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WIDE OPERATIONAL RANGE THERMAL
SENSOR

ORIGIN OF THE INVENTION

The invention disclosed herein was made by employees of
the United States Government and may be manufactured and
used by or for the Government for governmental purposes
without payment of any royalties for such manufacture and
use.

1. Field of the Invention

This invention relates to sensing of infrared radiation
using semiconductor materials.

2. Background of the Invention

It is often desirable to detect the presence of infrared
radiation across a large part of the infrared spectrum (e.g.,
1-1000 um) and at sensor temperatures from 30 K to 100 K,
or even up to 300 K. One device, a resistive bolometer,
detects such radiation by sensing a change in electrical
resistance or conductivity of a thermally-sensitive compo-
nent that reacts to presence of such radiation. Bolometers are
discussed by T. Limperis and J. Mudar in “Detectors”,
published in The Infrared Handbook, ed. by W. L. Wolfe and
G. J. Zissis, Environmental Research Institute of Michigan,
First Ed., Third Printing, 1989, pp. 11-1 through 11-104.
Most sensitive bolometers provide infrared detection only
for bolometer temperatures at or below liquid helium tem-
peratures (T=4.2 K at atmospheric pressure). Other bolom-
eters operate at selected temperatures above liquid helium
(LHe) temperatures, and these often do not cover all of an
infrared wavelength range of interest.

Some high temperature superconductor bolometers, such
as YBa,Cu;0O, deposited on a substrate of SrTiO,, operate
within a very narrow range of temperatures, some as high as
T=90 K, but over limited wavelength ranges and with high
1/f noise that is not well understood. Room temperature
pyroelectric detectors, also discussed by Limperis and
Mudar, op cit, may be operated at temperatures down to
about 100 K, with the limitation that the detector respon-
sivity for a given detector material falls dramatically with
decreasing temperature.

Thermopile detectors, relying on a thermoelectric effect
and discussed by Limperis and Mudar, op cit, have been
used at moderate cryogenic temperatures for planetary and
space exploration applications, with the limitation that they
provide relatively low infrared sensitivity that does not
increase adequately as temperature decreases.

Photoconductive infrared detectors, discussed by Limp-
eris and Mudar, op cit, operate over a temperature range of
4-300 K, but over a limited wavelength range.

A capacitive bolometer, which relies on temperature
dependence of a dielectric constant or upon a loss coefficient
of a ferroelectric glass ceramic, has not been developed for
commercial use thus far, largely because of its low operating
temperature requirements. Most resistive semiconductor
bolometers appear to be useful only at cryogenic tempera-
tures. GaAs bolometers that operate at room temperature
have been applied to sense submillimeter radiation by
attachment to a carefully sized antenna but are very insen-
sitive to changes in illumination,

Presently, the commercial bolometer market is dominated
by compensated Ge:Ga crystal bolometers, operated at
pumped liquid helium (LHe) temperatures, although suc-
cessful bolometers incorporating Ge:Sb or Ge:In or Si:P
have been tested, for low temperatures (T=4.2 K). These
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bolometers are sensitive over the infrared spectrum of
interest. GaAs is relatively costly and very difficult to purify
for low temperature applications.

Operation of an optimal infrared detector at or near a
background limited performance (BLIP) level would allow
detection of infrared signals limited primarily by the self-
generated thermal noise of the detector, with other noise
sources being substantially absent. Present bolometers and
present thermopiles operate at levels that are degraded by
factors of about 100 and 10, respectively, below BLIP level
performance.

What is needed is an infrared detector that operates over
a wide range of temperatures, preferably up to 300 K, over
substantially the entire infrared spectrum and that operates
in a background limited performance situation. This detector
should be further optimizable for operation in specific
temperature regimes, preferably through choice of a doping
density. Bolometers of one material type that can be opti-
mized for any selected temperature range offer considerable
economic advantages.

SUMMARY OF THE INVENTION

These needs are met by the invention, which uses a
semiconductor material, preferably silicon, doped with
selected dopants, such as In, Ga, S, Se, Te, B, Al, As, P and
Sb, that have certain desirable temperature coefficients for
resistance over a wide range of temperatures, preferably
from about 20 K to about 300 K. The preferred dopant
concentration lies in a range 0.1-1000 ppb, depending upon
the dopant chosen, the desired sensitivity, the temperature
range of interest, the measurement environment and other
relevant parameters. A resistance difference AR induced in
the temperature sensing region is determined through a
voltage difference or current difference, depending upon the
bias method applied, measured in an associated signal
processing circuit.

