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A batract-The design of high-Tc superconducting ter could be conveniently used. The high-Tc bolometer
bolometers for use in a far infrared imaging array from offers higher sensitivity under these conditions, primarily
wavelengths 30 - 100 #m is discussed. Measurements of because of its lower operating temperature and the sensi-
the voltage noise in thin films of YBa2CuaOT_6 on yttria- tivity with which small changes in the temperature of the
stabilized zirconia buffer layers on silicon substrates are bolometer can be detected. Applications for composite
used to make performance estimates. Useful opportuni- high-Tc bolometers exist in far-infrared laboratory spec-
ties exist for imaging and spectroscopy with bolometer troscopy and space observations of bright sources such
arrays made on micro-machined silicon membranes. A as planets [3] using radiatively cooled systems or systems
circuit on each pixel which performs some signal integra- cooled with a single stage Stirling cycle refrigerator.

tion can improve the sensitivity of large two-dimensional Some of the authors have recently built composite
arrays of bolometers which use multiplexed readout am- high-Tc bolometers cooled by liquid nitrogen with D" -
pliiiers. 1 - 4 x 10°cre Itzl/2W - t for wavelengths 20 - 300 #m

I. INTRODUCTION [4, 5]. The areas of these bolometers were chorea from
1 to 10 mm s to match the throughput of laboratory

Recently, much work has focused on the high-Tc super- Fourier transform spectrometers. For such large areas,conducting bolometer as an infrared detector [1]-[5]. Such
bolometers consist of an infrared radiation absorber ther- there axe stringent requirements on thermometer sensi-

maUy coupled to a high-Tc superconducting thermometer tivity which require the use of high quality epitaxial c-
operated at its resistive transition, both weakly coupled axis YBa_CuaOT_6 (YBCO)films on favorable substrates

with sharp resistive transitions and low voltage noise un-
to a liquid-nitrogen-cooled heat sink at 77K. In this pa- der current bias. Arrays of much smaller bolometers are
per. we only consider relatively sensitive slow compos-
ite bolometers which are constructed on thin substrates potentially useful for thermal imaging. The absorbing

that are thermally isolated from the heat sink. We will area A can be as small as the diffraction limit A - A2/f/,

not consider the fast bolometers obtained when a high-Tc where f_ is the solid angle of the pixel's field of view.

film is deposited directly on a bulk substrate [6] or the The lower heat capacity of such small bolometers relaxes
the requirement on thermometer sensitivity. The possi-

antenna-coupled microbolometer [7]. bility then exists that YBCO on amorphous substrates
For wavelengths A < 20 #m, photovoltaic infrared de- like silicon nitride (SiaN4) membranes could be used at

tectors such as HgCdTe give excellent performance at wavelengths near-.. 10#m [8, 9].
77K. For wavelengths A > 20 ,m the sensitivity of semi-
conducting detectors at or above 77K is poor and room- In this paper, we consider an intermediate case of
temperature thermal detectors such as the pyroelectric micro-machined bolometers on silicon membran_ which

detector, the thermopile, or the Golay cell are used in ap- are potentially useful for imaging from wavelengths 30 -
plications where a liquid-nitrogen-cooled high-Tc bolome- 100 #m. Measurements of electrical noise in YBCO ther-

• mometers on siliconsubstratesare used to predictthe
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TableI. Omracumslic$of YBCOfilmsmeasuredfor useasthermomewason highTcbolometers.

IdR -t
Sample Source Geometry ( R dT1 (K) Svl/2/IR(Hz"I/2) NET(KHz"I/2) PDC(_LQcm)atmidpoint

!

A Conducms l x 1mm2 I 3.lfr8 3.lfr8 37

300.m,_cot2om Sr_%/At2%
B Xerox 1 x 3 mm 2 2.6 3.10-8 8.10 -8 55 .

