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Thermal Design of High-Tc Superconductor Radiometers
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This paper investigates the feasibility of constructing electrical substitution radiometers operating near
liquid-nitrogen temperature using high-temperature (Tc) superconductors. Three design examples that
utilize micromachining techniques and a YBa2Cu3O7-d superconductor meander line are presented and
evaluated. The key performance parameters of a radiometer, such as the power noise level, the maximum
measurable power, the time constant, and the spatial uniformity, are predicted based on the design
geometry and materials properties. A � nite element method is employed to calculate the temperature
distribution on the receiver. The temperature responsivity is obtained for different heating methods. The
spatial nonuniformity and the nonequivalence between radiative heating and electrical heating are de-
termined. A time constant of about 1 s, a measurable power ranging from 150 nW to 150 mW, and a
nonequivalence (between radiative and electrical heating) of 0.36% are predicted for a design that uses
a thin silicon substrate sustained by a yttria-stabilized zirconia membrane. A time constant of about 2 s,
a measurable power ranging from 1.3 mW to 1.3 mW, and a nonequivalence of 0.18% are predicted for
a design that uses a 25-mm-thick sapphire plate.

Nomenclature
A = area of the receiver, m2

C = heat capacity of the receiver, J/K
cp = speci� c heat, J/kg K
d = thickness, m
G = thermal conductance, W/K
k = thermal conductivity, W/m K
l = length, m
P = radiant or electrical power, W
Pmax = maximum measurable power, W
Pmin = minimum measurable power, W
Pn = power noise, W
R = temperature responsivity, K/W
T = temperature of the receiver, K
Tav = average temperature of the YBCO meander line,

K
Tc = critical temperature, K
T0 = temperature of the heat sink, K
w = width, m
X, Y, Z = coordinates, m
DT = temperature difference (T 2 T0), K
dTn = temperature noise level, K
r = density, kg/m3

s = Stefan – Boltzmann constant, 5.67 3 102 8 W/m2 K4

t = time constant (C/G), s

I. Introduction

I NFRARED radiometers have many applications, including
noncontact temperature measurements and space observa-
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tions.1,2 Room-temperature electrical substitution radiometers
are commonly used in laboratory and industry measurements.3

Cryogenic electrical substitution radiometers, operating be-
tween 2 – 5 K using liquid helium, have been used as primary
standards for the realization of radiance and irradiance
scales.4– 6 There is a need for fast, portable, accurate, and sen-
sitive radiometers that can be used as transfer standards for
calibration of commercial radiometers and blackbody sources.
These radiometers should operate at liquid-nitrogen tempera-
ture (77 K) or higher for low cost and easy operation. By
reducing the temperature from room temperature to liquid-ni-
trogen temperature, the background radiation will decrease by
two orders of magnitude. High-Tc superconductors have been
used to fabricate sensitive radiation detectors operating above
77 K (Refs. 7 and 8). These devices utilize the strong temper-
ature dependence of the electrical resistance of a super-
conductive material in the superconducting-to-normal state
transition region. Rice and Zhang9 presented a high-Tc

superconductor radiometer design for use as an infrared trans-
fer standard. The spatial uniformity and the nonequivalence
between the electrical heating and radiative heating, however,
were not predicted.

In the present study, thermal design and modeling are per-
formed to evaluate the feasibility of using high-Tc supercon-
ductive � lms as the temperature sensor for infrared radiome-
ters. The key parameters that are important to the radiometer
application are discussed, resulting in a series of design cri-
teria. Three different design structures that utilize state-of-the-
art micromachining technology are presented. The temperature
distribution at the receiver is predicted using � nite element
analysis software. The spatial uniformity of the radiometer re-
sponsivity is determined. The nonequivalence of the detector
responsivity between the electrical heating and the radiative
heating is predicted for each design. The time constant, the
dynamic range, and the noise level are also calculated.

