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ABSTRACT

Spaceborn infrared telescopes and other very low photon flux exper-
iments require photoconductors and bolometers with ever increasing sen-
sitivity working at the background limit. Improvements in the under-
standing of the physics of these devices, advances in semiconductor
materials synthesis and device technology, and the introduction of new
device concepts such as uniaxially stressed photoconductors can, in
combination, fulfill these new demands.

1. INTRODUCTION

The typical infrared pnoton detection situation is characterized
by two distinct photon streams impinging on a detector: background
photons (background photon power Pg) and signal photons (signal
photon power Pg). The fluctuations in the photon streams produce fluc-
tuations in the detector signal. It is this noise which sets an abso-
lute lower limit for the detection of signal photons. We define an
"ideal" detector as one in which the noise produced by effects in the
detector unrelated to photons and the electronic circuits used to
amplify the signal is negligibly small compared with the photon noise.
A device which works as an "ideal" detector for observations in ambient
temperature on the earth may be completely inadequate (i.e., far from
ideal) in an ultra-low background environment such as, for example,
outer space. Scientists were faced with precisely this situation
during the development of the first dedicated Far Infrared Astronomical
Satellite (IRAS) [1]. Low background flux experiments are, however,
not limited to outer space. Narrow band experiments and experiments
in an appropriately cooled environment may a]so be characterized by a
low photon background flux.

The strong interest in "ideal" detectors operating in very low
backgrounds marked the beginning of an era of rapid development of
novel and improved detectors and detector systems (one- and two-dimen-
sional arrays) working over a broad infrared spectrum ranging from
A~ 3 um to 1000 ym. We find ourselves today in the midst of a detec-
tor evolution and it is the goal of this summary to point out some of
the most important and interesting developments. Partly due to
personal interest and involvement and partly due to their importance,
we will discuss uniaxially stressed extrinsic photoconductors, multi-
impurity level effects in extrinsic photoconductors, and neutron
transmutation doping (NTD) of germanium for bolometer fabrication in
some detail. These discussions will also illustrate the symbiotic
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relationship between infrared physics and characterization of
semiconductors and the development of infrared detection devices.

2. EXTRINSIC SEMICONDUCTOR PHOTOCONDUCTORS

2.1 Basic Detector Physics and Figures of Merit

An excellent review-of photoconductors made from extrinsic semi-
conductors has been given by Bratt [2]. For the following discussion,
we assume that the photoconductor crystal contains Np majority shal-
low donor impurities and Nj minority shallow acceptor impurities,
(i.e., Np > Na). At very low temperatures (kT << Ep, Ep = binding
energy of the electrons to the donors) and in the dark, (Np - Np)
donors will bind an electron and are therefore neutral while Np donors
will have given up their electron to the compensating acceptors. The
number of electrons in the conduction band will be extremely small,
resulting in high resistivity. When photons with hyv > Ep enter the
crystal and are absorbed by neutral donors, bound electrons will be
excitea into the conduction band. The free electrons will travel in
the externally applied electric field E with a velocity v:

vV = uE | (1)

The electron drift corresponds to an electric current. At the typical
low free carrier concentrations, a photoconductor detector (Fig. 1) can
be modeled with a capacitor filled with a dielectric. The capacitor
electrodes are the contacts. The interelectroge distance shall be L.
The average distance 1 traveled by the photogenerated electron in the
average lifetime T is:

1 =vr = LIET (2)

The ratio of the mean free electron path 1 to the interelectrode
distance L is called photoconductive gain G. (Note that G can be
larger than one.) If N photons per second enter the crystal and a
fraction n, called quantum efficiency, (n has a value between 0 and 1)
of these photons leads to donor ionization, a signal current

Ig = efn 1/L = eNn pET/L = eNnG (3)

flows in the external detector circuit. _

The quantities n and G are important figures of merit for a detec-
tor. With the proper choice of optics, detector geometry, doping con-
centration, and detector cavity design, n approaches 1. Values of n g
0.01 are, however, frequently encountered in non-optimized systems.
The value of G can vary over a broad range. Photoconductors made from
doped germanium and silicon exhibit values of G of up to 10 but values
of G between 0.1 and 1 are more typical. The concentration of ionized
donors controls the lifetime t. Because this concentration is
equal™ to the number of minority acceptors, it is important to
reduce the acceptor concentration to low values in order to obtain