1 40 nmYBCO/50nm YSZ/Si

C Conducms 3 x 3 mm2 6 4'10.7 2.4"106 270

300nm YBCO/20mn YSZ/Si3N4

D , Xerox I x 3 mm2 5 106 5'10-6 190

40 nmYBCO/50nm YSZ/Si3N4

II. THEORY changes have been used as thermometers for thermal far-

infrared detectors operating above ??K [10]-[13]. ForThe minimum heat capacity C of a practical bolometer
is limited by materials considerations such as practical applications with frequencies less than I00 Hz, the best
substrate thickness. The minimum thermal conductance NET of these technologies is in the range of 10-e K/Hz z/2.

G to the heat sink is limited by the background power If these thermometer technologies are restricted to thin
loading and by the required response time r = C/G. The films useful for large micromachined arrays, such as bis-
responsivity of a bolometer operated at temperature T muth films, then NET > 10-5 K/Hz z/2. High-Tc thin film
on the resistive transition R(T) is thermometers promise values of NET < 10-s K/Hz z/2,

and hence orders of magnitude increase in detector sensi-
dR(T) tivity. A figure of merit which is related to the NEP--the

$(w) = I_ IG + i_CI -I , (1) specific detectivity D" = At/_/NEP, where A is the de-
tector area--is convenient for comparing the seusivitity

where I is the bias current and _ is the angular fre. of detectors with different areas.
quency of the modulated light [1]. We neglect the ef-
fects of positive thermal feedback from the bias current

III. YBCO THERMOMETER PROPERTIESwhich reduce the thermal conductance to an effective

value G - I2dR/dT. To maintain thermal stability, we Fabrication of useful high-Tc composite bolometers re-
constrain the current by the condition I2dR/dT <_0.3G. quires films on very thin substrates to minimize heat ca-

The noise equivalent power (NEP)--the smallest de- paciW. We investigated YBCO films on sapphire, sili-

tectable signal in a 1 Hz noise bandwidth--is calculated con, and silicon nitride substrates ali of which are strong
by summing the important sources of incoherent noise in enough to be made thin. Details concerning the fabri-
quadrature, cation and measurement of these samples have been re-

4kTeR e2 + (i,.R) 2 St(w) I/2 ported elsewhere [8]. Table I summarizes the properties
_ of four YBCO films which were deposited by laser abla-

NEP = 4kT_G + ISI2 + [Sl2 + [SJ= ) ' tion at Conductus and Xerox. These are representative
(2) of the best performance that has been obtained to date.

Ideally, the dominant contributions of an optimized Samples A and B were epitaxial c-axis films deposited

bolometer are the first and second terms, which are ther- on crystalline substrates with buffer layers. The noise
real fluctuation noise and Johnson noise respectively. The measured at 10 Ez on the steepest part of the resistive

third term, amplifier noise, should be negligible in a well transition for Sample A (YBCO/SrTiO3/AI2Os) gave
engineered bolometer. In practice, the fourth term, volt- NET = 3 x 10-s K/HzU2. This sample was as quiet
age noise in the film, is the largest contributor to the as the best YBCO films that we have measured to date

NEP in many of our bolometers. We characterize noise on any substrate. Sample B was deposited on a silicon

in the thermometer by the noise equivalent temperature substrate using a proce_ specifically developed to pro-
(NET)--the smallest detectable temperature change in a vide a pristine Si surface for epitaxial growth [15]. The
1 Hz noise bandwidth. The NET = $1/2(w)(IdR/dT)-I best NET at 10 Ez yet obtained for YBCO on a silicon

where Sv(w) is the spectral density of voltage fluctuations substrate is NET = ? x 10-SK/Hz 1/2. Samples C and D

in the high-Tc film. Phenomena such as thermopower, were mostly c-axis YBCO deposited on amorphous Si3N4
Bi film resistance, gas expansion, and dielectric constant films with YSZ buffer layers. Their values of NET at 10
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Hz are about 100 times poorer than for samples A and B.
In general, we expect that YBCO films with poor epitaxy
make noisier thermometers.