II. Design Criteria and Structures
A. Parameters and Their Relations

For an electrical substitution radiometer, a temperature sen-
sor and a heater are located on a receiver that is thermally
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Fig. 1 Schematic of an electrical substitution radiometer.

isolated from a heat sink (Fig. 1). In the active mode of op-
eration, the temperatures of both the heat sink and the receiver
are maintained constant using feedback control. A shutter in
front of the radiometer (not shown in Fig. 1) can be opened
to receive the incoming radiation. The radiative power is the
difference in the electrical power supplied to the receiver be-
fore and after the shutter is opened. One of the advantages of
using electrical substitution is that the nonlinearity caused by
either the detector or the ampli� er is essentially eliminated.9

Nonlinearity can be a major source of uncertainty for thermal
detectors including high-Tc superconducting bolometers.10,11

For use as a transfer standard for optical power measure-
ments, the receiver should be suf� ciently large that the beam
under� lls its sensing area. In a typical application, such as for
measuring the power in the monochromator exit beam of the
NIST (National Institute of Standards and Technology) Infra-
red Detector Comparator, the detector is at least 5 mm in di-
ameter.11 Depending on the particular application, the incoming
radiant power level ranges from submicrowatt to a few milli-
watts. A large dynamic range (3 – 5 decades) is also desired.
The time constant of absolute radiometers ranges from several
seconds to a few minutes.3,6,12 However, an ambient-back-
ground infrared transfer standard radiometer typically must be
fast enough that the beam can be chopped to minimize back-
ground effects. The time constant t is determined from the
total heat capacity C of the receiver and the thermal conduc-
tance G between the receiver and the heat sink by t =
C/G. C is limited by the dimensions and the properties of the
materials, mainly the substrate material. The smaller the G, the
larger the temperature rise for the same input power (i.e., the
temperature responsivity). The minimum measurable power
with 1% uncertainty is 100 times the product of G and the
temperature noise dTn; i.e., Pmin = 100GdTn. Since the voltage
and critical current relation of a superconductor can be used
to measure the temperature change, a superconducting ther-
mometer can operate below the critical temperature Tc (Refs.
13 and 14). This greatly improves the dynamic range because
the transition width of high-Tc materials is usually less than 1
K. If the temperature of the heat sink is maintained at T0 = 80
K, and that of the receiver is maintained at T = 90 K, the
maximum temperature difference is DTmax = 10 K, and the
maximum power is Pmax = GDTmax. The measurable power
range (i.e., the dynamic range) is determined by the tempera-
ture noise and the maximum allowable temperature difference
between the receiver and the heat sink. Assume the tempera-
ture noise level is 100 mK based on the experiments of Les-
quey et al.15 Then, G should be ’10-5 W/K for measurements
from 100 nW (with 1% noise) to 100 mW and ’102 3 W/K
for measurements from 10 mW (with 1% noise) to 10 mW.
The dynamic range is three decades. Notice that the ultimate
limit for the noise equivalent temperature is the phonon noise,
which is ’2 3 102 7 K Hz2 1/2 for G = 102 5 W/K, and ’2 3
1028 K Hz2 1/2 for G = 102 3 W/K, much smaller than the as-
sumed value of dTn (Ref. 9). This indicates that the temperature
noise can potentially be reduced in the future.

The temperature responsivity is the receiver’s temperature
rise per unit power supplied to the receiver, either by radiation
or by the electrical heater. For radiation incident on different
positions of the receiver, the responsivity may be different. The
uncertainty associated with the position-dependent responsiv-
ity is called spatial nonuniformity. The responsivity may also
be different between electrical heating and radiative heating,
which is called nonequivalence in radiometry. Detailed infor-
mation about the temperature distribution on the receiver for
each type of heating method is required to determine the non-
uniformity and nonequivalence. One of the major efforts of
the present work is to calculate the temperature distributions
and determine the spatial nonuniformity and nonequivalence.
The nonequivalence caused by other mechanisms, such as
heating by the electrical leads and the nonunity of the absorp-
tance, however, is not investigated in the present study.