*The concentration of .ionized donors can become larger than the accep-
tor concentration under very. strong illumination. This is a regime
which we do not consider here. -
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high photoconductive gain. This point needs further refinement. because
the maximum field which can be applied can also depend on the minority
impurity concentration. A third figure of merit is the respons1v1ty R
which is directly proport1ona1 to the Gn product

= S/PS =GnE/h\) A _ ‘ (4)

where Pg = incident signal photon power = Nghv. The responsivity is
measured in A/W. Values of R reach up to 100 A/W for the very best
silicon photoconductors, while typical values range from 1 to 20 A/W.
Large values of R are important and preferred because they imply large
signals. A large signal is more easily amplified without the intro-

_duction of noise added by the first stage(s) of the amplifier.

2.2 Noise

Without a discussion of the noise proouced in the detector by fluc-
tuations in the photon stream and other detector related noise sources,
one cannot define the ultimate sensitivity of a photoconductor. The
noise equivalent power (NEP) is defined as the signal photon power

required to produce a signal current Ig equal to t uare root of
tne sum of the squares of all the noise currents, Z:In j, in an
electrical banawidth of af = 1 Hz:

— |
S 1 €.af .
\ =~ °n, i | (5)

NEP = R

In the igeal case, the noise is only produced by the photon-related
fluctuations. This background limited infrared photoconductor noise
equivalent power (NEPg_Ip) is:

NEPBLIP = V2(2Ntotal) (hv)2 | (6)

where Nigta] = sum of the rates of backgrouna photons entering the detec-
tor. The first factor of 2 in Eq. 6 arises from the fact that both the
generation of photo excited electrons and the recombination of these
electrons are random, uncoupled processes. It is interesting to note
that the factor 2 reduces to 1 in Eq. 6 for photodiodes. In photodi-
odes the charge carriers travel all the way to the contacts so that
there exists no randomness in the recombination. The second factor of
2 is due to the shot noise associated with photocarrier generation.

Figure 2 shows a hypothetical performance curve of a photoconduc-
tor. The NEP above a background photon power PcriT increases propor-
tionately to the square root of the power impinging on the detector,
assuming Poisson's statistics. The detector may not reach the NEPg[1p
limit either because not all the photons are absorbed and create free
carriers or because of excess noise. This less than ideal behavior can
be expressed as an effective quantum efficiency, commonly called
detective quantum efficiency ngq ¢ 1:

2
. (NEPBLIP> : (7)
g = \"NEP |
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Below PcrIT the noise associated with the amplifier electronics dom-
inates. It is in this regime where a reduction in amplifier noise and
an increase in responsivity heip extend the photon noise limited per-
~formance to lower photon power levels.

2.3 Advances in Photoconductor Materials
The inverse dependence of a photoconductor .signal current on the

interelectrode distance (Eg. 3) suggests that one should attempt to
make the photoconductor as thin as possible. Since the linear optical
. apbsorption coefficient is proportional to the neutral majority dopant