Films that satisfy other standard requirements for qua]- Ag
ity (e.g. large .Tc, narrow resistive transition) consistently

, show low noise before processing. Samples A and B had
high critical current (Xc > 106A/cre 2, T = 77K) and, as
shown in Table I, narrow resistive transitions, and low
voltage noise. Processing, especially in the form of nar-
row, patterned lines, has been observed to increase noise.
We have avoided extensive processing of the films after
deposition by using large area YBCO thermometers with
the minimum resistance necessary to couple adequately
to the readout amplifier. This approach also minimizes
film volume dependent mechanisms for 1/f noise.

IV. BOLOMETER DESIGN Figure 1. Diagram of a membrane bolometer. The
bolometer consists of a YBCO film which functions as

For practical reasons, bolometers for use in large format the radiation absorber and as the thermometer. The sili-

imaging arrays must be produced by optical lithography con membrane is isolated from the heat sink by two thin

and micromachining. Silicon and SisN4 are well suited to legs. Radiation is incident on the Si membrane from the
such fabrication techniques. Yttria-stabilized zirconia is back side.
another candidate membrane material. It is compatible

with high quality YBCO thermometers, has low thermal

conductivity, and can be etched into free-standing mem- We have fabricated 0.5/Jm thick Si membranes which
branes [19]. In this section we discuss the thermal prop- are supported by two 1000 × 100 × 0.5/_m legs. The mem-
erties of a silicon membrane bolometer pixel, estimate its brane was defined with an etch-stop layer produced by

sensitivity, and consider using the YBCO thermometer as selective ion implantation of 180 keV BF2+ at a dose of
the infrared absorber. 10t6cm -2. After a 60s anneal at 1000°C, the Si sam-

For a given optical system, the area of a pixel which pies were etched in a solution of 80°C KOH. There are
couples optically to N spatial modes is proportional to some disadvantages to the boron etch stop. The boron
the wavelength squared concentration results in a degenerately doped Si mem-

brane which is under tensile stress and may be difficultA = (3)
to fabricate reproducibly to the dimensions needed for

where f_ is the solid angle of the field of view of the pL,eel. sensitive high-Tc bolometers. Also, a degenerately doped
Many considerations enter the choice of the constant of Si membrane has a high infrared conductivity which
proportionality N/fL The goal of this design is an imag- renders resistive infrared absorbers ineffective [14]. We

ing array with f/6 optics (_ = 0.02sr) which has useful are presently investigating an electrochemical etch-stop
sensitivity for wavelengths 30 - 100/_m and is diffraction- which uses a reverse-biased p - n junction to slow the

limited (N = 1) at A = 100/_m. From (3), the pixe] Si etch rate in KOH [16]. This technique requires much
size is 0.7 x 0.Tram. Using handbook values [20], we lower ion implantation doses of ~ 1012 cm -_.
estimate the heat capacity for a 0.5/_m thick Si mem- In earlier work on sapphire composite bolomete_, some
brahe to be C = 1.5 x 10-7 J/K. For a thermal conduc- of the authors used a gold black absorber for wave-
rance G = 5 x 10-s W/K, the thermal response time is lengths from 0.5 - 50/Jm and a resistive bismuth film

r = C/G = 3 ms. Such a thermal conductance can be from 50 - 1000/_m [5]. A 30 nm Bi film deposited on
achieved with two 1000 x 90 x 0.5 ,m legs of Si which the back of the Si bolometer would have a surface re-
support the membrane. Figure 1 is a diagram of such a sistance R, ,_, 150_ and could absorb _ 50% of the rs-
bolometer with the width of the Si legs exaggerated for diation incident through the Si substrate [14]. Such a
clarity. From (2), the limit to the NEP from thermal fluc- metal film must be mu_h thinner than the wavelength

