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effect of the radiation-induced acceptors is to compensate the arsenic
levels, which decreases the majority-carrier lifetime and thus the
responsivity. The acceptors also decrease the carrier concentration at
low temperature. Irradiation-induced mobility changes are relatively
slight, showing that the low-temperature mobility prior to irradiation is
primarily set by neutral impurity scattering. Some band tailing is pro-
duced the radiation, but this is unstable and anneals to a large extent
by 100°K. It is replaced by a short-wavelength depression (or a long-
wavelength enhancement) in the spectral response, which may be another
manifestation of the same defects. In general, the damage effects were
quite stable, and few changes were gbserved in the measured properties
up to annealing temperatures of 40~’C.

The damage concentration introduce, \én these experiments was small
enough that, in gemeral, it only acted as\a perturbation on the measured
material properties, which were still set mainly by the arsenic dopant.
To study the nature of the defects more carefully, higher defect concen-
trations would be required so that the measured properties would be more
directly determined by the defects themselves.
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EVALUATION

1. This report is the Final Report on the contract, It covers
research on the effects of low-temperature neutron irradiation

on arsenic-doped silicon, an infrared detector material, during

the eighteen-month period 1 April 1975 to 30 September 1976,

The objective of this research was to determine changes in impurity
photoconductivity of arsenic-doped silicon irradiated with neutrons
at detector operating temperatures (below 20°K), determine
thermal annealing behavior, and to correlate the changes in
impurity photoconductivity with prominent radiation-produced
defects,

2, The work performed is of value beca.uag it has provided the first
extensive information on the effects of neutrons on an infrared detec-
tor material irradiated at detector operating temperatures.

Although information on the nature of the irradiation-induced de-
fects is still lacking, the results obtained contribute to the basic
knowledge required for the development of techniques for hardening
detectors.
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SUMMARY

This program was designed to examine the damage produced by neutron
irradiation of silicon at about 10°K. This knowledge is necessary because
it will allow the damage mechanisms in LWIR detectors to be determined and
perhaps hardening techniques to be developed. In order for the information
obtained to be applicable to state-of-the-art LWIR detectors, the material
studied must be similar to that used to fabricate such detectors. Arsenic-
doped silicon of this quality was obtained from two detector manufacturers,
Rockwell International and Aerojet ElectroSystems Company, and also from
a supplier of detector manufacturers, High Performance Technology, for use
in the program.

Standard measurement conditions for LWIR detectors were taken into
account and achieved as much as possible during the measurements. This
primarily meant that the optical background in the measurement chamber
was significantly reduced by using field-of-view limiting and by filtering
! external light entering the chamber with cold filters.

Samples were fabricated from the different materials by standard
techniques and the photoconductivity and electrical properties measured.

Except for oxygen content, the three materials were quite similar. Their
arsenic content was about 2 to 3 x 1016 cm's, and the acceptor concentra-
tion was about 6 x 1013 CI-s. Therefore, the dependence of the damage on
arsenic or acceptor concentration could not be determined. The Aerojet
material was pulled crystal, so the oxygen content was probably on the
order of 1018 cl's. The other two materials were float zone refined
with lower oxygen concentration, probably on the order of § x 1016 c-'s.

Thus, the dependence of damage on oxygen concentration could be examined.

. Samples were irradiated with fission neutrons produced by a photo-
nuclear reaction in fansteel. Gamme exposure of the samples was kept to
. 8 minimum by using depleted uramnium shielding between the fansteel and the
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samples. The primary effect of the neutron irradiation was the net
introduction of acceptor centers. This occurred at a rate of about 16
cm'1 in all the samples and thus was independent of oxygen concentra-
tion. The main effect of these irradiation-induced acceptors is to
compensate the arsenic levels. This produces more empty arsenic sites

at which excited majority carriers can recombine and decreases the
majority-carrier lifetime. This, in turn, decreases the optical respon-
sivity and is the most important detector degradation mechanism. Another
effect of the additional acceptors is to decrease the carrier concentra-
tion in the low temperature region where the acceptor concentration exerts
a direct control on it.

The irradiation-induced mobility changes were relatively slight, and
thus were not the major cause of degradation of the optical response.
Since the acceptor concentration and thus the charged-impurity concentra-
tion approximately doubled while the mobility changed only about 10%, this
means that the preirradiation mobility was set primarily by neutral-impurity
scattering.

The nature of the defects that act as acceptors was not determined
because the defect concentration was too low to observe any direct effect
from the defects. The only means of studying the defects was indirectly
by observing their effect on measured properties such as the impurity
photoconductivity that were controlled by other things. A higher
irradiation fluence producing a greater concentration of defects would
be required to better study the defects themselves.

There was evidence of the production of disorder because band tailing
was observed in the photoconductivity, and this is usually considered to
be a result of disorder. The band tailing was unstable, and significant
annealing occurred below 100°K. However, the irradiation-induced changes in
other measured.properties showed little, if any, comparable annealing so it
appears that whatever caused the band tailing had no significant effect
on the other properties. When the band tailing annealed, it was replaced
by a short-wavelength depression (or a long-wavelength enhancement) of
the spectral response, which may be another manifestation of the same
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defects. Since the band tailing seems to be more stable at higher defect
concentrations, it is possible that overlap of the regions of influence
of the defects, which are perhaps clusters, is required for photoconduc-
tivity enhancement near the intrinsic band to be produced. If the defects
have too low a concentration so that no overlap occurs, photoconductivity
enhancement would not be produced and only a competitive absorption would
result. There was also some evidence of shallow levels which might be
associated with disorder in the electrical properties measurements. The
number involved was small, so equating other measured changes with these
levels is open to question.

In general, little change was observed in any property with anneal-
ing up to 400°C. The obvious exception to this is the band tailing.
This stability of the effects of irradiation is somewhat surprising,
since many defects in silicon are known to anneal well below 400°C. It
is possible that all of this previousiy observed annealing is actually
defect evolution, and the new defects have much the same effect on the
measured properties as the old defects. It would not be until a suf-
ficient concentration of defects were introduced that direct effects of
the defects could be observed and the defect evolution examined.
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A number of individuals and organizations contributed to the
accomplishment of this program. IRT is particularly grateful to C. M.
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Missile Defense Advanced Technology Center, on whose programs the material
was grown, for giving permission to the two organizations to supply the
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man, and H. M. DeAngelis of the Rome Air Development Center [Deputy for
Electronic Technology (RADC/ETSR)], also greatly aided the authors in the
performance of the program. In addition to the effort of the authors,
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acknowledged, especially that of R. A. Cesena, R. E. Leadon, and
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INTRODUCTION

Doped silicon detectors are being increasingly used as long-wavelength
infrared (LWIR) detectors. A number of impurities have been used, with
arsenic being the most common because it produces the desired wavelength
response. LWIR detectors could encounter nuclear environments; therefore,
it is important that the basic physics of radiation effects in the material
be understood so that radiation effects in the detectors can be predicted
and perhaps minimized. Since LWIR detectors operate below “20°K, studies
in this temperature regime are of particular importance. Considerable
information on radiation effects is available in the literature, with a
reasonable amount concerning low-temperature irradiations. However,
neutron-irradiation data at low temperatures is almost completely non-
existent. This is a very important environment, because neutrons are a
significant portion of a nuclear environment and are probably the part
of the environment that would damage silicon the most. Thus, information
on neutron damage in silicon at low temperatures is necessary, with
particular emphasis on those effects that are important to LWIR detectors.
Specifically, photoconductivity measurements on Si:As doped to an appro-
priate level need to be emphasized.

The purpose of the study described in this report was to examine
directly the effects of neutron irradiation at 10°K on silicon so that
information to fill this important gap in the data could be obtained.

The damage processes that occur and the manner in which they affect the
material parameters and device properties were studied. The program was
designed so that the information obtained would be directly applicable to
LWIR detectors. The mechanisms involved in detector degradation would
thus be better understood so that (1) detector vulnerability could be
predicted from a knowledge of detector or material characteristics, and
perhaps (2) information on how to make detectors less vulnerable to
neutron degradation could be obtained.




The scope of this effort encompassed irradiation of arsenic-doped
silicon with neutrons at 10°K and examination of the effects on the
material. The relationship of these effects to LWIR detectors was of
primary importance, so the study was tailored specifically to provide
information that would be useful in this area. The material tested was
as close to that from which quality detectors are made as possible.
Examination of the effect of material differences (e.g., float zone
versus pulled crystal) was also part of the study task. The measure-
ments emphasized were those of importance to detectors, so the principal
measurement was the photoconductivity, although the electrical properties
were examined as well. The annealing of the damage, at least up to 300°K,
was to be examined (in some cases it was examined at temperatures as
high as 400°C) as an aid in characterizing the damage and also as a
potential mechanism for lessening detector vulnerability. The infor-
mation obtained from these studies was analyzed for application to
detector technology so that detector vulnerability can be better
understood.

i
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LITERATURE SURVEY

Over the past 15 to 20 years, a large body of knowledge has been
developed concerning radiation effects in silicon. A number of the
areas which have been explored relate in some way to neutron damage in
detectors. These include low-temperature irradiation, neutron damage,
defect characterization, and photoconductivity and electrical measure-
ments. One largely unexplored area has been neutron damage in silicon
at about 10°K. A review of the literature in these areas and their
relation to neutron effects in detectors is discussed in this section.