An important practical advantage in use of such (doped)
silicon, as opposed to use of other semiconductors such as
Ge and GaAs or of exotic materials such as V,0, is that
silicon processing is relatively straightforward, inexpensive
and does not require use of exotic processing regimes or
exotic devices for electrical charge or voltage transfer.
Silicon processing, with or without dopants present, has
been fully developed and optimized over the last 50 years,
and standard processing techniques and environments can be
used to fabricate these thermal detectors. Silicon is relatively
inexpensive to produce, compared with GaAs or V,0,.
Formation of electrical contacts on a silicon detector is also
straightforward and reliable, using contact materials such as
ion implanted or diffused heavily doped silicon and epitaxial
growth. The construction of arrays of Si bolometers can
utilize well developed techniques for chemical etching and
photolithography on a single wafer of Si. SiO, and Si,N,
films are compatible with the Si processing steps used to
mask bolometer sensors.

Electrical contacts are ohmic, thus producing little or no
excess current noise. Fabrication of a silicon-based detector
is less expensive (by an estimated factor of about 100),
which lowers the unit price of the thermal sensor unit. Most
important, indium dopant may be incorporated in silicon
over a wide range of dopant concentrations, with little
change in the basic structure of the silicon matrix. This
allows precise control of impedance, through adjustment of
the dopant in the silicon.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 graphically illustrates a semilog plot of electrical
resistance of doped silicon over selected temperature ranges.
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FIGS. 2 and 3 schematically illustrate apparatus for
practicing the invention.

FIGS. 4 and 5 schematically illustrate circuits suitable for
determining change in electrical resistance in practice of the
invention.

DESCRIPTION OF BEST MODES OF THE
INVENTION

Response of a bolometer to receipt of radiation is deter-
mined by the temperature coefficient of electrical resistance
for the bolometer material

o=(1/R)dR/dT. (¢))

For an impurity-doped semiconductor crystal, the tempera-
wre coefficient o is negative (conductivity increases with
increasing temperature) and electrical resistivity is approxi-
mately

p={eNou(Dexp(E/zD} ™, @

where e is electronic charge, N, is charge carrier
concentration, p(T) is mobility for the majority carrier, kg is
the Boltzmann constant and E, is an impurity ionization
energy. The ac electrical component R of the bolometer
response is proportional to

R(o)=—av(R)Vo. 3)

A larger value of R is usually preferred.

A bolometer with resistance Ry is often biased through a
load resistance of about 10 Ry, or higher. For practical
electrical signal considerations, such as impedance load
matching, R,=10° Ohms, and a 1 mm cube semiconductor
crystal with resistivity p, the parameter ® can be computed
for a suitable operating temperature T, . Table 1 compares
some useful parameters for some doped silicon and doped
germanium, including an exponent parameter EQ that is
empirically determined for the parameter E, in Eq. (2). For
example, the coefficient c«(T) may be approximated by

In{—o(T)}=E1-EVT, 2)

where El1 and EO are independent of, or very weakly
dependent upon, T.

TABLE 1

Parameters for Some Extrinsic Doped Semiconductors
Material E0 (meV) Toper (K) a ™M
Si:In 153 20-300 -0.17
Si:Ga 7
Si:S 310
Si:Se 260
Si:Te 140
Si:P 45 1.2-42 -1
Si:Sb 43
Si:B 45
Si:Al 68
Si:As 54