B. Design Structures

Three different geometric con� gurations, manufacturable us-
ing contemporary micromachining technologies, are shown in
Fig. 2. Designs A and B employ silicon microfabrication tech-
nology. The heat sink and the substrate are crystalline silicon.
Design A uses a YSZ (yttria-stabilized zirconia) membrane to
support the receiver, whereas design B uses silicon bridges.
The area of the receiver is 5 3 5 mm. The YSZ membrane is
10 mm 3 10 mm 3 200 nm. The YSZ membrane and the
silicon bridges conduct heat from the receiver to the heat sink.
A YBCO (YBa2Cu3O7-d superconductor, Tc ’ 90 K) � lm
(thickness: d = 50 nm) is deposited on a silicon slice and then
patterned to form a meander line (width: w = 30 mm and
length: l = 7 mm). Similarly, an electrical heater is patterned
on the receiver to relate the radiant power to the electrical
power. The heater material is assumed to be Inconelt (an alloy
made of 78% Ni, 15% Cr, and 7% Fe). (The use of trade names
is for identi� cation only and does not imply endorsement by
the National Institute of Standards and Technology, nor does
it imply that the materials or products identi� ed are necessarily
the best available for the purpose.) Buffer layers are used be-
tween the YBCO and Si to grow high-quality superconductive
� lms. Similar structures have been fabricated by several
groups, and detailed discussions on the microfabrication as-
pects can be found in the literature.16– 20 Four 1 mm 3 1 mm
Au pads are deposited on the receiver to connect the electrical
leads to the heaters and YBCO (Fig. 3).

Design C uses a sapphire plate (25 mm thick) as the sub-
strate for the receiver, which is supported by Kevlart threads.
A superconductive YBCO � lm and a heater are deposited and
patterned on the sapphire substrate. The thermal coupling be-
tween the receiver and the copper heat sink is through eight
Au wires (18 mm in diameter and 6 mm long). Brasunas and
Lakew21 fabricated a superconducting bolometer on a sapphire
substrate and obtained a peak detectivity of 6 3 109 cm Hz1/2

W2 1 at 90 K with a chopping frequency near 4 Hz. This result
is comparable to the best performance of existing thermal de-
tectors operated above the liquid-nitrogen temperature.

For all three designs, the YBCO and the heater are patterned
on the back surface. It is assumed that the front surface is
coated with an absorption layer (such as Au black), since the
infrared absorptance of ’0.5 that is achievable with high-Tc

superconducting � lms is too low for transfer standard radi-
ometers.8,22,23 The wavelength region of interest for using a
high-Tc radiometer is between 2 – 20 mm, where the absorp-
tance of Au black is close to unity.22 Furthermore, a
hemispherical mirror may be used to enhance the absorp-
tance.9,24,25 Considering an Au black coating with an area den-
sity of 80 mg/cm2 and using the speci� c heat of gold,22 the
heat capacity of the coating at 90 K will be ’2 mJ/K, which
is 13% of the total heat capacity of the receiver for design A,
2% for design B, and 1% for design C. Because the thickness
and thermophysical properties of Au black depend on depo-
sition conditions, the heat capacity of the coating is neglected
in the present study.
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Fig. 2 Three different designs of high-Tc superconductor radiometers, where the outside dimensions of the heat sink are 15 3 15 mm.

Fig. 3 Illustration of the mesh on the 5 3 5 mm receiver.