Most neutron irradiations of silicon done below room temperature
are performed at liquid-nitrogen temperature. The only reported study
at lower temperature was by Cheng and Swanson (Ref. 1). The measure-
ment tool used was pho*onconductivity, and the material studied was p-type
silicon. Arsenic-doped .ilicon, which is the material of interest here,
is n-type, so these results are not directly applicable; however, neutron
effects are to a certain extent impurity-independent, so this study does
provide some useful information. Also, the impurity photoconductivity
was not specificall} observéd,‘and. in fact, the measurements were
designed so that only defect photoconductivity was observed. The con-
clusions of this study were that (1) neutron damage occurs in defect-rich
clusters which are still crystalline, (2) shallow trapping levels close
to the valence band are produced, and (3) annealing occurs over a range
of temperatures by emission of vacancies and interstitials from the
clusters. The impurity ﬁhotoconductivity was not affected by irradiation
to 3.6 xvlo12 n/c-z, and the defects increased the photoconductivity at
wnvelengthi short of about 5 um. The findings concerning the physical
characteristics of the cluster are probably applicable to arsenic-doped

Y. L. J. Cheng and M. L. Swanson, Journal of Applied Physics 41,
2627 (1970).




material, but the defect properties such as energy levels and photocon-
ductivity spectra are not.
A number of studies have examined neutron damage in silicon at

liquid-nitrogen temperature. Some of these (Refs. 2,3) have examined
the photoconductivity, and a large number (Refs. 4-10) have studied
electrical properties. Lifetime (Refs. 11-13) and absorption (Refs. 10,
12,14) have also been studied. Both n- and p-type materials have been
examined. The primary finding was that the neutrons produce cluster
defects at all temperatures from 78 to 300°K, and the production is
essentially independent of material type. The temperature-dependence
of the damage is unclear. Electrically active defects show a decreased
introduction rate at low temperature, but damage in the center of the
cluster may be shielded and not measured. Thus, extrapolation to even
lower temperatures cannot be done accurateiy. This is one of the prime
reasons why it was essential to measure the neutron damage at 10°K.
v Another finding of these studies was that the clusters anneal over
b g é the entire temperature range from 78 to 300°K, and illumination makes

the annealing faster. Individual defects such as the divacancy and the

2. H. J. Stein, Applied Physics Letters 15, 61 (1969) .
3. V. S. Vavilov and A. F. Plotnikov, Journal of the Physical Society
of Japan 18 Suppl. III, 230 (1962). !
5 4. C. D. Clark et al., ghgiosopggcal Magazine 20, 301 (1969).
| 5. K. L. Starostin et al., Soviet Physics--Semiconductors 1, 1520 (1968).
6. K. L. Starostin et al., Soviet Physics--Semiconductors 2, 505 (1968).
7. K. L. Starostin, Soviet Physics--Semiconductors 4, 1569 (1971).
8. H. J. Stein, Physical Review 163, 801 (1967).
Stein, IEEE Transactions on Nuclear Science NS-15, 69 (1968).

10. F. L. Vook and H. J. Stein, Radiation Effects in Semiconductors,
P- 99, New York: Plenum Press (1968).

‘ | 11. V. N. Alfas'ev et al., Soviet Physics--Semiconductors 5, 1967 (1971).
! 12. C. E. Barnes, IEEE Transactions on Nuclear Science NS-16, 28 (1969).
13. H. T. Henderson and K. L. Ashley, Physical Review 186, 811 (1969).

b 14. C. E. Barnes, Radiation Effects 8, 221 (1971).
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oxygen-vacancy complex (A-center) are produced directly by the irradiation
and also their concentration grows as the clusters anneal. The individual
defects can be observed by various techniques, including photoconductivity,
where increased response is found in the short-wavelength infrared (SWIR)
following irradiation.

Except for the work of Cheng and Swanson (Ref. 1), almost all of
the liquid-helium-temperature irradiations in silicon have been per-
formed using electrons. A few photoconductivity studies (Refs. 15-17)
have been performed, and most of the others utilized electron para-
magnetic resonance (Refs. 18-25). These studies concentrated on defect
identification. One of the most important findings is that intrinsic
defects--especially silicon interstitials--are mobile at very low temp-
eratures. Thus, the stable damage produced by irradiation at temp-
eratures even as low as 4.2°K will be the result of both the damage
process and rearrangement through annealing. This probably means that
clusters produced by neutron irradiation will show rearrangement at

low temperature.

15. M. Cherki and A. H. Kalma, iors on 1 Science
NS-16, 24 (1969).

16. M. Cherki and A. H. Kalma, Physical Review B 1, 647 (1970).

17. P. Vajda and L. H. Cheng, Radiation Effects 8, 245 (1971).

18. K. L. Brower, Physical Review B 1, 1908 (1970) .

19. B. Goldstein, Radiltibn Effects 8, 229 (1971).

20. G. D. Watkins et al., Journal of Applied Physics 30, 1198 (1959).

21. G. D. Watkins, Journal of the Physical Society of Japan 18 Suppl. II,

22 (1963).

22. G. D. Watkins, Radiation Damage in Semiconductors, P. 97, i:anod
(1965) . - g

23. G. D. Watkins, Sympogium on Radiation Effects in Semiconductor

Components, p. Al-9, Journees d'Electronique (1968).

24. G. D. Watkins, Radiation Effects in Semiconductors, p. 97, New York:
Plénum Press (1968). '

25. G. D. Watkins, IEEE Transactions on Nuclear Science Ns¥16, 13
(1969) . e T T R R T R




A number of low-temperature irradiations have been performed using
electrical properties (Refs. 26-28), and one has been performed using
thermal conductivity (Ref. 29) as a damage probe. Since these properties
require heating to provide their full information, they are not as
useful as photoconductivity and EPR where heating is not required.
However, evidence has been found of low-temperature annealing such as
damage-dependence on impurity and low-temperature annealing stages.

A number of photoconductivity studies have been performed in silicon.
Since a great deal of information can be obtained without sample heating,
it is often used for low-temperature irradiations; thus, many of these
studies are among those already mentioned. It is also more useful in
studying individual defects than disorder, so most irradiations have
been with electrons. Cheng and co-workers (Ref. 1,17,30,31), Kalma and
co-workers (Refs. 15,16,32-36), Vavilov and co-workers (Refs. 3,37-40),

26. P. S. Gwozdz and J. S. Koehler, Physical Review B 6, 4571 (1973).

27. E. E. Klontz and L. L. Sivo, Radiation Effects in Semiconductors,
p. 136, New York: Plenum Press (1968).

28. R. E. McKeighen and J. S. Koehler, Radiation Effects 9, 59 (1971).
29. F. L. Vook, Physical Review 138, Al234 (1965).

30. L. J. Cheng, Physics Letters 24A, 729 (1967).

31. L. J. Cheng, Radiation Effects in Semiconductors, p. 143, New York:
Plenum Press (1968).

32. M. Caillot et al., Physica Status Solidi A 4, 121 (1971).

33. A. H. Kalma and J. C. Corelli, Radiation Effects in Semiconductors,
P. 153, New York: Plenum Press (1968).

34. A. H. Kalma and J. C. Corelli, Physical Review 173, 734 (1968).

35. B. Goldstein et al., Colloque International sur les Cellules
Solaires, Toulouse (1970).

36. M. Cherki and A. H. Kalma, Proceedings of the Third Intl. Conf. on
Photoconductivity, p. 279, Pergamon Press (1971).

37. 1I. P. Akimchenko et al., Soviet Physics--Semiconductors 3, 132 (1969).

38. I. P. Akimchenko et al., Soviet Physics--Solid State 10, 3677 (1964).
39. V. D. Tkachev et al., Soviet Physics--Solid State 5, 1332 (1964).
40. V. D. Tkachev et al., Soviet Physics--Solid State 5, 2333 (1964).
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Corelli and co-workers (Refs. 33,34,41,42), Tkachev and co-workers
(Refs. 43-47), and a few others (Refs. 2,48,49) have studied the photo-
conductivity of defects in silicon. All of these efforts have examined
defect photoconductivity, and the effect of irradiation on the impurity
photoconductivity has not been examined. The defects cause an increase
in photoconductivity in the SWIR region at all temperatures. The effect
of disorder.on the photoconductivity is an apparent decrease in bandgap,
which causes the intrinsic photoconductivity to extend to longer wave-
lengths. This is possibly the addition of shallow states near the bands,
which could be the trapping levels found by Cheng and Swanson (Ref. 1).

In addition to the previously discussed low-temperature neutron
irradiations, there is a large body of information on neutron irradia-
tions at room temperature. The number of papers in the literature is so
great that a complete listing would be quite long. However, the primary
finding which is important for defects in detectors is that neutrons
produce disordered clusters, which is the same conclusion drawn from
low-temperature work. The most striking example of efforts leading to
this conclusion is in electron microscopy (Refs. 50-53), where the

41. E. Fenimore et ai., Journal of Applied Physics 43, 1962 (1972).
42. R. C. Young and J. C. Corelli, Physical Review B 5, 1455 (1972).

43. M. T. Lappo and V. D. Tkachev, Soviet Physics--Semiconductors 4,
1882 (1970).

44. P. F. Lugakov and V. D. Tkachev, Soviet Physics--Semiconductors ;,-

295 (1967).
45. P. F. Lugakov and V. D. Tkachev, Soviet Physics--Semiconductors 1,
569 (1967).

46. V. D. Tkachev and M. T. Lappo, Radiation Effects 9, 81 (1971).

47. V. S. Vavilov et al., Soviet Physics--Solid Stito 4, 2522 (1965).
48. A. B. Gerasimov et al., Soviet Physics--Solid State 8, 2390 (1967).
49. M. L. Swanson, Physica Status Solidi 33, 721 (1969).

50. M. Bertolotti et al., Journal of Applied Physics 38, 2645 (1967). .

51. M. Bertolotti, Radiation Effects in Semiconductors, p. 311, New

York:Plenum Press (1968).

52. J. M. Pankratz et al., Journal of Applied Physics 39, 101 (1968).
53. J. M. Pankratz and N. L. Rudee, Physica Status Solidi 26, K97 (1968).
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actual damage regions are observed. In these experiments, direct evidence
of the production of localized regions of disorder was found.

A number of other studies have examined the defects produced by
neutrons. Most of these studies have used electron paramagnetic resonance
(Refs. 54-60) or optical properties (Refs. 30,31,46,61-75). Although some
simple defects have been observed in these studies, most of the defects
observed were complex defects at least on the order of the divacancy.

Many of the simple defects observed evolved upon annealing of the clusters.
Thus, the primary characteristic of neutron damage is the formation of
clusters. The characteristics of clusters are not well understood. A
study by Cheng and Lori (Ref. 65) has indicated that the clusters are

54. K. L. Brower, Radiation Effects 8, 213 (1971).

55. K. L. Brower, Physical Review B 4, 1968 (1971).

56. D. F. Daly and H. E. Nofke, Radiation Effects 8, 203 (1971).

57. D. F. Daly and H. E. Nofke, Radiation Effects 10, 191 (1971).
58. W. Jung and G. S. Newell, Physical Review 132, 648 (1963).

