |

Because of the large positive temperature coefficient (dR/dT > Q) of the

film at the bias point near T., the current in the film will distribute itself

cr
to make the température of the film uniform.  Measurements on other
metal-dielectric interfaces7 suggest that the thermal boundary resistance will
be negligible at 90 K so that the film temperature will be equal to that of the
tdnfigdous Sdbstrate. Bdffér 1éyers, whiéhréan be uséful in tﬁé.prepéréfgoﬁ of
- high T. superconducting films may, however, énhance this resistance. Following

thevanalysis of ref. 2, the termal conductance Gg from the high T.

superconducting film to the bulk of the substrate can be written as



s(f) = Kg | ST -ds| /AT, (1)

where kg is the thermal conductivity of the substrate, T is the position
 dependent temperature in the substrate, AT is the temperature difference
between the film and the substrate far ffom the film, and the integral is over
fhe area of the substrate underneath the film. We model the contact between
the film and the substrate as a hemisphere of radius a, so that the heat flux
is radial. The temperature of this contact is assumed to be modulated at
frequency f. The area A = 2nal is set equal to that of the high T.
superconducting film. From the diffusion equation; the tehperature

distribution in the substrate is

-1 e(a-r)L e1(2nft—r/L)’

' T.- To + ATar (2)

~where L = (D/uf)l/2 is the thermal diffusion length on the time scale of the
signal modulation, D = KS/CS is the thermal diffusion constant, and cg is the

" substrate heat capacity per unit volume. From Eqs.(l) and (2),

2,172
7.

(f) = A a [(1+a/L) + (a/l) (3)

At Tow frequenc1es, L>>a, GS(O) = Axs/a wh1ch is equal to the thermal
conductance of a cylwnder with area A and length a. At h1gh frequenc1es, L<<a,
and the heat can propagate only a very short distance L. The effective length
of the cylinder is then L, giving a thermal conductance Gs(f)'- Acg/L, which
scales as f1/2, This increase of the thermal conductance degrades the

performance of the microbolometer at high frequencies. The frequency

2
T2
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f. = 2xg/Acg at which L=a is listed in Tab]e I for various substrates. Heat
dissipated in the film can also be distributed to the substrate by conduction
through the metal film antenna. Estimates of this conduction channel suggest
that it can be significant compared with the.;ondu;tion into the substrates
witﬁ Tower ﬁherha] conductivity in Table I. The numerical values depend on the
details of the design. In principle, this conduction channel can be reduced by
making the antenna from a superconductor with higher T. than the one used for
the thermometer.

In Table I we list the thermal and far-infrared properties of several
commonly used substrates for high T. superconducting films. The extinction
1engths,11’14'17 of all of the listed materials are long enough for operation
at wavelengths down to 100 pm. Because of its high dielectric constant, SrTi0;
is not 115ted. Fused and crystalline quartz would be very useful substrates
for microbolometers becaJse of their small dielectric constant and wide range -
of thermal conductances. However; they are not favorable substrates for the
production of high quality films. The best candidates appear to be Mg0 for a
fast microbolometer and ZrQ; stabilized with Y;03 for a slower, more sensitive
bolometer. Anti-reflection coatings3 may be required for high optical
efficiency.

Following the derivation in Ref. 1, the voltage responsivity of a
transition edge bolometer can be written as

9 aR

c ' |
ISI - [G(f)GT]. | ’ (4)




In princip]e, response can also be observed due to heating of the
quasiparticles above the phonon temperature18'and the heating of the film above
the temperature of the contiguous substrate. These effects are expected to be
very fast, but to have very small responsivity. The numerical factor a<l is to
insure thermal stability; we wi]l choose a=0.3. In this expression the
temperature coefficient d(2nR)/dT ét the bias point, whicﬁ appears in
conventional bolometer theory has been replaced by the inverse of the
nalf-width 6T of the superconducting transition.