centers (Np - Np at low temperatures), this means that high dopant
concentrations are desirable. Hopping conduction—the tunneling of an
electron from a neutral donor to a neighboring ionized donor—1limits
the maximum dopant concentration in silicon to ~ 1016 to 1017 cm-3 and
in germanium to ~ 2 x 1014 em=3 for shallow, hydrogenic impurities [3].
Above these concentrations carrier hopping increases the "dark" current
(i.e., thermally generated current in the absence of a photon flux)
unacceptably. Hopping also depends on the presence of ionized centers.
As we have seen in the last section, these are mainly due to the minor-
ity impurities. This means that there are two arguments in favor of a
low minority impurity concentration: a) increase in lifetime with
decreasing minority impurity concentration, and b) decrease in hopping
conduction. Until a few years ago the lowest residual impurity concen-
trations which _could be acnieved were of the order of 1012 cm=3 in ger-
manium ana 1013 ¢m=3 in silicon. The development of ultra-pure Ge and
Si for use in nuclear radiation detectors [4] has lowered these limits
by about two orders of magnitude. Using an ultra-pure germanium Crys-
tal growth facility, we have grown "purely" gallium-doped crystals for
photoconauctor use. The advantage of the low minority impurity concen-
tration could not, however, be fully realized because these detectors
show a lower breakaown field than conventional pnhotoconauctors [5].
The holes which are accelerated in the electric field suffer less scat-
tering in the purer material and_reach avalanche breakdown velocities
at rather low fields (E < 1 Vem=1l). The addition of neutral scatter-
ing centers--copper, a deep triple acceptor in the case of germanium—
increases the breakdown field to the usual values while maintaining
the advantages of the purely doped material. Results obtained with
detectors made from such material will pe discussed in another paper
at this conference [6].

~ Silicon photoconductors have also undergone dramatic improvements.
The floating zone technique [7] allows the growth of doped crystals
with extremely low residual impurity concentrations. Responsivities of
tens of A/W have been reported [8].

2.4 C(Contacts

The discussion of photoconductor physics and performance has so far
not included the effects of contacts. The detailed understanding of
contacts is quite limited. This is illustrated by the fact that no
comprehensive physical model of photoconductors which includes the
diffusion potential barriers at the contacts has been created. There
exists an abundance of equivalent circuits which describe the behavior
of detectors under pulsed light conditions and which try to account
for a number of time constants which have been observed under certain
circumstances. This equivalent circuit simulation has unfortunately
not led to a better understanding of the physical mechanisms taking
place inside a detector.
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Despite the limited knowledge of the precise dependence of poten-
tial, electrical field, and space charge near the contacts, one can
state that the transition from the metal contact wires to the bulk.of
the photoconductor should not be hindered by large potential barriers.
A direct transition from a metal to a moderately-doped semiconductor is.
usually characterized by a high barrier (Schottky barrier) and is inad-
equate. A thin, heavily-doped layer between the metal and the photo-
conductor bulk strongly reduces the effective barrier. Carrier tunnel-
ing takes place between the metal and the heavily-doped region, and a
relatively small diffusion barrier builds up between the heavily-doped
region and the photoconductor bulk [9]. Impurity diffusion requiring
high temperatures and long times has been replaced in recent years by
ion implantation followed by a thermal annealing cycle. An implanta-
tion energy of 25 - 100 keV and a dose of 1014 = 1015 boron ions cm=2
for p-type Si or Ge and the same dose of phosphorus for n-type Si or Ge
leads to p** and n** contacts respectively (++ indicates degenerately
doped). Metallization after appropriate annealing with a few hundred R
of Pd-followed by a few thousand R of Au leads to low noise contacts

“with perfectly symmetrical photoconductor performance in regard to
‘'voltage bias polarity. Work towards a model which includes the

photoconductor bulk as well as the contacts is in progress and should
lead to a much better understanding of time dependent effects as a
function of high bias and of energetic radiation.

2.5 Multilevel Semiconductors

In the previous chapters, the assumption was made that only one
kind of majority ana one kind .of minority impurity were present in a
photoconductor. Depending on the wavelength range of 1nterest, one
chooses impurities with appropriate electron or hole groundstate ener-
gies. For the 3 - 5 um range, silicon doped with the acceptor indium
(Si:In) offers an ideal choice [2]. The indium hole ground state lies
at Ey + 156 meV (Ey = energy at the valence band top) leading to a
photoconductive onset at A ~ 8 um. Every silicon crystal contains
unavoidably some residual boron acceptors with a hole pinding energy
of Ey * 45 meV. A further level called InX which has been linked to
an In-C center is located at Ey + 111 meV [10]. Besides these three
acceptor levels, there are always phosphorus donor levels present.
Alexander et al [8]* have evaluatea the influence of the temperature
and compensation of the shallow levels on detector responsivity. At
very low temperature operation, when thermal generation from even the
shallowest residual acceptor (Epgron = 45 meV) is negligible, high-
est responsivity is always obtained by minimizing the concentration of
residual donors. For higher temperature operation, however, it is
necessary to adjust the donor concentration to completely compensate
all shallow residual acceptors to avoid contributions to the dark
current. Very high responsivities may be obtained when the shallow
acceptors are closely compensated because the effective cross section
for capture in these centers is small due to the high probability of