59. Y-H Lee and J. W. Corbett, Physical Review B 9, 4351 (1974).

60. Y-H Lee and J. W. Corbett, Physical Review B 8, 2810 (1973).

6l1. C. S. Chen and J. C. Corelli, Radiation Effects 9, 75 (1971).
62. C. S. Chen and J. C. Corelli, Physical Review B 3, 1505 (1972).
63. L. J. Cheng and P. Vajda, Journal of Applied Physics 40, 4679 (1969).
64. L. J. Cheng and P. Vajda, Physical Review 186, 816 (1969).

65. L. H. Cheng and J. Lori, Physical Review 171, 856 (1968).

66. L. J. Cheng and J. Lori, Applied Physics Letters 16, 324 (1970).

67. J. C. Corelli et al., IEEE Transactions on Nuclear Science NS-17,
128 (1970).

68. T. D. Dzhafarov, Soviet Physics--Semiconductors 5, 697 (1971).

69. Yu. P. Koval' et al., Soviet Physics--Semiconductors 5, 2061 (1972).
70. E. N. Lotkova, Soviet Physics--Solid State 6, 1224 (1964).

71. A. K. Ramdas and M. G. Rao, Physical Review 142, 451 (1966).

72. F. L. Vook and H. J. Stein, Radiation Effects 2, 23 (1969).

73. R. E. Whan, Journal of Applied Physics 37, 3378 (1966).
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still primarily crystalline and rich in divacancies. Whether this held
for low-temperature irradiations or the relatively ordered structure
evolved from a more disordered state was not known. Also, the number of
isolated defects produced directly at low temperature and those which
result from cluster rearrangement must be determined.

Another aspect of neutron damage is a feature called short-term
annealing (Ref. 76-81). On a short time scale (microseconds to seconds)
after an irradiation pulse, the material properties recover to some
extent, probably due to cluster rearrangement. Vacancy motion appears
to be quite important here, since the activation energy of the process
is close to that for vacancy motion. Since the vacancy is essentially
immobile in n-type silicon at 10°K (Ref. 21), cluster reorganization
probably would be nowhere near as large as at higher temperatures, and
the disorder would be present more in its original state.
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Some additional data does exist concerning neutron irradiation of
silicon at about 10°K (Refs. 82-93); it is not exactly basic physics
information, since such irradiations have been performed on IR detectors.
However, the impurity photoconductivity of the material was examined,
and some of the results have relevance here. The detectors have been
measured under reduced background because that is the condition in which
IR sensors operate. Silicon doped with arsenic, antimony, bismuth, and
gallium in the range of 1015 to 1017 , has been examined. These are
the impurity concentrations from which quality detectors are made. Other
impurities, such as compensation levels, had the proper concentration for
optimum carrier lifetime; hence, that is exactly the type of material of
interest here.

In general, the n-type impurities (arsenic, antimony, and bismuth)
behaved similarly, although significant differences often were observed
at times between detectors of the same type. Generally, the impurity
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The actual spectral dependence was not measured, so it is not known whether
the levels producing the signal changed or only a general decrease occurred.
Less heavily doped detectors showed a faster degradation, which might be
expected, since more heavily doped material requires a higher fluence tb
produce the same percentage change. This is not a true impurity-dependent
effect; it is simply a matter of the number of intrinsic defects required
to produce an effect.

In some cases, degradation was at a much lower fluence than normal.
The cause of this was not uncovered, and it remains one of the areas in
which a significant question exists.

At times, detectors showed an increased response following irradiation.
This was observed for the p-type, gallium-doped material as well as n-type
samples with different impurities. Many of those detectors showing
increased response had a relatively low response prior to the irradiation
which caused the response to increase. This characteristic was either
inherent in the as-fabricated detectors or caused by previous radiation
testing. Thus, the radiation-induced increase was changing something in
the detectors and bringing them closer to what an optimum detector should
be. This could have been the result of the introduction of levels which
compensated initially uncompensated, shallower levels. Another possi-
bility is that only the shorter-wavelength photoconductivity, which is
all that was measured, inéreasea, due to the introduction of deep levels.
Measurement of the spectral response would be required to answer this.

The annealing done in these detector experiments was not detailed,
so not much is known. Generally, annealing reversed any degradation,
but at times annealing produced degradation. Since the annealing was
only to room temperature, any change it produced must be the annealing
of radiation-induced defects. One interesting aspect is that, when
annealing degraded the detector response, subsequent irradiation often
reversed the process and increased the response. This could be cycled
at least a few times. It appears that annealing produces some defect
which is harmful and that subsequent irradiation negates this effect.
Perhaps the irradiation effect is the compensation of shallow levels by
deep levels, with the deep levels annealing to form additional shallow
levels.
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When all of this information is correlated, a general picture of how
neutron irradiation at 10°K would affect arsenic-doped silicon can be
obtained. There are many questions remaining, but an overall view, even
though incompletely defined, is useful to have so that the results of
this program can be more easily understood.

The primary damage produced will be clustered regions of defects,
but their state of order is not known. Some simple defects may be pro-
duced outside the clusters, but their effect on the material properties
would likely be less than that of the clusters. However, relatively simple
defects in a cluster which is still basically crystalline could produce
damage that has some properties of isolated defects. The clusters may
show some annealing at low temperature via an interstitial mechanism,
but they will probably be quite stable until heated. Thus, the damage
should be essentially impurity-independent because it will be the result
of intrinsic defects. Annealing at elevated temperatures should occur
over broad temperature ranges by the emission of vacancies and interstitials
from the cluster, reducing its size. These vacancies and interstitials, how-
ever, could form simple defects external to the cluster which might be more
effective in changing the material properties than when they were in the
cluster, due to screening of the center of the cluster, so measured damage
could be greater following some annealing. Injection could increase the
annealing rate; however, the effectiveness of this at 10°K is unknown.

The effect of clusters on the material is not completely understood.
It appears that a continuum of shallow levels is produced near both bands.
Some deep levels must also be produced, since irradiation eventually drives
the material to an intrinsic state. It is not known whether these are
associated with the clusters or with individual defects, although associa-
tion of at least some with the clusters is likely.

The shallow levels could cause a number of measurable effects. Light
could be absorbed at lower energies, and the band edge would apparently
shift in absorption (Refs. 94,95) or photoconductivity (Ref. 34) measure-
ments. Also, the electrical properties could show a shallow continuum of

94. L. J. Cheng et al., Phxlical Review 152, 761 (1966).
95. A. H. Kalma, IEEE Transactions on Nuclear Science NS-20, 224 (1973).
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levels, as observed in germanium (Ref. 96). The impurity photoconductivity
could also be affected by these shallow levels. If the temperature were
low enough to produce essentially complete freezeout on the donor levels,
but not low enough to produce much freezeout on any shallow levels, the
shallow levels would act in a manner similar to uncompensated impurities
and decrease the majority-carrier lifetime and the photoconductivity. The
increased response following irradiation observed in detectors with an
initially low response caused by prior irradiation may be the result of
irradiation-produced levels compensating the shallow levels in some
manner, although the mechanism involved is not obvious.

With this background, the questions that need answering are clearer,

and the information obtained in this study can be put in context.

96. A. H. Kalma et al., Journal of Applied Physics 37, 3913 (1966).
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EXPERIMENTAL TECHNIQUES

CRYOSTAT AND SAMPLE CHAMBER

The cryostat used on this pfogram was a Cryotip. This is basically
a cold sample chamber which is connected to a cryogen storage dewar by a
6-foot transfer tube. It is more convenient than an upright dewar for
several reasons. The sample chamber end is relatively small and can be
easily moved from an irradiation position to a measurement position.
Also, the 6-foot transfer tube allows the cryogens to be placed at a
distance from irradiation sources to keep them from accumulating as high
a dose. Another advantage is that turnaround time is quicker, and less
cryogen is wasted in a warmup because there is no large reservoir which
must be emptied and warmed.

The drawbacks of the Cryotip are that the available cold area is
limited and that long, continuous cooling is more difficult. The first
drawback was unimportant to this program because only small individual
samples needed to be cooled. The latter diawback was a potential prob-

lem because the storage dewars used contained 25 or 30 liters of liquid

helium, which was used at about 1.5 liters per hour during the experiments.

With a few liters used during initial cooldown, the maximum continucus
run time was about 15 hours. This was only a potential problem during
irradiation and annealing experiments that took over 24 hours and required
that the sample remain cold. However, even here, the 15 hours allowed
annealing to above 150°K in all cases, and storage dewars could easily be
changed before the samples heated to this temperature, even if the helium
ran out during a cooldown from an anneal and the chamber was not cold.

The sample chamber used for the testing had to allow for low back-
ground operation and optical, electrical, and irradiation testing in the
same chamber. Cryostat construction was of aluminum as much as possible
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to cut down on neutron-induced activity. Blueprints of the chamber were
submitted previously. The chamber has an optical axis that is end-looking
and a magnetic axis that is side-looking. The end-looking optical axis
made achievement of low backgrounds easier, because a longer working
distance for field-of-view limiting is more conveniently available than
with a side-looking optical axis. The sample is positioned at 45° to

both axes, as shown in Figure 1. This is the only simple means of doing
both the electrical and optical measurements. The losses involved were
not too great, since 70% (cos 45°) of the maximum achievable for both

the optical response and Hall voltage was obtained.

The aperture plate on the sample chamber is rotatable so that the
apertures, and thus chamber backgrounds, can be changed. Rotation is
accomplished by studs on the aperture plate that are captured by holes in
a plate attached to the Cryotip end piece. This end piece is attached to
the body of the Cryotip by O-rings and is manually rotatable. When it

SANPLE

MGETIC

po oo e oty W -*ﬁ

OPTICAL
RT-11432

Figure 1. Orientation of sample with respect to the optical and magnetic
axes
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rotates, the aperture plate does also. Once the desired rotation is
accomplished, the end piece is backed off slightly to disconnect it
mechanically from the cold aperture plate and prevent a thermal leak.
There are four positions in the aperture plate. A fixed aperture below
the rotatable aperture plate sets which position is being used and thus
the condition in the chamber. The first position is an 0.02-inch-diameter
aperture covered by a filter that is aluminum-evaporated on silicon.