' tuations for this bolometer is NEP = 3 x 10-12 W/Hz II2. and must have a quasiparticle scattering rate which is
If sample B from Table I were used as the thermometer, higher in frequency than the photons to be absorbed. An
then NEP - 5 x 10-12 W/Hz 1/2 which corresponds to alternative scheme is to use a YBCO film on the front of
D ° - 1.4 x 10t° cmHzl/2W - i. This detectivity is signifi- the bolometer as both the thermometer and the absorber
cantly better than the D ° - 2 × 109 cmHzl/2W - l of the of infrared radiation incident from the back. Data on the

best Schwartz-type thermopiles used in this wavelength infrared conductivity [17] of a 48 nm thick YBCO film
range [3]. about Tc suggest that a 20 nm thick YBCO film would



have R, ,_ 150 - 1201"/forwavelengthsof 30 - I00#m VBIAS Select
respectively.Thiscorrespondstoan absorptionefficiency

of 53%- 45_ for radiation at normal incidence. Since the [ [
mean free path at 100K is -,, 16 nra, surface scattering in _I_
films thinnerthan 200 nm may increase the scattering "]"J T _) C
rateand make a YBCO absorberusefulforshorterwave-

lengthsas well[18].Such a scheme couldalsoreducethe
thermometernoisesincethevolume ofthe filmwould be

1.  Ore1000uoree ;coupling to a readout amplifier.

V. ARRAY DESIGN AND READOUT R

We have predictedusefulsensitivityfora singlepLxel

high-Tcbolometerwitha dedicatedlow-frequencyampli-

fier.Many imaging applications require large arrays of r, 77

bolometers where constraints on power dissipation and Figure 2. Schematic circuit of a readout for a single pixel
filling fraction only allow for a few multiplexed amplifier in an array. This circuit has both an anti-aliasing filter
channels which integrate the signal from each pixel for a and some voltage gain to buffer the signal from noise in
fraction of the toted observation time of a frame, the "Select" transistor and in the readout amplifier. The

The NEP of a bolometer pixel has contributions from power consumption and size of this circuit would allow it
infrared source fluctuations---such as those which arise to be fabricated on a separate Si wafer and connected to
from fluctuations in emission from the atmosphere--as the bolometer array with indium bump bonds.
well as the thermal fluctuation noise, represented by the

first term in (2). It also has contributions from voltage
fore it is aliased.fluctuations in the thermometer, represented by the sec-

ond and fourth terms in (2). Thermal fluctuations oc- Figure 2 shows a schematic implementation of a read-
curring for wnuctr :_ 1 are integrated by the thermal out circuit for a single pixel in a two dimensional bolome-
response time of the bolometer. Therefore, a bolometer ter array. The readout circuit elements could be fabri-
which operates in the source noise or phonon noise limit cated on a separate silicon wafer which is bonded to the

with _-equal to the frame time does not require additional bolometer array with indium bumps. This circuit has
electrical integration. Most high-Tc bolometers as well as both a low pass filter and voltage gain to buffer the sig-
the bolometer design that we have described above are nal from noise in the _Select" transistor. The signal is
limited by voltage noise fluctuations. Therefore, integra- stored on the capacitor C which is read out at the frame
tion of the electrical signal is desirable. An RC filter could rate by the readout amplifier. The resulting amplifier

be implemented next to the bolometer which integrates noise contribution to the NEP is negligible for available
voltage fluctuations occurring on time scales shorter than readout amplifiers [21].
the frame time. We have discussed the design of an imaging array of

As a specific example, we consider a 16 x 16 imaging high-Tc Si membrane bolometers which could be useful
array of high-Tc bolometers. Since both the readout am- over wavelengths 30 - 100/_m. Measurements of electri-

plifiers and the bolometers have 1/f noise, we assume cal noise in YBCO films on Si substrates were used to
the incident radiation is chopped at 60 Hz. This leads calculate the sensitivity of transition-edge thermorueters.
to a frame rate of 30 Hz and a thermal time constant These data and an analysis of the thermal geometry of a

r - 3 ms for each bolometer pixel. The pLxeis are con- bolometer which is diffraction-limited at A - 100/Jm pre-
tinuously biased and dissipate roughly 50/_W each. The dict D" - 1.4 x 101°cmHzt/2W-I for a single pixel. A
whole array is read out once while observing the tar- readout scheme for an array of bolometers which provides
get, and again while observing the chopper blade. The signal integration on the chip has also been described.
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