" tnermal re-emission, leading to long free carrier lifetimes. Values

of 102 A/W have ben attained in Si:In. The close to perfect com-
pensation has been achieved by a doping process using the transmuta-
tion of 30Si nucier into 31P nuclei by thermal neutron capture
followed by beta decay [11]. This Neutron Transmutation Doping (NTD)

*Figures 5 ana 6 in Ref. 8 are exchanged by mistake.
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has become very popular for the uniform doping of silicon used in the
fabrication of high voltage, nhigh power diodes and thyristors. We
will come back to NTD when we discuss germanium bolometer. material.
Another multilevel material which has been specifically developed
for the » = 30 - 50 um range is beryllium-doped germanium (Ge:Be).

Beryllium forms & double acceptor with hole binding energies at -
24.5 meV and 58 meV [12]. The first beryllium level interacts via the-
photon generation of holes with the residual acceptor levels in a way v

similar to the Si:In system. The inherently lower doping concentra-
tions in germanium required residual acceptor and donor concentrations
as low as 1010 to 101l cm=3. Such low levels have only recently been
achieved in nuclear radiation detector materia’. Using an ultra-pure
crystal growth facility modified by removing the synthetic quartz
crucible and the hydrogen atmosphere in order to prevent beryliium
oxidation, we have obtained crystals which yield Ge:Be photoconductors
with a responsivity of 10 A/W at A = 42 um and_an NEP = 1.7 x 10-16
W/VHAZ at a photon background flux of 7.1 x 10-13 W on the detector
cavity aperture. The NEPg_1p for an ideal detector would be 1.15 x
10-16 W/VHAZ which means that nq = 46%. Tnis is the best result ever
pulished at this wavelength [13].

2.6 Uniaxially Stressed Photoconductors

The shallowest impurity levels in germanium have binding energies
close to 10 meV, corresponding to a photoconductive onset at about v =
80 cm-l (» = 125 um). Compound semiconductors such as GaAs exhibit
lower donor binding energies which, in principle, should permit a longer
wavelength onset. Sucn shallow gonors have, however, very large elec-
tron orbits and the concentration of impurities has to be kept lower than
in germanium if hopping conduction shall be avoided. At the present time
it is not possible to grow III - V compound bulk semiconductor crystals
which are pure enough and have sufficiently small defect concentrations
to serve as photoconductor material for high performance, long wavelength
detectors. A way to extend the sensitive range of gallim-doped germanium
photoconductors to longer wavelength involves uniaxial stress. The
change of the valence band structure under [100] stress (the light hole
band pushes up through the heavy hole band) leads to an acceptor binding
energy reduction by a factor of up to two [14]. This effect has been
successfully utilized for Ge:Ga photoconductors [15] extending the sensi-
tive range to ~ 240 um (Fig. 3). Several groups have in the meantime
successfully used this effective method. The same effects, though less
pronounced, can De observea for acceptors in Si [16]. The small change .
in pinding energy does not warrant the additional complications, espe- '
cially now that high quality Ge:Be detectors which work very well in
this wavelength range have become available [13]. v

3. SEMICONDUCTOR BOLOMETERS

3.1 Bolometer Physics and Figures of Merit

Tne physical principles governing photon aetection with bolometers
[17] are completely different from photoconductors. The change in con-
ductivity due to a temperature change of a piece of material, in this
‘case a semiconductor, is used to create a signal. One immediately obvi-
ous aavantage is that pbolometers work for any wavelength as long as the
photons are absorbed. This may require special schemes such as composite
bolometers consisting of an absorber coupled tightly to the sensing
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element. Figure 4 shows the basic thermal circuit of a bolometer. The
following equation describes the heat flow from the bolometer to the
heat sink: ' '

| do

P = H(gp) * 6o (8)

with P = incident radiation power, n = fraction of power absorbed, H =
thermal mass of the detector, G = thermal conductance of the link, and
© = temperature increase above the sink temperature T. .