The transmission characteristics of this filter are shown in Figure 2.

The second position is an 0.05-inch-diameter aperture covered by a

4.1-um narrow-bandpass filter, the transmission characteristics of which
are shown in Figure 3. The third position is an uncovered 0.1-inch-
diameter aperture, and the fourth position is closed off. The apertures
are three inches from the sample location. Using the known field-of-

view and transmission characteristics of the filters; the background in
the chamber under the various conditions can be calculated. These cal-
culated values are shown in Table 1, together with the background measured
using a calibrated silicon detector obtained from the Naval Electronics
Laboratory Center. In positions 1 and 2, the calculated background is
higher than the measured background. This may be because an emissivity

of 1.0 was assumed in the calculations, whereas it may actually have been
less. However, the numbers are close enough that the uncertainties in

the measurements may actually be the cause. In position 3, the measured
background is much higher. This is probably because this position is

the only one in which intrinsic light can fall on the sample. The response

Table 1
SAMPLE CHAMBER CONDITIONS

Aperture Calculated Measured
Diameter Back%found Background
Position (inches) Filter (p/cm®-sec) (p/cm®-sec)

|

1 0.02 Al-on-Si a x 100 2 x 1010

2 0.05 4.1-um Narrow Bandpass 1.3 x 10'° 1 x 1010

3 0.10 None 6 x 10™ 5 x 10°°

4 Blank -- - 2 x 109
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of the calibrated background detector to the intrinsic light would be
much greater and give a false indication of higher background. The
background in the blank position depends on the temperature distribution
in the chamber walls, which is not known. Estimates predict a background

of the order of 10° p/cmz-sec, which agrees with the measurement.

IRRADIATION PROCEDURES

The neutron source used for irradiation was a fansteel target -for the
IRT electron linear accelerator (Linac). The target itself is a 0.25-
inch-thick, 1.25-inch-diameter piece of fansteel on which 55-MeV electrons
impinge. These electrons produce bremsstrahlung, which in turn produce
neutrons by photofission. This produces a fairly high neutron flux from
a small volume source, which means that only those things near the source
are heavily irradiated. This is an advantage over the dry room of a
reactor, for example, because the associated equipment that must be kept
near the cryostat does not become as activated. One disadvantage of the
fansteel source is that the gamma-to-neutron ratio is high. However, use
of 4 inches of depleted uranium as a shield between the fansteel and the
sample chamber and positioning the chamber at 90° from the beam direction
to remove it from the forward-directed bremsstrahlung beam reduced the
gamma-to-neutron ratio to an acceptable value of about one. During
irradiation, a shield of two inches of depleted uranium was also used
on two sides and beneath the sample chamber to absorb some of the
scattered gammas. The necessity of allowing an optical path into the
cryostat and the presence of the transfer tube prevented shielding on
all four sides.

The neutron spectrum emitted by the fansteel target is an unmoderated
fission spectrum. Neutron dosimetry was performed using sulfur pellet

—————————

dosimeters, and gamma dosimetry was performed using cobalt-glass dosimeters.

Though most of the measurements of the optical properties were made
at 11°K (#1°K), the irradiation caused an instability in the helium trans-
fer which could only be overcome by operating at a lower temperature.
Therefore, the irradiations and measurements made during irradiation
were performed at about 6.5°K.
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Measurements made during irradiation were made remotely because of
the high radiation level in the target room. Therefore, only one back-
ground condition in the sample chamber could be used. This was chosen
to be the 4.1-um filter because the low background response degradation
was most important. Measurements as a function of irradiation were made
both with the irradiation beam on and with it off, so both high- and low-
injection measurements were obtained. Only the optical response could
be measured because the sample resistance at the low background and
temperature was much higher than the leakage resistance in the cryostat
feedthroughs, and no meaningful electrical properties data could be

obtained.

MEASUREMENT PROCEDURES

Electrical and optical properties of the samples were measured in
fairly typical fashion. Samples were cut in bars and contacts fastened
in a bridge configuration, as shown in Figure 4. For electrical pro-
perties measurements, the current is passed between contacts A and B,

the resistivity voltage is measured between adjacent contacts on the

A
!

C = e D)

G — H

RT-13016 B

Figure 4. Sample geometry. (The lettered points are used in Table 2
where sample dimensions are listed.)
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same side (e.g., C and E), and the Hall voltage is measured between
opposite contacts (e.g., E and F). The electrical properties were
measured as a function of temperature from room temperature (or the
anneal temperature during annealing experiments) down to the lowest
temperature at which good measurements could be made (about 20°K).

Optical response measurements can be made in a number of config-
urations: in the normal resistivity configuration (between contacts A
and B directly); across the sample between pairs of Hall voltage contacts
(e.g., C,E and D,F); or along the sample between pairs of resistivity
voltage contacts (e.g., C,D and E,F). In this way, the dependence of
the response on sample length could be examined.

The optical source used for response measurements was a blackbody
operated at 1000°K. Response measurements were made using the source
with both the 4.1-um filter and the Al-on-Si filpgr. For the spectral
dependence measurements, a Spex grating mqnoéhroﬁétor with a globar
light source was used. These measurements were made using both the open
hole and the Al-on-Si filter to examine differences between measurements
at high and low background.

One other measurement was made. This was to measure the electrical
properties at 11°K, using the open hole and the 1000°K blackbody as an
injection source. This is another probe of the optical generation and
recombination process and allows a relative measure of the lifetime.

An attempt was made to measure the gamma-induced noise and pulses
in the samples using both C5137 and Co60 radioactive sources. The
fluxes were as high as 106 Y/cmz-sec. No measurable gamma-induced
effect was observed in any sample prior to irradiation, and this measure-

ment was not made following irradiation.

MATERIAL TESTED

Since the aim of this program is to provide information concerning
the vulnerability of LWIR detectors, material which is similar to that
from which quality detectors are made should be tested. State-of-the-
art detectors have a thickness of about 0.1 mm, and this requires an
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arsenic concentration of about 5 x 10 cm ? for sufficient light
absorption. This is not necessarily a magic number, however, because

detector thickness can vary, and thus the arsenic concentration require-

ment changes. What is more important is that other undesirable electri-
cally active impurities be low in concentration. A high acceptor con-
centration would compensate a large number of arsenic sites and decrease
the lifetime and thus the photoconductive response. A high concentration
of donors with levels shallower than the As level would mean that
significant thermal carrier generation would exist at temperatures below
where the As carriers are frozen out. Additionally, material with high
mobility is necessary because the photoconductive response is actually
set by the mobility-lifetime product.

Si:As material was obtained from Aerojet ElectroSystems Company and
Rockwell International, both of whom fabricate and supply high-quality
LWIR detectors. The Aerojet material was supplied in several wafers
that were labeled either X105 - 6.5 cm or X105 - 55 mm. The Aerojet
* ] material is pulled crystal or high oxygen concentration. Though the

wafers were not actually tested by Aerojet, they were from crystals
from which quality detectors were made. The material used on this
! program was from the wafer labeled X105 - 6.5 cm and had a nominal
room temperature carrier concentration (which equates to the As concen-
tration) of 4 x 1016 cmfs. The Rockwell material was also supplied in
two wafers, both labeled HPT307025A. The wafers were then labeled
slice Bl or B2 with B2 being used. The Rockwell material is float-
zone refined or low oxygen concentration. The nominal room temperature

resistivity was 0.269Q cm, which means an As concentration of 2.2 x 1016
cm's. Again, the wafers had not been tested by Rockwell, but quality
detectors had been fabricated from material from this crystal.

In addition to the above material, IRT had a boule of Si:As which
was previously obtained from High Performance Technology (HPT). HPT
was a supplier of Si:As to LWIR detector manufacturers before it went
out of business. This boule was float-zone refined or low oxygen con-

: centration. It has a nominal arsenic concentration of 1016 cn-s and
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low concentrations of other unwanted impurities. IRT has previously
fabricated 1 mm3 detectors of high quality from the material.

Bar samples were cut from the wafers with a diamond saw. The
samples were then polished, etched with CP-4, and As-doped gold contacts
alloyed to the bar in a bridge configuration.

In general, only one sample of each type material was tested.
However, a Rockwell sample was the first tested, and a number of experi-
mental difficulties left the results open to questions, so a second
sample of this material was subsequently tested. The primary experimental
difficulty during the first test was a loose optical mirror that caused
the response measurements to vary significantly. Also, temperature
control was not as tight as necessary during the electrical properties
measurements, and the resulting data scatter was unacceptably large.
Further, it was not realized until the performance of this experiment
that the neutron irradiation would produée instébiiifies in the helium
transfer system, necessitating operation at lower temperature. Therefore,
when such instabilities occurred during the irradiation, it was necessary
to cool the chamber more and continue the irradiation at a lower tempera-
ture where no prior measurements had been made. This meant normalizations
were required and added another question to the results. As a result of
all these factors, the data from this initial sample are not considered

in this report.
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ANALYTICAL CONSIDERATIONS

To examine the mechanisms involved in the neutron damage of Si:As,
it is necessary to determine the basic physics parameters of the material.
However, these are not measured directly, and one must determine the
relationship between the measured quantities and the material parameters.