III. Thermal Modeling
Thermal modeling and analysis are important to the under-

standing of the mechanisms of superconducting bolometric and
nonequilibrium responses.8,26– 28 In the present study, a com-
mercial � nite element software is used to obtain the tempera-
ture distribution. The � nite element method, software, and
hardware used in the present study have been discussed in
previous publications.12,29 At steady state, the temperature dif-
ference in the Z direction is negligibly small compared to that
in the X and Y directions. (The in� uence of the temperature
gradient inside the coating will be discussed in Sec. IV).
Hence, the substrate, the Au pads, and the YSZ membrane are
treated as surface elements, stacked on each other. The mesh
on the receiver is shown in Fig. 3. Each element is 0.25 3
0.25 mm. The YBCO, Inconel, and Au leads are modeled using
line elements. The total number of elements is 2564 for design
A, 1004 for design B, and 972 for design C. The steady-state
computation takes only a few minutes of CPU time on a work-
station with a speed of 125-million � oating-point operations
per second.

The numerical code used for this work cannot provide an
error estimate for elements that involve mixed materials and
radiation heat exchange. Therefore, careful checks are per-
formed to assure validity of the numerical model. First, sim-
pli� ed models are developed with constant thermophysical
properties and no radiation. Assuming that the temperature at
the receiver is uniform (using a very large thermal conductiv-
ity), the simulated results agree with analytical solutions within
the convergence criterion of 1 mK. Second, previous studies
have shown that the modeling results agree well with experi-
ments and analytical solutions for different types of radiome-
ters.12,29 Third, comparisons are made with different number of
elements and element size. By increasing the number of ele-
ments on the receiver from 20 3 20 to 40 3 40, the calculated
temperature of any node changes less than 0.4%. The change
in the predicted nonequivalence is less than 1% because a sys-
tematic error in the temperature change does not signi� cantly
affect the nonequivalence. The purpose of this paper is to dem-
onstrate the feasibility of constructing radiometers operating
above liquid-nitrogen temperature using high-Tc superconduc-
tors. Considering the uncertainty in the determination of ther-
mophysical properties, no further mesh re� nement is per-
formed.

Since the radiometer must operate in an evacuated chamber
to avoid water condensation, convective heat transfer and gas

conduction can be neglected. If the emissivity for both sides
of the receiver is 1, the thermal conductance between the re-
ceiver and its surroundings via radiation is ’6 3 102 6 W/K,
which is about 40% of the total thermal conductance for design
A, 0.6% for design B, and 5% for design C. Therefore, radi-
ative heat transfer is included in the modeling. The view factor
between the receiver and its surroundings is assumed to be 1,
and the emissivity of the receiver is taken to be 1 for simpli-
� cation. The temperature of the surroundings is assumed to be
constant and equal to the heat sink temperature T0. Without
any power supply, the receiver temperature would be T0 ev-
erywhere. Radiation and electrical heating are modeled as con-
stant surface heat � ux or nodal heating power. The temperature
distribution on the receiver depends on the heating location.
The nonequivalence is not proportional to the temperature dif-
ference on the receiver. Assuming that the electrical output of
the YBCO sensor is proportional to the average temperature
(Tav) of the nodes covered by the YBCO meander line, as
shown in Fig. 3, the steady-state responsivity is the average
temperature difference (DTav = Tav 2 T0) divided by the input
power (P), i.e.,

R = DT /P (1)av
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Fig. 4 Temperature distribution on the receiver for design A,
where the total heating power is 50 mW and the heat sink tem-
perature T0 = 80 K: a) radiative heating at the center (X = 2.25
– 2.75 mm; Y = 2.25 – 2.75 mm); b) radiative heating at the upper-
right corner (X = 4.25 – 4.75 mm; Y = 4.25 – 4.75 mm); and c)
electrical heating at nodes de� ned by the Inconel � lm.