If the radiation flux consists of a continuous background
component Py and a sinusoidally changing signal component P,, one
can write:

P=Py+ P, exp (jot) o (9)

Solving Eq. 8 for radiation described by Eq. 9 leads to:
1

@w =n Pw(G2 + w2 2)' 7 and the phase angle o (10)

between P and O : '
w w ’
o= tan™t (uH/G) (11)

For G > wH, the signal 9§, is frequency independent. At higher
frequencies the signal will begin to roll off linearly with the
inverse of w. The characteristic response time constant T can be
defined with:

T = H/G (12)

Typical values of t fall between milliseconds and seconds, illustrating
the slow response, which is one distinct disadvantage of thermal
detectors. -

After the analysis of the thermal circuit of a bolometer, we have
to examine the electrical parameters. The temperature coefficient «
for the resistance Rp of a bolometer is commonly defined by:

drR
1 b .
a =—-Rb (——-dT) | _ : (13).

with Rp = resistance ( Q) and T = temperature (K). The voltage
change Vg across the bolometer element can be written as:

Vs = 18Rp = IaRp6, (14)

I = current passing through the bolometer. Using the expression for Oy,
Eq. 10, we find: :

1 _
_ 2 2,2,-
VS = n Pw(G + w°H)T 2 IGRD | (15)
or in the form of a responsivity R (in V/W), we find:

]
R = 'nIaRD(GZ + Y2 | (16)
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Equation 16 shows that for a maximum in R, one wants to choose high
values of a, Rp, I ana n = 1. For low temperature bolometers operat-
ing at long wavelength, one cannot optimize all these parameters with
a single piece of material. Recognizing this, groups at Caltech [18]
and Berkeley [19] separated the functions and have built composite
bolometers. These consist of an "antenna"--a thin sapphire platelet
covered with 200 A of Bi on one side, and the sensor element——a doped
germanium cube acting as the thermometer [19,20]. An interesting point
is the fact that the bonding material between the sapphire ana the ger-
manium piece may dominate the total neat capacity H. It turns out that
epoxy resins have much higher heat capacities than pure indium solder
[20]. Because the excitation currents may be many orders of magnitude
higher in a bolometer than in a photoconductor, special care has to be
taken 1n regard to the faprication of low noise contacts. Again the
metallized ion-implanted and annealed contacts have given the best
results. No excess noise (1/f noise) has been observed [20] at
frequencies as low as 2 Hz.

We now turn our attention to the bolometer bulk material. With
the best amplifiers using cooled junction field effect transistors,
one obtains the best results with bolometers and load resistors of the
order of 106 to 108 . The value of « should be as large as possible.
We have briefly mentioned in the sections on photoconductors that a
hopping conduction regime becomes significant when one goes to very low
temperatures with moderately- to heavily-doped semiconductors. It is
this regime which permits the fabrication of doped semiconductor bolo-
meters of virtually any size [typical values are ~ (0.3 mm)3] having
resistance values mentioned above. .The temperature coefficient depends
strongly on the degree of compensation (Nminority/Nmajority). Because
the hopping regime is based on tunneling, we can expect that small
changes in the i1nterimpurity distances (i.e. doping concentration) and
the compensation will lead to large fluctuations in « and R. This has
been experimentally verified and the search for suitably doped material
has been purely empirical and frustrating. Changes within a slice of a
given crystal were often too large to yield more than one suitable
bolometer element. Impurity fluctuations have been detrimental for
other semiconductor devices for totally different reasons. For
example, in high voltage rectifiers and thyristors, such fluctuations
lead to high electric field regions in the depletion layer under
reverse bias. These high field spots reduce the maximum operating vol-
tage and lead to large variations between otherwise identical devices.