DEPENDENCE OF ELECTRICAL PROPERTIES ON MATERIAL PARAMETERS

When measuring the electrical properties of a material, one measures
the resistivity, p, (or the conductivity, o) and the Hall coefficient,
RH (from which can be obtained the carrier concentration, n = 1/RHe). The
dependence of these quantities on the material parameters has been dealt
with extensively (Ref. 97) and the results are well understood. In Si:As,
we are dealing with an n-type semiconductor with Nd donors (activation
energy Ed) and Na compensating acceptors. From room temperature down to
nitrogen temperature, all the uncompensated donors are excited, and the
carrier concentration is

n=Ny- N, - (1)

For Nd >> Na’ this is n = Nd . (2)

As the temperature is lowered, carriers freeze out on the donor sites.
So long as n >> Na’ the acceptors have little effect, and the carrier
concentration is given by

1/2 & -Ed/ZRT

n = (BNN,) 3)

where B'l is the degeneracy of a donor level and Nc is the density of
states in the conduction band. At lower temperatures yet, N, becomes
larger than n, and the carrier concentration is given by

97. See for example: J. S. Blakemore, "Semiconductor Statistics,"
Pergamon Press, (1962).
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The slope of the carrier concentration versus inverse temperature (allow-
ing for the T3/2 dependence of Nc) in either region gives Ed. Knowing Nd
from the higher-temperature measurements, both B and Na can be determined.
Eventually, the thermal generation of carriers will drop enough so
that the optical generation will set the carrier concentration. Below
this temperature, the carrier concentration again becomes constant as long
as the lifetime remains constant.

The mobility (n) of the material can also be determined from
a = ney . (5)

The mobility depends inversely on the scattering of the carriers, which
depends directly on the number of scattering centers. The scattering
also depends on the charge on the centers, making calculations difficult.
The mobility can be written as

1 <l
Tef@hHN (6)

where f(q'z) is a proportionality constant that depends on the mean square
of the charge on the centers. It also could depend on temperature or
other variables, but this is not important to the subsequent discussion.
Note that £f(0) # O because neutral centers scatter also and that f(q)

may differ for different types of centers even if they have the same charge.

DEPENDENCE OF PHOTOCONDUCTIVITY ON MATERIAL PARAMETERS

The general expression for the responsivity (at frequencies above
where dielectric relaxation occurs) of a sample is

g
I e M

AT
where

O is the quantum efficiency,
G is the photoconductive gain, and
A is the measurement wavelength.
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The dependence of n, now needs to be examined.

o, «1- exp(-cNdd) ’ (8)
where
o is the cross section,
Nd is the number of centers capable of absorbing light, and
d is the detector thickness.
Thus,

L o«6 & (1 - expl-oN)] | (9)

For UNdd > 1,

: A

IAGGEEo (10)
f since the term in brackets is essentially unity. For oNdd << 1, the term

g in brackets becomes oNdd, and

a

: IA « G he aNdd ’ (11)

In the case of most silicon LWIR detectors, aNdd will be between the

extremes. However, since the material used here is the same as that from
_which detectors are made and the samples used are somewhat thicker, oNdd

will be greater than 1, and Equation 10 should be used; however, use of

Equation 9 will cover all cases.
The dependence of the photoconductive gain below saturation (at low
bias) has the form

uT 5
- (#)5




where A is the majority-carrier lifetime and u is the mobility, depending
on whether ut depends on E or not. A V2 dependence of the response indi-
cates that ut does depend on E and that Equation 13 holds. For radiation
effects, this is of secondary importance, and the fact that G (and thus,
the response) depends on Tn is most important. Thus, the responsivity
equation has the form

AV
I)‘ EE 2—2 n,\ ) ‘l'n . (14)

In the saturation region (high bias) and since we are operating at
frequencies where dielectric relaxation cannot occur, G is limited to
1/2 (or perhaps some other constant) and the responsivity can be written as
A 2hc A °
The basic material parameters in these equations which can be changed
by irradiation are the majority-carrier lifetime (Tn), the mobility (u),
and the number of centers capable of absorbing light (Nd). Writing the

responsivity in terms of these parameters gives

I, = 1 - exp(-oNdd)] ut, at low bias (16)
or

By s 1 - exp(-oNdd)] at high bias (17)

IRRADIATION-INDUCED CHANGES IN MATERIAL PARAMETERS

It is now necessary to determine how irradiation changes the material
parameters and then how these changes affect measured properties. The
basic effect of irradiation is the production of defect complexes, which
can do a number of things to the material. For example, if the complexes
include the optically active impurity atoms, the atoms will no longer be
capable of providing optical response. If the complexes remove carriers
from the optically active impurity atoms, not only will those atoms not
be able to provide optical response, but also they will be an additional
recombination location for majority carriers. The defect complexes
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themselves can act as minority- or majority-carrier recombination centers

or be scattering sites to affect the carrier mobility. The defect com-

plexes are usually introduced at a rate which is linear with fluence (9).
The introduction of defects can be written as

dN
N”’dT"’ (18)

where N is the number of defects and dN/d® is the introduction rate.

If only majority-carrier removal sites are introduced, this defect intro-
duction rate would be akin to the room-temperature carrier removal rate
(dn/d%).

The lifetime of a material is the property most readily affected by
irradiation. For the minority-carrier lifetime, this is because radiation
defects seem to have larger recombination cross sections than defects
already present, such as impurity atoms. For the majority-carrier life-
time, this is because quality detector material operated at low tempera-
ture and background and closely compensated has few unoccupied sites at
which recombination can occur. The lifetime of a material depends

inversely on the number of recombination centers available:

T'-—N— s (19)

where

o is the capture cross section,
v is the carrier velocity, and
Nr is the concentration of available recombination centers.
For multiple recombination centers,
3.
L

|-
]
™M

o0, v (20)
o S

As irradiation adds new recombination centers, the lifetime changes can
be written as

ka4 e
?-goodvd—oo TO4KT0. (21)
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where T is the initial lifetime and KT is the lifetime degradation con-

stant. Writing this in normalized form gives

¥ 1
_—= — (22)
Ty 1+ KT To [

For the majority-carrier lifetime where the irradiation simply introduces
more of the same recombination centers (empty optical donor sites), and
thus o = Od, the normalized form can be written in terms of the defect

0
introduction rate as

S 1
SR i §55)
0 N, do

where N+ is the initial number of unoctupied (positive) optically active
levels.
The effect of irradiation on the number of absorbing centers is

simply a removal of them, which can be written as
& _ dN

where N0 is the initial number of occupied (neutral) optically active levels
and is equal to Ny in these materials. This is less sensitive than the
lifetime, since the number of defects introduced must become significant
compared with the number of absorbing centers initially present (No) before
any effect is observed. Since the number of absorbing centers is orders of
magnitude larger than the number of recombination sites (N+) in high-quality
detector material, the lifetime is much more sensitive.

Upon irradiation, the mobility will change as

=4 G

1 -2
5 )

dN , _ 1 »
0 %= ﬁ; + Ku ® , (25)
wherel(“is the mobility degradation constant. This is very similar to
the lifetime equation (Equation 21) and can be written in normalized form
as

v PRt TR (26)
Fp Lttt
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The mobility is less sensitive to irradiation than the majority-carrier
lifetime, since there is a significant number of scattering centers present
in the detectors compared with the number of recombination sites available.
Since the mobility always enters the analysis as a product with the majority-

carrier lifetime, it does not govern detector changes to a large extent.

IRRADIATION-INDUCED CHANGES IN ELECTRICAL PROPERTIES AND
PHOTOCONDUCTIVITY

The introduction of defects in the material is effectively the
addition of compensating acceptors. This would first affect the electrical
properties by decreasing the low-temperature-carrier concentration in the
region where Na controls it. The decrease in n at any temperature will
be proportional to the increase in N, If the defect concentration becomes
high enough, the value of Nd - Na would drop, and the high-temperature-
carrier concentration would also decrease.

The additional defects will also produce additional scattering and
lower the mobility. The change in scattering can be examined only
qualitatively because of the differences between different types of
scattering centers.

The low bias responsivity can be written in normalized form as

R Ty TR (27)
| TRl
Xo AO 0 no

Since the lifetime is the most sensitive parameter, this can be written as
I T
TJL = ?lL i (28)
o .

Substituting Equation 22 gives

A 1
s T o g (29)
T 0
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or Equation 23 gives

IIA i 1 ¢ (30)

1 dN

At high bias, the responsivity in normalized form is

Ak = (31)
I n 2
Ao o

For cNdd >> 1, this is independent of any material parameter and would not
change with fluence. Eventually, enough removal would occur that GNdd %<1
would be valid and

IN _N
'I—A— = N— . (32)
0 0

Substituting Equation 24 gives

I) 1 dN
-IT— = 1 - N—o' H ° . (33)
0

One apparent change in electrical properties, which is actually a
photoconductivity change, is a carrier concentration decrease at low
temperatures where n is set by optical background generation. Thus, the

carrier concentration is actually a measure of the steady-state photo-
conductivity, and majority carrier lifetime degradation would decrease

the carrier concentration.
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EXPERIMENTAL RESULTS

PREIRRADIATION CHARACTERIZATION

The material properties of samples cut from the various wafers were
characterized prior to irradiation. The sample dimensions are shown
in Table 2. The carrier concentration results are shown in Figure 5.

Table 2
DIMENSIONS OF THE Si:As SAMPLES 2

Rockwell Aerojet HPT
o 4 0.417 cm 0.946 cm 0.903 cm
Resistivity Dimension 0.108 cm 0.323 cm 0.323 cm
(C-E) : A .
prc 0.0344 cm 0.138 cm 0.0387 cm
Thickness 0.0602 cm 0.120 cm 0.0731 cm

8See Figure 4 for sample location of the lettered points.
The material parameters calculated from these data are given in Table 3.