Table 2 Predicted performance parameters of three
different designs for a maximum temperature

difference DTmax = 10 K

Design

A B C

G, mW/K 0.015 0.96 0.13
C at 90 K, mJ/K 0.016 0.13 0.24
t, s 1.1 0.14 1.8
R = 1/G, K/mW 67 1.04 7.7
Pmax = GDTmax, mW 0.15 10 1.3
dTn, mK <100 <100 <100
Pn = GdTn, nW <1.5 <100 <13
Spatial nonuniformity and/or

nonequivalence
<0.4% <3% <0.2%

Table 1 Properties of materials used in the designs26,30,31

T, K Au Inconel Sapphire Si YBCO YSZ

k, W/m K

75 355 11.8 1250 1510 9.97 1.62
80 352 11.9 960 1340 9.65 1.68
85 350 12.0 800 1210 9.33 1.74
90 348 12.1 640 1080 9.02 1.80
95 347 12.2 545 982 8.70 1.85

cp, J/kg K

75 97 273 56 169 152 95
80 100 277 68 188 163 107
85 102 281 81 206 175 118
90 104 286 95 224 186 130
95 106 290 110 241 198 142

r, kg/m3

—— 19,300 8600 4000 2300 6350 5200

The difference in R for the same power P supplied to different
locations of the receiver is a measure of the spatial nonuni-
formity. The difference in R between simulated radiative heat-
ing and electrical heating determines the nonequivalence. If
the temperature difference on the receiver is small compared
with that between the receiver and the heat sink, then R =
1/G at a steady state or at chopping frequencies much lower
than 1/t. In practice, the temperature of the receiver is actively
controlled near the middle point of the superconducting-to-
normal state transition of the YBCO sensor. In most cases, the
maximum temperature difference along the YBCO meander
line is less than 1% DTav, i.e., 0.1 K with the maximum heating
power. The transition width of the best YBCO � lms is ap-
proximately 0.5 K, and becomes broader for � lms of lower
quality. Therefore, the assumption that the electrical resistivity
of YBCO is proportional to temperature is valid except for
extreme cases, as discussed in the following section.

IV. Results and Discussion
Table 1 lists the thermophysical properties of the materials

used in the designs. All data are from Touloukian and Ho,30

except that the properties of YBCO are from Flik et al.26 and
the thermal conductivity of YSZ is from Ackerman et al.31

Because the speci� c heat data of YSZ below 100 K are not
available, the data of ZrO2 are used instead.30 By assuming
that the receiver is at a uniform temperature, a simple analysis
was used to determine the thermal conductance between the
receiver and the heat sink. The results agree with those cal-
culated by the numerical model. The detailed temperature dis-
tribution, however, cannot be obtained without numerical mod-
eling. Since the maximum temperature difference on the
receiver is one to two orders of magnitude smaller than the
temperature difference between the receiver and the heat sink,
the receiver can be treated as a lumped-capacitance system for

the prediction of the transient behavior. The heat capacity of
the receiver for each design at 90 K is listed in Table 2, to-
gether with other parameters.

The temperature distribution for design A with P = 50 mW
is shown in Fig. 4 for three different heating methods. The
temperature of the heat sink and the surroundings is 80 K. In
Figs. 4a and 4b, a constant heat � ux is provided to an area of
0.5 3 0.5 mm at the center and a corner, respectively, to sim-
ulate laser heating. In Fig. 4c, heating power is provided on
the nodes covered by the Inconel meander line to simulate
electrical heating. The average temperature of the YBCO sen-
sor (relative to that of the heat sink) for Figs. 4a – 4c is DTav

= 3.2957, 3.2908, and 3.2922 K, respectively. The maximum
temperature difference on the receiver for Figs. 4a and 4c is
’0.5% DTav, whereas that for Fig. 4b is ’1% DTav. The rel-
ative difference in responsivity for Figs. 4a – 4c is 0.15%.
However, if the heat � ux is supplied to the lower corner (X =
0.25 – 0.75 mm; Y = 0.25 – 0.75 mm), then DTav = 3.3025 K.
The difference in DTav or R between heating at the upper cor-
ner and the lower corner is ’0.35%. The minimum sensing
temperature is found when the heat � ux is provided at the
middle along an edge (X = 4.25 – 4.75 mm; Y = 2.25 – 2.75
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Fig. 5 Temperature distribution on the receiver for design B,
where the total heating power is 1 mW and the heat sink temper-
ature T0 = 80 K: a) radiative heating at middle of the right edge
(X = 4.25 – 4.75 mm; Y = 2.25 – 2.75 mm); b) radiative heating at
the upper-right corner (X = 4.25 – 4.75 mm; Y = 4.25 – 4.75 mm);
and c) electrical heating at nodes de� ned by the Inconel � lm.