FIG. 1 graphically illustrates log,(carrier conc.) versus
1/T (inverse temperature) over a temperature range of
20-300 K, calculated for silicon crystals doped with indium
(In) and with gallium (Ga). Note that, in these plots, each of
these curves is substantially linear for operating tempera-
tures T in a substantial range T1 ST=T2. Linearity over a
wide temperature range is desirable for improved accuracy
in a temperature-sensing instrument.
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One or more selected regions of an Si crystal is doped
with one of these dopants, preferably In with a doping
concentration in a range 10'2-10'7 cm™ or somewhat
higher, so that the doping fraction is 5107 to 5x107, or
somewhat higher. In a first configuration 20, shown in FIG.
2, first and second voltage source or current source connec-
tion sites, 21A and 21B, are spaced apart and set within a Si
semiconductor crystal 22 doped with one or more of several
dopants. The connection sites, 21A and 21B, have a sepa-
ration length (L1) and are connected by a current source or
voltage source 23. Two selected and spaced apart locations,
24A and 24B, on or within the crystal 22 and adjacent to the
respective connection sites, 21A and 21B, are connected
through a signal processing circuit 25. Incident infrared
radiation photons of h vare received or absorbed on and
within the doped crystal 22, or upon an antenna attached
thereto, on a portion that is optionally exposed to the
incident radiation through apertures in a mask (not shown in
FIG. 2 or 3), causing a crystal temperature excursion.

Optionally, an absorber 26 of radiation in a selected
wavelength range is added to the surface to adjust the
response in a particular wavelength range and/or to absorb
photons that would otherwise produce photoconductivity in
the crystal. An Si bolometer can be made to work without an
absorber at wavelengths that are absorbed (only) by phonon
bands of the crystal in the far infrared; such wavelengths do
not excite photoconductivity in the crystal. Only thermal
energies, below the photoconductivity cut-off, are of interest
here.

The signal processing circuit 25 determines and displays
a measure of the difference, AI=I(24A)-1(24B), between
current measured through the irradiated doped crystal 22 and
a reference current that would be measured if the crystal 22
were undoped. Alternatively, a voltage difference, AV=V
(24A)-V(24B), can be measured at the locations 24A and
24B. The measured current difference Al or voltage differ-
ence AV (alternating, with and without receipt of the radia-
tion h v) is used with Egs. (1) and/or (2) to determine the
temperature rise AT in the irradiated doped region 22,
through estimation or determination of a resistance differ-
ence —AR (<0) between the first and second connection
regions, 21A and 21B. The temperature rise AT is then
related to the total radiant energy difference AE absorbed by
the doped crystal 22 by a relation such as

@

! AT
AE=) ’ mGi)- c,(T'; DT,
T

i=1

where c,(T';i) is 2 known specific heat capacity and m(i) is
the mass of the first doped region, for species i in a
composite material (i=1, . . . , I). Equations (1), (2) and (4)
are preferably used to provide a measure of the radiant
energy difference AE absorbed by the doped crystal 22 or
optional absorber 26. Optionally, the incident radiation h vis
filtered to admit only wavelengths within a selected wave-
length range so that the radiant energy difference AE refers
to only the selected wavelength range.

FIG. 3 shows a second configuration 30 in which first and
second connection sites, 31A and 31B, are located on
opposed surfaces of a doped semiconductor crystal 32. The
two connection sites, 31A and 31B, are connected to a
current source or voltage source 33. Two selected and spaced
apart locations, 34A and 34B, on or within the crystal 32 are
connected through a signal processing circuit 35. Incident
infrared radiation h vis received on and within the doped
crystal 32, on a portion that is optionally masked from the
incident radiation by a mask (not shown in FIG. 3).

o~
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The signal processing circuit 35 determines and displays
a measure of the difference, Al=1(34A)-1(34B), between the
locations 34A and 34B, and current that would be measured
in the absence of the radiation. Alternatively, a voltage
difference, AV=V(34A)-V(34B), can be measured between
the locations 34A and 34B adjacent to the respective first and
second connection regions, 31A and 31B. The radiant energy
difference AE absorbed by the first doped region 31A is
determined in a manner analogous to that used for the
configuration 20 in FIG. 2.