Table 3

MATERIALS PARAMETERS OF THE Si:As SAMPLES AS
DETERMINED FROM THE CARRIER CONCENTRATION

: Activation Acceptor
As Concentration 8

Material N, (cu” 3) éine(regvy) Degeneracy VO rf:t"mn
Source d d Factor, B Ng (cm 7)
Rockwe1l 2.2 x 10%° 0.053 0.5 8.3 % 10!°
Aerojet 3.1 x 1016 0.054 0.5 6.2 x 1013
HPT 1.9 x 10 0.054 0.5 5.2 x 1013
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The arsenic concentrations are quite accurate, being very easy to measure
and not depending on another measured parameter. The energy levels varied
by 0.001 eV between the higher temperature Ed/ZkT region and the lower
temperature Ed/kT region for the various samples. Also the scatter in
the data would allow the drawing of a line with a slope that differed by
up to 0.001 eV from the one listed in Table 3. The value for the Rockwell
material seemed to be slightly lower (shallower slope) than for the other
two. Although, since they were all the As level, they should have been the
same. If the activation energy of the Rockwell sample were forced to be
0.054 eV, the calculated acceptor concentration would be lowered to
3.3 x 1015 cm-s or significantly lower than the others. The calculated
degeneracy factor ranged from 0.4 to 0.6. Since B'l must be either 1,
2, or 4 (in principle, it could be any even number), the value of B is
almost certainly 0.5. The experimental data can be fit reasonably by
other combinations of parameters (in particular of Ed and Na) than shown
in Table 3. Although exhaustive fitting attempts were not made, it seemed
that changes in Ed of greater than 0.001 would not result in reasonable
fits. This puts a limit to the N, values as being within a factor of two
of the values listed. A specific point is that an attempt to force the
acceptor concentration to be 1013 cm’s (the value where the break in the
curves in Figure 5 occurs) results in an activation energy of about 0.058 eV,
which appears much too steep to fit the data. In any event, the relative
values for a given sample are quite accurate, and this is probably more
important than absolute accuracy.

The material parameters listed in Table 3 are slightly different
from those given in earlier status reports. These differences are a
measure of the accuracy of the results, because the data can be fit
reasonably by either the previous or the present parameters. However,
it is felt that the present parameters are more accurate because they
were determined by comparing the data from all three samples, primarily
so as to choose a reasonably consistent activation energy. The prior
parameters were determined from the data on the sample in question only.

The impurity concentrations were not as different as could be
desired for a good study of damage dependence on this variable. Neither
the Rockwell nor the Aerojet material had an As concentration as high

as it might have been, though both were acceptable. The HPT sample had
33




an As concentration about twice what was expected. Other samples with

As concentrations of about 1 x 1016 cm's had been cut from the boule.

However, this sample was contacted and mounted late in the program, and

there was not enough time or effort available to cut another sample from

a different location to determine if a lower concentration would be obtained.
The mobility of the various samples is shown in Figure 6. At tempera-

tures above about 80°K, the mobilities are very similar. The temperature

dependences are all approximately 1-3/2

, though the HPT material seems

to be slightly steeper. In this region, the mobility is set by lattice
scattering. As the temperature is decreased, the slope of the line

becomes greater for some reason, and then the mobility levels out below about
40°K. It is in this region that ionized or neutral impurity scattering
predominates. The ordering of the Rockwell and Aerojet materials in this
region is reasonable, since the Rockwell material has a lower donor, accep-
tor, and oxygen concentration; therefore, both the ionized and neutral im-
purity scattering would be less and the mobility higher. However, HPT sam-
ple had a significantly higher mobility than the others, even though its
acceptor concentration (and, thus, its ionized impurity concentration) was
about the same as the others and its oxygen concentration (and, thus, its
neutral impurity concentration) was lower than that of the Aerojet material.
Since the mobility ordering is the inverse of the As concentration ordering,
this perhaps indicates that the low-temperature scattering is dominated by
the neutral arsenics. However, it is more likely that the reason is dif-
ferences in dislocation density or some other unmeasured quantity.

The spectral dependence of the response of the samples is shown in
Figure 7. The response is relatively typical of Si:As detectors, increas-
ing with wavelength at a rate closer to Xz than Al, as an ideal photo-
conductor would do when the normalization is to the incident power. The
reason is because the samples are not thick, and at shorter wavelengths
where the absorption coefficient is lower, a smaller fraction of the
light is absorbed; this serves to decrease the response.

The HPT sample had a steeper wavelength dependence than the other
two for a reason that is not understood. This is expected for less
heavily doped material, which the HPT sample was, but the doping difference
involved was not enough to cause the effect seen. Further, the doping
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concentration difference was greater between the Rockwell and Aerojet
materials, the responses of which were identical.

One other point about the spectral dependence is that it was the
same for all samples at high (uncovered 0.1-inch-diameter hole) and low
(0.02-inch-diameter hole covered by Al-on-Si filter) backgrounds.

The absolute responsivity of the samples was measured using the
4.1-um filter. Various biasing configurations were used which can be
explained using Figure 4. Three basic configurations were used: bias
along the entire sample from A to B, bias between the resistivity probes
from C and D to E and F, and bias across the sample from C and E to D
and F. The photoconductive gain, and thus the responsivity, of a sample
depends on the sample length across which the bias is applied in the
region below saturation. (See Equations 12, 13, and 14.) This can be
seen in Figure 8, where the bias dependence of the responsivity of the
Rockwell material is shown for various bias lengths. Similar results
were observed for all samples. The inverse dependence of response on
length is qualitatively true, but not exactly quantitatively true, probably
because of field fringing for all cases except where the bias was applied
to the ends of the samples.

The bias dependence of the responsivities of the samples (using the
shortest bias dimension available) is shown in Figure 9. Breakdown at
a field of about 200 V/cm occurred_before gain saturation was clearly
achieved in any sample in any condition. The breakdown results in a
large increase in both the optical response and the noise. It is apparently
caused by an avalanche phenomenon in the contact region, although perhaps
other mechanisms could be possible. In any event, it is not a region of
interest here because LWIR detectors are not operated anywhere near this
region, and it provides no information about degradation mechanisms in
such detectors. If gain saturation were achieved, the mobility-lifetime
(ut) product could be determined without calculating the efficiency and
the absolute responsivity. Since both calculations are easy, WT can be
determined, and all that is lacking is a check on the results. In these
samples, as in most doped silicon LWIR detectors at low background,
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ut depends on field. The mobility of the samples was measured as a func-
tion of field and was essentially constant. Therefore, it is the lifetime
which is field dependent. The calculated lifetimes range from 10 to

100 nsec, which is the expected range for detector material.

The Rockwell sample has a higher response for some reason, perhaps
because its acceptor concentration is really lower and, therefore, the
lifetime is higher. The difference betweén the Aerojet and the HPT
sample was the result of the length differences. Scaling for the length
would reverse their ordering, which is reasonable since the measurement
was made at short wavelength (4.1 um), where the HPT response is relatively
lower. No similar sample dimensions existed in these two samples to make
direct comparisons.

The bias-dependence of the noise showed a flat system noise up to
the breakdown field,where the noise increased greatly. The frequency-
dependence of the response or noise showed an RC corner frequency of
100 Hz, implying an RC on the order of 1.5 msec or C on the order of
150 pF (RL = 107 ohms). This is about right for cable and feedthrough
capacitance. The temperature dependence of the response decreased
drastically when thermal ionization occurred above about 20°K. Measure-
ments made using the Al-on-Si filter showed qualitatively the same results.
However, the quantitative responsivities were somewhat higher because
some of the light was of longer wavelength, where the response is higher.

EFFECTS OF IRRADIATION

The response of the samples was monitored as a function of fluence
at %6.5°K. Intrinsic injection (electron-hole pair production as opposed
to the extrinsic injection or the production only of mobile electrons
by the infrared light) produced by the ionization accompanying the neutrons
caused the optical response to increase during the irradiation. This is
the same effect as observed in LWIR detectors under gamma irradiation where
response increases are noted. The increase observed in the samples :
tested in this program ranged from a factor of four for the Rockwell
material to a factor of 15 for the Aerojet and HPT material. The increase
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apparently is a result of the excess carriers produced by the intrinsic
injection, perhaps by field redistribution across the sample, although
this is not really known and is the subject of much study at present.

In any event, since the effect depends in some way on the injection of
carriers in an intrinsic process, it may depend on the intrinsic lifetime
as well as the majority-carrier lifetime, which governs the optical response.
Lacking a model of the dependence means that no quantitative information
about material parameters can be obtained from the measured degradation
rate under intrinsic injection. However, it was measured, as well as the
no-intrinsic-injection degradation, to provide information for use in the
developing theories.

To measure the degradation with no intrinsic injection, the Linac was
shut off and the bias dependence of the response measured after the
intrinsic-injection-induced increase had decayed away. An example of

_these results is shown in Figure 10 for the Aerojet sample. All samples
showed similar results. The measurements were made at low field so that
any confusion caused by effects near breakdown would not be encountered.
From these results, the degradation rate of the response can be found.

The normalized results ave shown in Figures 11 and 12 for the cases of no
intrinsic injection and intrinsic injection, respectively. The points are
the measured data and the lines are fits to the analytical Equations 29
and 30 with mobility changes allowed for, as will be explained subsequently.

The electrical properties were not measured as a function of fluence,
but only before and after irradiation. In facf, to determine some of the
material parameters from the electrical properties, the samples had to be
heated to the first annealing point (“40°K). As will be shown in the next
section, little if any annealing of the optical properties occurred during
this process, so the parameters are valid numbers for the post-irradiation
values. As expected, the carrier concentration of the samples decreased,
while the activation energy remained unchanged. This means that additional
acceptors were introduced by the irradiation. The mobility also showed
some slight decrease, indicating the introduction of additional scattering
centers. An introduction rate of acceptors and a mobility degradation
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constant can be determined from these data, assuming that the introduction
of defects was linear with fluence. Before these are listed, however, some
other points need to be developed.

The fact that the mobility showed some degradation means tha. the
assumption that the response degradation depends onliy on lifetime degrada-
tion (Equations 28, 29, and 30) is not exactly true. Therefore, Equation

29 should really be written as
1

A 1 1
o : (34)
IAO (1+KT‘1‘0¢)(1+Kqu@)

This was actually done for the analytical curves in Figures 11 and 12.
Since it is the majority-carrier lifetime that is being considered, the
acceptor introduction rate can be found from the response degradation
using the electrically measured acceptor concentration. Conversely, the
acceptor concentration can be found using the electrically measured
introduction rate. The results of all these calculations, using the
electrical and optical properties, are shown in Tables 4 and 5, respectively.
Though the mobility and, thus, the mobility changes were not measured under
intrinsic injection, the fractional changes under 1000°K blackbody injection
were not too different from those under no injection, so these results
were assumed to hold also under intrinsic injection. Though from a basic
point of view, l(T is perhaps more important than KT To the field depen-
dence of T also gives a field-dependent KT, since the relative degradation
was constant with field, as is expected for the addition of acceptors.
Therefore, it is KT To that is shown in the table. The same is not true
for Ku. because u is bias-independent; Ku is therefore shown in the tatle.
It should be pointed out that the lifetime degradation constants
(Kr To) are higher under intrinsic injection. At first glance, this would
be expected since the response would be affected by both changes in the
majority-carrier lifetime and the excess-carrier generation, which depends
on the intrinsic lifetime. Thus, both lifetimes should be reduced by
irradiation. However it is actually the KT that is a measure of the rate

»
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of change of the lifetime, so the different effective Ts must be allowed
for. Because the response is higher at high intrinsic injection, the
effective lifetime is higher. For the Rockwell and HPT samples, the
ratio of the response under intrinsic injection to that under no intrin-
sic injection is almost equal to the ratio of the respective degradation
constants. Further, this comparison is within a factor of two of being
correct for the Aerojet material, and the discrepancy is in the direction
where less degradation is observed than predicted by the lifetime dif-
ference. These results indicate that the same degradation process is
occurring under both conditions and that intrinsic lifetime changes
either do not occur or do not affect the response changes under intrin-
sic injection.