mm), with DTav = 3.2906 K. The maximum spatial nonuni-
formity is ’0.36%. The nonequivalence between electrical
heating and radiative heating is ’0.31%. If the YBCO � lm
covers the whole sensing area, then DTav will be the average
temperature of the receiver. In this case, the maximum non-
uniformity is reduced to 0.03%. The thermal conductance cal-
culated by G = P/DTav is ’15 mW/K, and the time constant
is ’1 s.

Table 2 lists the predicted parameters for all three designs.
For design A, the responsivity and thermal conductance are
calculated with T0 = 80 K and P = 50 mW. The responsivity
may vary up to 7% because of the temperature dependence of
the thermal conductivity of YSZ and the nonlinear temperature
dependence of radiative heat transfer. For design B, the listed
responsivity is calculated with T0 = 80 K and P = 1 mW, which
may vary up to 20% because the thermal conductivity of Si
depends strongly on temperature. The responsivity for design
C changes little because of the nearly constant thermal con-
ductivity of the Au wires. The uncertainty in the numerical
calculation of the responsivity and thermal conductance is es-
timated to be 0.5% (using a coverage factor of 2, i.e., 95%
con� dence). The predicted spatial nonuniformity and/or non-
equivalence listed in Table 2 are conservative estimates for the
worst case. The noise power is 1.5 nW for design A, which is
much lower than that for any room-temperature electrical sub-
stitution radiometers, including the pyroelectric detector.3,24

The receiver temperature distribution for design B is shown
in Fig. 5 for a total power P = 1 mW. In Fig. 5a, the heating
power is provided on the middle along an edge to show the
effect of applying power near one of the bridges; simulation
of laser heating at the center was also performed for design B.
The responsivity is about 1 K/mW, which is much smaller than
that of design A because of the high thermal conductivity of
silicon. Even though the substrate thickness of design B is 10
times that of design A, the spatial uniformity is much worse.
The maximum temperature difference on the receiver in Fig.
5b is ’0.1 K, nearly 10% of the temperature difference be-
tween the receiver and the heat sink. In the worst case, the
maximum temperature difference on the YBCO meander line
is 0.07 K. For power greater than 1 mW, the large temperature
difference on the YBCO meander line may invalidate the as-
sumption that the electrical resistivity of YBCO is proportional
to temperature. The spatial nonuniformity and nonequivalence
calculated from the mean temperature of the YBCO meander
line is 2.7%, as listed in Table 2. Because the spatial nonuni-
formity is beyond the desired range, two methods are sug-
gested to improve the nonuniformity of design B. One method
is to increase the thickness of the silicon substrate to 40 mm
to reduce the nonuniformity to less than 1%. The heat capacity
and the time constant would be increased by a factor of 4,
which is still less than 1 s. Although design B is not as sen-
sitive as design A, it may be suitable for high-power (near 1
mW) applications. The second method is to increase the length
of the Si bridges, which will increase both the uniformity and
the responsivity but will decrease the speed. The feasibility of
using longer bridges to hold a large mass merits further in-
vestigation.

The modeling shows that design C has a better spatial uni-
formity, a slightly larger time constant, and about an order of
magnitude smaller responsivity than design A (see Table 2).
The measurable power range is comparable with a high-ac-
curacy cryogenic radiometer currently used for laser power
calibration at the National Institute of Standards and Technol-
ogy, Gaithersburg, Maryland.6 Therefore, design C is a prom-
ising option for construction of transfer standard radiometers
with a measurable power ranging from 1.3 mW to 1.3 mW.