FIGS. 4 and 5 schematically illustrate first and second
detector systems, 40 and 50, that can be used to determine
the resistance difference —AR. In FIG. 4, radiation h v
incident on a first doped region 41A produces a resistance
difference —AR relative to the resistance in a second,
un-irradiated, thermally isolated, doped region 41B, spaced
apart by a region 42. A first end of each of the first and
second doped regions, 41A and 41B, is connected through a
resistor, 43 and 44, respectively, to a common point P and to
first and second terminals of a voltage source 46. Second
ends of each of the doped regions, 41A and 41B, are
connected together through a third resistor 45 to the point P.
A mask 47 is optionally positioned to shield the second
doped region 41B from the incident radiation h v. The
resistance difference AR is determined by a measurement of
steady state current I through the irradiated bolometer resis-
tor 41A according to the relation

AV(change in voltage across resistor 45)=(IR,AR)/(R,+2R;+R,).(5)

In FIG. §, radiation h v incident on a single doped region
51 of an Si crystal 52 causes a change AV in steady state
voltage, measured at an output terminal 56, according to a
relation

AV=(R, VARY((R+R, . ©®

A first end of the doped region 51 is grounded, and a second
end is connected through a resistor 53 to a first terminal of
a voltage source 54 and through a capacitor 55 to the output
terminal 56 that measures change AV in a steady state
voltage due to receipt of the incident radiation. Optionally,
portions of the crystal that are not to be irradiated are
protected by a mask 57. The configuration shown in FIG. §
operates with one, rather than two, doped regions. Other
signal processing circuits, using one or two doped regions,
can also be used to determine the energy (difference) AE
absorbed by an irradiated doped region of a semiconductor
crystal.

The semiconductor crystal used as a substrate for these
embodiments may be Si or any other suitable semiconductor
material that permits controlled doping with selected
dopants, such as In, Ga, S, Se, Te, B, Al, As, P and Sb, all
with relatively high values of ionization energy EQ in Table
1. Si may also be prepared using co-dopants, such as
Si:In/Ga, Si:In/Sb or Si:Ga/Sb, in varying fractions f(5x
10'°=£=5%107%) for use in thermal sensors, because of the
shared linearity of o (with 1 T) over wide temperature
ranges.

A material such as GaAs or V,0,, will often provide a
larger absolute thermal sensor signal level S,, than will Si
doped with one of the selected dopants. That is, the value of
a in Eq. (1) may be larger for some of these other materials
than for Si doped with one of the selected dopants. However,
it is the signal-to-noise ratio SNR, not the absolute signal
level, that is controlling for the desired signal. Si doped with
small amounts of the selected dopants has associated SNR
values that are about as large as can be theoretically
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achieved, with an associated noise factor that is near the
theoretical thermal limit N(T) for noise, given by

[ M
N(T) = ‘/ {4RkBT +G3 cp(T; i)-m(i)}
i=1
R=resistance of an associated circuit, (€]
G=thermal conductance of the bolometer, ()]

c,(Tsi)=specific heat capacity of bolometer component (i), (10)
m(i)=mass density of bolometer component (i), a1n

By comparison, where the SNR for a material such as
GaAs or V, Oy, has been measured, this SNR value has been
found to be much smaller than a BLIP value and to include
substantial contributions from other noise processes, such as
shot noise, electrical surface noise and electrical leakage
noise.

As another measure of the close approach of doped Si to
the thermal limit of noise, a detectivity parameter D*
(Watts/cm—vHz), which incorporates the effect of presence
of noise and exposed area, is often measured for electrical or
thermal devices. For thermal sensing devices, the thermal
limit is D*=10"°~10"" at room temperature. The detectivity
for room temperature Si lies in a range D*=10°-10%,
whereas the corresponding detectivity for most other mate-
rials is at least a factor of 10 smaller. At the noise limit, a
factor of 10 improvement in D* allows a 100-fold decrease
in observation time in obtaining similar results.

What is claimed is:

1. A system for detecting presence of thermal radiation,
the system comprising:

a module of silicon (Si), having a region doped with In,
having a dopant fraction f(In) in the semiconductor
material in a range, 510! £f(In)S5x107%;

a coating for the doped region that absorbs substantially
all radiation having a wavelength below a photocon-
ductivity cut-off wavelength for Si doped with In and is
at least partly transparent to radiation having at least
one wavelength above the photoconductivity cutoff
wavelength so that substantially no radiation having a
wavelength below the photoconductivity cutoff wave-
length is received by the doped region; and

a circuit connected to the doped region at first and second
spaced apart locations, to receive at least one electrical
signal that passes within the doped region, and to
provide a measure of at least one of (i) current passing
through the doped region and (ii) a voltage difference
measured between two selected locations within the
doped region;

whereby the circuit provides a first value of the at least
one of the current and the voltage difference when
radiation, from a selected source having at least one
wavelength in the infrared spectrum is received by the
doped region and provides a second value of the at least
one of the current and the voltage difference if the
radiation is not received by the doped region, over a
module temperature range from 20 K to 300 K.