A technigue starting with the purest available material and doping
it through transmutation of semiconductor host atoms has turned out to
be an instantaneous success for silicon power devices [11]. Thermal
neutrons from a nuclear reactor are captured by the three stable iso-
topes of silicon—28Si, 295i, 30Si, Tne lighter isotopes transform in-

to the heavier stable silicon isotopes. 3031, on the other hand, becomes

a 31Si isotope, too rich in neutrons to remain stable. With a half life
of 2.7 hrs, it decays via emission of a beta ray (electron) into a }iP
isotope. Phosphorus is a donor in Si and makes the crystals n-type.
This neutron transmutation doping (NTD) technique has been rapidly
implemented worlawide and approximately 100 tons of single crystal
silicon per year are doped by NTD [21]. Table 1 shows the nuclear
reactions taking place when germanium and gallium arsenide are trans-
mutation doped. Those isotopes which lead to stable isotopes of the
same element are not included (/%Ge and 73e). Table 1 shows that in

4
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Table 1.

Isotope

Fraction Reaction oc(Db) t1/2  Type
( 20.5%) 33Ge(n,y) 3iGe + %}Ga +K 3.25 11.2d p
( 36.5%) 33Ge(n,y) 33Ge ~ 713As + g~ 0.52 82.8m n
( 7.8%) 35Ge(n,y) 3lce ~ 13As + g™>1iSe + 8~ 0.16 11.3h n
( 60.1%) $3Ga(n,y) 2%6a ~ 12Ge + 8~ 1.7 21.1m n
( 39.9%2) iiGa(n,vy) 13Ga + 13Ge + g~ 4.6 14.1n n-
(100.0%) 33As(n,y) 3%As > 15Se + 8~ 4.4 26.3n n

‘the case of germanium, both acceptors and donors are produced. The

ratio of donors to acceptors, i.e., the compensation K, is fixed by the
isotopic abundance and the neutron capture cross sections. Because the
cross sections do not exhibit precisely the same dependence on the neu-
tron energy spectrum, one finds slight variations in the reported com-
pensation values of K. We have adopted a value of K = 0.322 for our
work [22]. The weak absorption of neutrons by Ge leads to a very uni-
form doping throughout large pieces of single crystal. Figure 5 shows
a group of six resistivity curves (labeled with their respective Ga
concentrations and NTD) as a function of the inverse absolute tempera-
ture. The abrupt change from the freeze out to the hopping regime is
clearly seen in the large change of slope between 8 and 12 K. The
slopes of all six curves in the hopping regime are similar. For com-
parison, three curves of uncompensated material are shown. We inter-
pret the different slopes in the 1.1 x 1016 UNCOMP curve with hopping
(some residual compensation is unavoidable!) between 10 and 3.5 K and
with banding below 3.5 K. When the wavefunctions of the dopant atoms
begin to overlap, bands of states near the corresponding band edges
form and a third kind of conduction regime sets in.

Recently, a number of ultra-pure germanium crystal slices have been
doped with neutron transmutation, and material suitable for bolometers
operating at temperatures as low as 0.05 K is available. When plotting
the logarithm of tne resistivity as a function of inverse absolute tem-
perature down to such low temperatures, one finds that the hopping
regime deviates from straight lines. A better fit to straight lines is
obtained by plotting the inverse of the square root of the absolute
temperature on the x-axis. Certain theoretical models for hopping con-
duction [3] predict such a dependence. Figure 6 shows the temperature
dependence of the resistivity [in(p) versus T-1/2] of six transmuta-
tion-doped germanium samples. The constants pg and a in the equation

1

o = 5y exp(7)2 | (17)

are given in the following table.
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Table 2.
total neutron dose ' pre-exponential factor | exponent
(fluence per cm=2¢) oo (Q) ' a(K)
7.5x1017 0.375 - 8.96
9.25x1017 0.180 8.42
1.65x1018 0.174 | 6.27
1.88x1018 0.114 5.69
3.33x1018 0.149 2.50

An interesting question has recently arisen as temperatures as low
as 0.1 K pbegan to be used for bolometer operation. The low temper-
ature heat capacity of pure insulators depends on the third power of
the absolute temperature:

\3
T : .
CV = C<(-9-) | (17)

with ¢ = constant and © = Debye temperature of the solid. The Debye
temperature of silicon 65 = 645 K is nearly twice as high as that

of germanium @ge = 374 K which would make Si the preferable material
[23]. The fact that the impurity orbits are smaller in silicon
requires larger impurity concentrations for banding conduction to
occur. Whetner these increased impurity concentrations over or under
compensate for the advantage in ©, has not been satisfactorily answer-
ed. It is, however, generally assumed that the © advantage is reduced
to an unimportant magnitude and that the NTD produced Ge is preferable
because of its excellent uniformity and reproducibility.

4, FURTHER DEVELOPMENTS AND CONCLUSIONS

This review of state-of-the-art photoconductors and bolometers has
been aimed at materials developments and new concepts of extrinsic
silicon and germanium devices. A number of exciting developments which
are of great importance for certain applications can gonly be mentioned
briefly. The field of linear and two-dimensional detector arrays is in
a state of rapid development. The most recent gata seem to indicate
that hybrid circuits consisting of a photoconductor or photodiode array
bonded with indium solder to a switched MOS readout device with up to
~ 60 x 60 elements will produce the highest performance. A very inter-
esting feature of the newest readout devices is the option of randomly
selectable readout of any given element or area of elements. This will
allow the accumulation of data from areas with high information content
much more rapidly than from the rest of the array.

Charge coupled devices (CCD) which have peen successfully developed
for visiple light imaging have been adapted to a number of ways of IR
imaging. Some excellent results have been achieved [24]. There exist,
however, a number of basic limitations. These are due to the relative-
ly thick absorption layers needed for IR pnotoconductors. The thick
layers can lead to poor charge transfer efficiency. A further disad-
vantage of CCD devices is related to the original readout philosophy of
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CCD's. They were developed for television-type imaging and are there-
fore dominated by the corresponding time constants. They also do not
allow random readout of preferred pixels.

A third kind of array photoconductor device, the charge injection
device (CID), is a monolithic combination of a standard photoconduc-
tor and a metal-insulator-semiconductor capacitor. The voltage gener-
ated across the capacitor by signal charge is regularly read out by
MOS switching circuitry. CID array performance at 1 s integration
time comparable to single element photoconductor performance has
recently been reported [25].

A new, nonequilibrium theory of bolometer noise [26] shows that
the traditionally accepted noise limits can be reduced by as much as
60% for Johnson noise and 30% for noise from phonons in the thermal
link of the bolometer. Recent-results with ion implanted composite
bolometers corroborate the new theory [20]. Attempts to dope silicon
for bolometer use with the ion implantation technique have led to
encouraging results [27]. Combined with photolithographic techniques
used in microelectronics, this new doping technique may make inte-
grated bolometer arrays feasible. v

In conclusion, we hope to have demonstrated that the demand for
low background, NEPg, 1p limited infrared detectors has greatly stim-
ulated detector materials development and detector physics.. Photon
noise limited detection is now possible down to a very low background
flux over wavelengths ranging from 1 to 1000 um. With this new instru-
mentation and additional progress to be made in the coming years, the
infrared astronomy and astrophysics communities will be ready for the
challenges offered by spaceborn observation platforms and telescopes.
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FIGURE CAPTIONS

Schematic of a photoconductor and the associated external
biasing circuit. (XBL 842-850).

Hypothetical performance curve of a photoconductor. PCRIT
is the power below which the device is electronic noise
limited and above which it is aom1nated by photon noise.
(XBL 843-971).

Photoconductive response of unstressed and uniaxially stressed
Ge:Ga photoconductors (Ref. 15). (XBL 7811-6150).

Basic thermal circuit of a bolometer. (XBL 826-10477).

Resistivity as a function of the inverse absolute temperature
for six neutron-transmutation-doped Ge samples (marked NTD)
and three uncompensated Ge samples (marked UNCOMP) [21].

(XBL 823-8357).

‘Resistivity as a function of the inverse of the square root of

the absolute temperature of six transmutation-dopea germanium
samples. (XBL 846-2621).
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