For Au black, the density is as low as 3/1000 of that of bulk
gold, and the reported electrical conductivity is much lower
than shiny Au � lm.22 Hence, the thermal conductivity would
be much lower than bulk gold. A thickness of $10 mm is
required to achieve a high absorptivity. Therefore, the temper-

ature gradient across the coating could be comparable with the
temperature gradient in the X-Y plane of the receiver. Because
radiation is absorbed inside the coating, but the electrical
heater is underneath the coating, the temperature distributions
are different for radiative and electrical heating. However, if
radiative heat loss is small compared to heat conduction, the
temperature of the YBCO � lm will be approximately the same
for radiative and electrical heating with the same power.12 For
design A, the radiative heat loss is comparable to the heat
conduction. Therefore, the effect of the temperature gradient
in the coating is evaluated next.

Assuming that the temperature of the silicon substrate is
uniform and that all the radiation is absorbed by or emitted
from the surface, a thermal circuit is illustrated in Fig. 6, where
G1 and G2 represent the thermal conductance across the coating
and that between the receiver and the heat sink by conduction,
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Fig. 6 Thermal circuit for evaluation of the effect of the tem-
perature gradient in the coating on the nonequivalence.

Ts and T are the temperatures of the coating surface and the
substrate, respectively, and P1 and P2 indicate different heating
methods. The steady-state energy balance equations are

4 4P 2 G (T 2 T ) 2 sA(T 2 T ) = 0 (2)1 1 s s 0

4 4P 1 G (T 2 T ) 2 sA(T 2 T ) 2 G (T 2 T ) = 0 (3)2 1 s 0 2 0

Assume that the gold black is 15 mm thick with a thermal
conductivity of 0.35 W/m K (1/1000 that of bulk gold) and
has an effective cross-sectional area of 0.25 mm2 (the laser
beam spot size). G1 is calculated to be ’6 mW/K. Taking T
= 90 K and T0 = 80 K, G2 is estimated to be ’9 mW/K. P2

and Ts can be solved from Eqs. (2) and (3) by setting P1 = 0;
i.e., P2 = 0.15986 mW and Ts 2 T = 2 5.82 mK. Similarly,
P1 and Ts can be solved from Eqs. (2) and (3) by setting P2 =
0; i.e., P1 = 0.15997 mW and Ts 2 T = 20.82 mK. The
nonequivalence in power is u (P1 2 P2)/P2 u ’ 0.07%. Hence,
the temperature gradient inside the coating has little effect on
the nonequivalence.

V. Concluding Remarks
This paper presents three design examples of electrical sub-

stitution radiometers operating above 77 K, based on a high-
Tc superconductor temperature sensor and silicon or sapphire
micromachining techniques. A detailed thermal modeling is
performed for each design using a � nite element method. The
performance parameters are predicted according to the geom-
etry and thermophysical properties of the materials. The
steady-state temperature distribution on the receiver is ob-
tained for different heating methods. The spatial uniformity
and the nonequivalence between radiative heating and electri-
cal heating are evaluated. This work demonstrates the feasi-
bility of fabricating superconducting radiometers with a time
constant on the order of 1 s, noise powers from 1.5 to 100
nW, maximum measurable powers from 150 mW to 10 mW,
a dynamic range of three decades, and a spatial uniformity of
better than 1%. These results suggest that high-Tc supercon-
ductor radiometers can outperform room-temperature electrical
substitution radiometers in terms of the response time, the min-
imum measurable power, and the dynamic range. This study
will facilitate the development of electrical substitution radi-
ometers using high-Tc superconducting materials. Furthermore,
the thermal design method may also be used to analyze and
design other types of radiometers. Future experimental re-
search is required to realize these devices.
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