The comparison of the electrical and optical properties results is
reasonable, considering the accuracy of the measurements. This is
especially true of the electrical properties, where small changes in Ed
have large effects on Na' The largest discrepancy is for the Aerojet
sample, and this is less than a factor of 1.5. Even this discrepancy is
probably less as will be seen when the annealing is discussed.

Within the accuracy of the measurements, all of the acceptor intro-
duction rates are equal. The average value is about 16 cm"l. This is
reasonable, because it is not expected that low-temperature damage in
n-type silicon will depend on any impurity since the defects formed are
thought to be immobile. The introduction rate of scattering centers
(Ku) is also probably the same for all materials within the experimental
accuracy. The Aerojet sample, which had a lower measured constant, had
a mobility change of less than 10% and even slight (5%) inaccuracies
would put the number in agreement with that for the other two samples.
Thus, the best v2lue for Ku is probably about 2 x 10'18 Vesec.

The electrical properties were measured before and after irradiation
using the injection of the 1000°K blackbody to excite carriers. Thus,
the carrier concentration is another measure of the lifetime, and it
decreased as expected. However, since the effective lifetime depends on
injection, and this is a steady-state measurement that cannot be directly
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compared with the ac measurements of the photoconductivity, nothing more
than the qualitative check is available here. The prime use of this
measurement is in examining the annealing as discussed in the next section.

The final measurement that was performed was the spectral dependence
of the response. The results are shown in Figure 13, with the normaliza-
tion done to the preirradiation response so that changes are more readily
observed. The scatter of the data was about *5% in regions of atmospheric
absorption and about twice as good elsewhere. The larger inaccuracy in
regions of atmospheric absorption is because the measurement was single
beam and the amounts of water vapor and C02 in the air varied from measure-
ment to measurement.

Each sample showed a slightly different behavior. The Aerojet sample
showed a definite rise in the response at wavelengths shorter than 3 um
on top of an essentially wavelength-independent degradation at all wave-
lengths. The HPT sample showed a short-wavelength rise, but to a much
less extent than did the Aerojet sample. It also showed a degradation
at all wavelengths, but this was not quite wavelength-independent and
increased with increasing wavelength beyond 3 um. The Rockwell sample
showed essentially a wavelength-independent degradation and perhaps a
slight hint of a rise at short wavelengths. This rise would not be
believable were it not for the fact that a rise was noted in the other
two samples.

The rise at short wavelengths is gradual, with no well-defined
step that would be the result of a defect with a fixed energy level.
Instead, the shape of the gradual rise is similar to the near-edge
absorption or band tailing observed in several prior studies of silicon
irradiated at room temperature (Refs. 34,65,94,95). This band tailing
appears to be the result of irradiation-induced disorder, which creates
a continuum of states near the band edges and, thus, makes the "intrinsic"
absorption band shift to longer wavelengths.

The difference in the extent of the band tailing in the different
samples is qualitatively explained by the fluence received and the sample
thickness. The Aerojet material received the highest fluence and also
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was the thickest, so it has a greater amount of damage and thus a larger
band tailing. This qualitative argument predicts more band tailing for
the Rockwell sample than for the HPT sample because their thicknesses

were similar, and the former received a higher fluence. However, the

fact that the opposite ordering was observed is not too troublesome,
because band tailing in neither was very large and the measurement
inaccuracies could easily have reversed the order. The inaccuracies exist
particularly at the short wavelength end, where these effects are observed
and where the impurity photoconductivity gives a very low response.

What the spectral dependence results clearly show is that, except
for the band tailing, no defect photoconductivity was observed, and the
primary effect of the irradiation was to lower the impurity response
essentially uniformly at all wavelengths. This is the result of the
decrease in majority carrier lifetime produced by the introduction of
acceptor centers.

There are two other points concerning the spectral dependence measure-
ments which must be discussed. The first concerns the general rise in
response with increasing wavelengths of the HPT material. Though the
cause is not understood, it possibly is related to the effect that caused
the preirradiation response of this same sample to drop below that of
the other two samples at short wavelengths.

The final point is the hint of an absorption band at 15 pym in all
the samples. This band is quite small and is at the location of co,
absorption, which may well have produced the apparent band. This is
another point that will be returned to in the discussion of the annealing.

EFFECTS OF ANNEALING

The isochronal annealing of the properties of the various samples
was measured. Some discussion of the qualitative changes that occurred
is necessary before the details of the annealing are examined. One
feature that was observed was that the short-wavelength response degraded
with respect to the long-wavelength response. Usually, this actually
appeared to be an enhancement at long-wavelengths, as illustrated in
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Figure 14. However, it sometimes appeared to be a depression at short
wavelengths, as shown in Figure 15. To distinguish between the enhance-
ment and depression and also to show the changes in the band tailing, the
ratios of the response at a shorter wavelength (1.6 um) and a longer wave-
length (20 um) to the response at an intermediate wavelength (4 um) were
used to examine annealing.

Another feature of the annealing which appeared in some instances
was a change in the character of the carrier concentration versus inverse
temperature curves. The prime example of this was the Rockwell sample
following the 300, 330, and 365°K anneals. These results are shown in
Figure 16. The slope of the curve seemed to become shallower at low
temperature. This could indicate that shallow levels, perhaps as a result
of disorder, were produced in sufficient numbers that they were not com-
pletely compensated at low temperatures.

The annealing results on the various samples are shown in Figures
17, 18, and 19. Annealing above 300°K was not performed on the HPT
sample because of time constraints at the end of the program. The ordi-
nate value is the ratio of the property value following annealing at the
specified temperature to the preirradiation value of the property. The
response was measured at both 4.1 um and with the Al-on-Si filter, and
both results are shown. The acceptor concentration results are actually
the ratio of the preirradiation concentration to that after annealing, so
that recovery is an increase towards 1.0, the same as for the response.
The carrier concentration under intrinsic injection is another measure of
the photoconductive response. Data for this property are not shown for
the Rockwell sample because an equilibration time was necessary after the
start of injection and this was not realized in this early experiment;
the results, therefore, varied depending on the time used for the measure-
ment. The mobilities with no intrinsic injection and under intrinsic
injection were measured, except for the Rockwell sample, and both are
shown. The spectral-dependence results are examined using the response
ratios as explained previously. The long-wavelengths ratio is not shown
for the Aerojet sample because it remained 1.0 throughout. The excess
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concentration of shallow levels is the ratio of the carrier concentration
at low temperature to that of the line with the activation energy of the
arsenic level extrapolated to the same temperature. This quantity is not
shown for the HPT sample because no evidence of shallow levels was found
here. Though the ratio involved is large, the actual concentration changes
are small, being on the order of 10lo cn™ or less.

The first and possibly most important point about the annealing
results is that little annealing occurred in general up to temperatures
as high as 673°K. All of the changes were quite small and many of the
apparent changes in one property of a sample were not reflected in changes
that would be expected in other properties. (For example, changes in
acceptor concentration should directly affect the response.) Unless a
change in one property was corroborated by an expected change in another
property, it is probable that the apparent change was only the result
of data scatter, and it was not really an annealing step.

There are a few property changes that do occur. One is the disap-
pearance of the band tailing at relatively low temperature. In the
Rockwell and HPT samples, it completely disappears by 100°K. In the
Aerojet material, ahout half of it disappears by 100°K. Above this temp-
erature, the band tailing left in the Aerojet sample remains unchanged until
around room temperature, where it increases again before decreasing at
365°K and 523°K. Though the Aerojet material was pulled crystal and the
other two were float zone, and the difference in oxygen could have produced
the observed difference, it is just as likely that the difference was caused
by the greater amount of damage in the Aerojet material making the band
tailing easier to observe.

The 1.6- to 4-um response ratio drops below 1.0 for the Rockwell
and HPT samples. This is a result of the enhanced response at long
wavelength (or decreased response at short wavelength) noted in these
two samples. This shift in response gradually increases with increasing
annealing temperature, though the increase is not monatonic and reverses
occur at some temperatures. The reason the Aerojet sample does not show
this effect is not understood. It is possible that the band tailing
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present in this sample hid a short-wavelength depression. Or perhaps
the amount of damage present changes the observed effect from an enhance-
ment (band tailing) to a depression. In any event, this whole area is
obviously not well understood.

In the Aerojet material, the acceptor concentration showed a large
decrease, with 40°K annealing. Since this was not reflected in other
properties of the sample and the other samples showed no similar decrease,
it is likely that the post-irradiation measurement was falsely large.
This was perhaps caused by trapping or some nonequilibrium condition.
This would explain why the acceptor introduction rate in this sample as
measured by the electrical properties was high compared to that measured
by the optical properties or to that measured in the other samples.
Assuming a nonequilibrium condition existed after irradiation, and the
acceptor concentration after higher temperature annealing was actually
the post-irradiation values, the introduction rate would be changed from
20.2 cm_l, as listed in Table 4, to something on the order of 13 cm-l,
which would be in good agreement with the other numbers.