2. The system of claim 1, further comprising a second
doped region, spaced apart from said first doped region,
substantially thermally isolated from receipt of radiation
from said radiation source, and connected to said circuit.

3. The system of claim 2, wherein said circuit is connected
to said first and second doped regions and provides a
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measure of a difference of said current passing through said
first doped region and passing through said second doped
region.

4. The system of claim 2, wherein said circuit is connected
to said first and second doped regions and provides a
measure of a difference of said voltage measured at a
selected location adjacent to or within said first doped region
and said voltage measured at a selected location adjacent to
or within said second doped region.

5. The system of claim 1, wherein said circuit provides a
measure of amount of radiation received by said doped
region from said measure of at least one of said current
passing through said doped region and said voltage differ-
ence measured at said two selected locations within said
doped region.

6. The system of claim 1, wherein said module of silicon
has a region doped with at least one additional dopant drawn
from a group of dopant materials consisting of Ga, S, Se, Te,
B, Al, P, As and Sb, where the at least one additional dopant
has a dopant fraction f(dopant) in a range 5x107''=f
(dopant)<5x107°,

7. The system of claim 1, wherein said doped region of
said silicon module comprises a second coating of silicon
doped with an infrared-absorbing dopant having a charac-
teristic infrared absortption thickness, having a second coat-
ing thickness at least equal to ten times the infrared absorp-
tion thickness, and being positioned on at least one exposed
surface of said silicon module.

8. A method for detecting presence of thermal radiation,
the method comprising:

positioning a module of silicon (Si), having a region

doped with In, having a dopant fraction f(In) in the
semiconductor material in a range, 5x107*! =f(In)<5x
107°, to receive radiation from a selected radiation
source having at least one wavelength in the infrared
spectrum and above a photoconductivity cut-off wave-
length for the dopant;

providing a coating for the doped region that absorb

substantially all radiation having wavelength below a
photoconductivity cut-off wavelength of Si doped with
In and is at least partly transparent to radiation having
at least one wavelength above the photoconductivity
cutoff wavelength so that substantially no radiation
having a wavelength below the photoconductivity cut-
off wavelength is received by the doped region; and
providing a circuit, connected to the doped region at first
and second spaced apart locations, to receive at least
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one electrical signal that passes within the doped
region, and to provide a measure of at least one of (i)
current passing through the doped region and (ii) a
voltage difference measured between two selected
locations within the doped region,

whereby the circuit provides a first value of the at least
one of the current and the voltage difference if the
radiation is received by the doped region and provides
a second value of the at least one of the current and the
voltage difference if the radiation is not received by the
doped region, over a module temperature range from
20 K to 300 K.

9. The method of claim 8, further comprising providing a
second doped region, spaced apart from said first doped
region, substantially thermally isolated from receipt of said
radiation, and connected to said circuit.

10. The method of claim 9, further comprising providing
a measure of a difference of said current passing through
said first doped region and passing through said second
doped region.

11. The method of claim 9, further comprising providing
a measure of a difference of said voltage difference mea-
sured at a selected location adjacent to or within said first
doped region and said voltage difference measured at a
selected location adjacent to or within said second doped
region.

12. The method of claim 8, further comprising providing
a measure of amount of radiation received by said doped
region from said measure of at least one of said current
passing through said doped region and said voltage differ-
ence measured between said two selected locations within
said doped region.

13. The method of claim 8, further comprising providing
said module of silicon with said region doped with at least
one additional dopant drawn from a group of dopant mate-
rials consisting of Ga, S, Se, Te, B, Al, P, As and Sb, where
the at least one additional dopant fraction lies in a range
5%107!! =f(dopant) = 5x107,

14. The method of claim 8, further comprising providing
said doped region of said silicon module as a a second
coating of silicon doped with an infrared-absorbing dopant
having a characteristic infrared absortption thickness, hav-
ing a second coating thickness at less equal to ten times the
infrared absorption thickness, and being positioned on at
least one exposed surface of said silicon module.
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