The noise equivalent power (NEP) of the microbolometer can be computed by

summing the squares of statistically independent contributions,

4k,T R e kTR 12
+ + | (5)

Nk fIs|e. S|

T2G(f) +

- 1
NEP = n[4kB :

where n is the optical efficiency. Values of n larger than 50% have been

measured for 1og-periodic4 and spira]5 antennas on quartz. The first term in

£q. (5) arises from the thermal fluctuations, or phonon noise in the
microbolometer. The second term is the Johnson noise in the resistance R. of
the high T, superconducting film at the midpoint of the transition. The third
térm represénts the 1/f noise in the film, which we assumel to have a spectral
density of the form Sy(f) = sz/f, where V is the bias voltage and B depends on
the quality of the film. It is expected thaf B will increase with decreasing
film volume. Because of the high speed of the microbolometer, however,
operation may be possible at higﬁ enough frequencies that this term will not be

important. The last term arises from an amplifier with noise temperature Ty.

iy
SN




It can be seen from Eqs.(4) and (5) that the ratio of the squares of the

1imits to the MNEP from phonon noise and Johnson noise is

(NEP)
(NEP)

~“Johnson

phonon

- (aT /6T) . (6)

With. o = 0.3 and a conservative value.of &7 = 2 K, this ratio is equal to 16.

Johnson noise in a 102 Q resistor at 90 K is ~0.7 nVHz‘l/Z, which is
comparable to the best amplifiers for frequencies f>103 Hz. If the 1/f noise
can be kept small by the use of high quality films, then the high T.
superconducting microbolometer will be strongly limited by phonon noise.

No noise term has been included in EQ.(5) to represent fluctuations in the
rate of arrival of photons from the signal or from background sources. Because
of the single'moﬁe throughout, estimates of the photon noise limit from a 300 K
source at wavelengths A>100 pym give NEP - 10-15 sz’l/z, which is too small to
be important for the high T. superconducting microbolometer.

In Fig. 2 we plot estimates of the NEP, including contributions from phonon
and Johnson noise, for microbolometers with area A = 5 pmz on various
substrates as a fuﬁction of the signal modulation frequency.> The performance
of a commercial room temperature pyroelectric detectorld is also plotted for
comparison. For a fused SiOz substrate, values of NEP = 2.5x10'12 whz"1/2 can
be obtained at freduehéiés>dp to 10 kHz with a factor 2 increase by -1 MHz. |
For a high thermal conductivit& substrate such as Al,03, the NEP is slightly
below 10710 wHz=1/2 at 10w frequencies and increases by a factor 2 at -10° Hz,
which corresponds to a pulse width ~1 ns. Because of the absence of data on
films of such small size, 1/f noise has been neglected. we expect the 1l/f

noise to contribute to the NEP at some low frequency.
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TABLE 1. Thermal and far-infrared properties of several commonly used substrates for high T

superconducting thin films

Substrate Thermal _ Specific fe=2xg/Acg Thermal Dlelectr1c Film
materials  conductivity?® HeatDs€ conductanced  constant®f quality9
kg (W/cm K) cg(d/cmK)  (Hz) G (W/K) (€)

Sapphire 6.4 0.39 6.6x108 3.6x1073 9 Good to

. excellent
Magnes ium
Oxide 3.4 0.53 2.6x108 1.9x1073 10 Excellent
Fused ,‘ Need buffer
Quartz . 0.0062 0.59 4.2x10° 3.5x1076 4 layer
Crystalline : : Need buffer
Quartz 0.35 0.59 2.4x107 2.0x1074 4  layer
Doped _
Zirconia 0.015 : 0.70 8.6x10° 8.4x1070 12.5 Excellent

383558582=======ﬂu=============zaﬂB======================================================================

a Reference 8. D Reference 9. € Reference 10. 9 The thermal conductance is ca]cu]ated from Eq. (3) at
zero frequency, the area A of the microbolometer is assumed to be 1x5 umz
€ Reference 11. f Reference 12, 9 Reference 13.
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Figure Captions

Figure 1. Schematic of a 90° bow-tie antenna on the flat side of a
hemispherical dielectric lens. Radiation is coupled to the antenna more

efficiently through the lens and substrate.

Figure 2. (a)-(e) Computed values of the frequency dependent NEP of high T.

superconducting microbolometers on various substrates compared with that (f) of
a commercial pyroelectric detector.l9 The substrates are (a) fused quartz, (b)
yttria stabilized zirconia, (c¢) crystalline quartz, (d) magnesium oxide and (e)
sapphire. The NEP's only include the contributions from the phonon and Johnson
noise, that is, NEP = (NEP)phonon(I*GT/“TC)I/Zf The values of Gg are Tisted in
Table I. The numerical assumptions include an optical efficiency n = 0.5, -

a=0.3, a film area of 1x5 umz, To = 90 K, and a transition width 2 6T = 4 K.
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