Other than this discounted acceptor concentration anneal in the
Aerojet material, the only acceptor concentration change that may have
been real was the slight recovery above room temperature in the Rockwell
material. While the Aerojet sample showed no comparable recovery, the
difference could well be caused by the oxygen concentration differences.
The higher oxygen concentration in the Aerojet material could stabilize
the damage. The optical response of the Rockwell material did not show
any accompanying recovery. This could be because the acceptor concen-
tration changes were only slight, or perhaps because this apparent
annealing was not real.

The apparent addition of shallow levels in both the Rockwell and
Aerojet samples occurred from about 300°K up to about 500°K,with the
Aerojet sample shifted to somewhat higher temperature than the Rockwell
one. There were slight apparent changes that occurred in the mobility
and the short-wavelength region of the response that could have been
connected with these shallow levels. All the changes, including those
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in the carrier concentration, were small, and it is only the temperature
coincidence of a number of changes that makes the annealing step more
believable. The strange thing, however, is that larger mobility and
short-wavelength response effects were observed at lower temperatures
without shallcw levels being observed in the carrier concentration. It
may be that the damage present at low temperature does cause band changes
which affect the short-wavelength photoconductivity which could be
changed by across-the-band excitation, but must undergo rearrangement
before it is in a form to produce shallow levels which communicate
electrically with the conduction band. The HPT sample did not show the
shallow level addition, probably because it was only annealed to 300°K,
essentially below where the effects occur.

The mobility of all the samples showed only small changes with
annealing, and probably none except perhaps those associated with the
shallow-level changes were real. Thus, the irradiation-induced mobility
changes were not affected by annealing.

The optical response of all the samples also showed only small
changes with annealing, many of which were probably not real, though a
few probably were. A reverse annealing step was observed at 233°K in
the HPT sample, and a corresponding small step in the acceptor concen-
tration as well as a step in the long-wavelength response ratio were
also observed. Thus, a change probably did occur at this temperature in
this sample. Strangely, neither of the other two samples showed anything
that was definitely annealing at that temperature. The Aerojet sample
showed some relatively large response changes at temperatures above 450°K
that were probably real. The mobility and near-edge absorption showed
small changes at the same temperatures which lends credibility to the
fact that changes did occur.

In the end, the main result is that little annealing occurred and
the damage introduced at 10°K was remarkably stable with temperature.

If it were desired to examine the annealing more carefully, a larger
amount of damage would have to be introduced so that the annealing
changes would be large enough to be definitely observed above the
scatter present in the data.
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INTERPRETATION OF RESULTS

The most important effect produced by neutron irradiation of silicon
at 10°K is the net introduction of acceptors. This introduction occurs
at a rate of about 16 cm'l and is apparently independent of oxygen con-
centration in the material, since it was about the same in both float-
zone and pulled-crystal material. Though it would be expected that this
introduction rate would also be independent of impurity type (at least
for n-type material) and concentration, this conclusion cannot be reached
from the results of this study, since all samples were arsenic doped
and the concentrations varied by less than a factor of two. Further, the
acceptor concentrations were also nearly identical, so no acceptor con-
centration dependence of the damage rate can be deduced either.

The increase in acceptor concentration results in more compensated
donor (arsenic) sites. This produces a decrease in the carrier concen-
tration at low temperatures, where it is governed by the acceptor concen-
tration and, more importantly, a decrease in the majority-carrier life-
time because the additional empty arsenic sites give a higher concentra-
tion of sites into which optically excited carriers can drop. The
decreased majority-carrier lifetime causes the optical response to degrade,
and this is the effect of primary importance in the LWIR detector area.

The response decrease is essentially uniform across the region of impurity
photoconductivity, though some deviation to be discussed shortly does

occur. There is no evidence of photoconductivity resulting from isolated
defect levels. This is not surprising, because the defect concentration
introduced in these tests was still orders of magnitude below the donor
concentration, and the defects would need an extremely high cross section

for interaction with the light to compete with the impurity photoconductivity.

Some evidence of the production of disorder is present in the
appearance of a small amount of band tailing after irradiation. This could

57




| B L

be the result of the production of states near the band edges and the
effective shift to lower energy of the band gap. This band tailing is
temperature-unstable, and some or all of it annealed out in all samples
by 100°K. When it disappeared, its place was taken by the long-wavelength
enhancement (or short-wavelength depression) of the response. It is
possible that this is also related to disorder. The short-wavelength
depression could be produced by competitive absorption which does not
result in photoconductivity. For example, the shallow states near the
band edges may not readily communicate with the band, and thus the
carriers excited to them across the gap have a low mobility. The long-
wavelength enhancement could be produced by photoexcitation out of the
shallow levels themselves. Apparently, the band tailing and the enhance-
ment cannot exist at the same time because the Aerojet sample always
showed band tailing but never any enhancement.

Band tailing was certainly observed in the irradiated samples.
Though the extent of the band tailing was greater in the oxygen-containing
(Aerojet) sample than in the others, the larger fluence and sample
thickness of the former could easily explain the difference. Therefore,
it is likely that, as expected, the production of band tailing is inde-
pendent of oxygen concentration in the material. To be sure of this, a
more detailed study of the band tailing would have to be performed.
Rather than examining the photoconductivity alone, a better means of doing
this would be to study the infrared absorption as well. Infrared absorp-
tion does not differentiate between photoconductivity-producing absorp-
tion and competitive absorption that depresses the photoconductivity.
However, it is a more accurate technique for measuring effects near the
band edge because the impurity photoconductivity is low in this region,
but the transmission is high. Further, the use of a double beam technique
such as absorption always results in improved accuracy.

The lack of stability of the band tailing is also odd, because room-
temperature experiments (Refs. 33,34) had shown band tailing measured
by photoconductivity techniques. However, the room-temperature experi-
ments used relatively heavily-damaged material, and the most heavily
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damaged of the samples studied here (the Aerojet sample) had some band
tailing which remained after room temperature (and above) annealing.
Thus, it appears that the damage concentration affects the stability
of the band tailing in some manner. It may mean that a higher damage
concentration results in the damage itself being more stable or that it
produces more interaction between defects, which is what causes the band
tailing. The latter explanation could also be supported by the presence
of short-wavelength depression after the band tailing disappears. It
could be that absorption occurs in both cases, but photoconductivity
is produced only when there is sufficient interaction between defects
to allow the electrons to move from defect to defect. Assuming that the
defects involved (probably clusters) are introduced at about the same
rate as acceptor centers (an unsupported assumption made so that order
of magnitude estimates can be made), a defect concentration on the order
of approximately 1014 cm's is required to see band tailing in the photo-
conductivity. For the interaction distance of one defect to overlap that
of another defect, it would have to extend a few hundred lattice spacings.
This, in fact, is on the order of the size of cluster regions (Ref. 51),
which is some indirect evidence that the assumptions may be reasonable.

Even if the above assumptions about the band tailing and disorder
are correct, the type of damage producing the most important effects is
still unknown. That is, what the nature of the irradiation-induced
acceptors is cannot be determined. They do not seem to be directly
related to the band tailing, because no acceptor-related changes occur
when the band tailing anneals. However, there is no indication of
whether the acceptors are inside or outside of any cluster regions. To
examine the nature of the acceptor centers, higher fluence irradiations
to produce larger defect concentrations would be very useful. This
would make the measured properties more dominated by the defects and less
by the arsenic levels. Measurements using other experimental techniques
might produce additional information about the defects.

There remains a question about the existence of shallow levels in
the irradiated material. There were indications in the electrical pro-
perties data following some of the anneals of the existence of a low
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concentration of shallow levels in the samples. Further, the short-
wavelength depression and long-wavelength enhancement in the spectral
response data may be caused by shallow levels. However, this connection
is conjecture, which cannot be used to prove the existence of shallow-
levels. The changes in the electrical properties and in the spectral
response that may be the result of shallow levels were slight, and the
annealing of the effects did not correlate with each other. To better
study shallow levels, heavier irradiations to produce higher defect
concentrations would have to be used.

The mobility showed a relatively small decrease following irradia-
tion. Since the number of acceptors, and thus charged impurities, was
approximately doubled by the irradiation, this means that the preirradia-
tion mobility was not set principally by charged impurity scattering or
the mobility would also have been changed a factor of two by irradiation.
In fact, this reasoning implies that the preirradiation scattering is
set more than 80% by other than charged-impurity scattering, probably
by neutral-impurity scattering. This assumes that all charged sites are
the measured acceptors and the corresponding compensated donors. This
is a reasonable assumption, since the only other charged siteé J;ﬁld be
donors shallower than the arsenics, and few if any of these are observed
in the photoconductivity. It also assumes that the irradiation-induced
sites scatter as effectively as the preirradiation ones. This is also
reasonable as a minimum, because the only significant change would occur
if the sites had a different amount of charge, and higher charge on the
irradiation-induced sites would result in more scattering from fewer
sites and thus a higher estimate for neutral scattering in the unirradia-
ted material.

One surprising thing about the damage is its temperature stability.
Despite the fact that significant defect annealing, including cluster
annealing, occurs in silicon below 300°K, very little change was noted
in most of the irradiation-induced effects. What is possibly occurring
is that the annealing actually involves defect rearrangement or evolution
rather than disappearance and the new defects affect the measured
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parameters in much the same way as the old ones. Thus, only those effects
which are actually a direct effect of a certain defect (for example,

band tailing) are observed to change with annealing. If this is true,
larger defect concentrations, so that the defects are more dominant and
direct defect effects (e.g., photoconductivity levels) can be observed,
would be needed to study the annealing processes.

Some comments concerning the possible existence of a 15-um absorp-
tion band are in order. The observed band was relatively small and
exists in the same location as an atmospheric absorption band. Single-
beam measurements such as photoconductivity, are potentially inaccurate
in regions of atmospheric absorption. Therefore, the existence of the
15-uym band is certainly questionable, and the proof would have to come
from a double-beam infrared absorption experiment.

The most important detector-related finding of this study is the
degradation constant of the responsivity. 'Thé'acceptor introduction rate
was found to be about 16 em L Though the question of the dependence of
this rate on donor or acceptor concentration remains, if the assumption
of impurity independence is made, the responsivity degradation will
follow

3 FIPESTR. S
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This assumption may be valid from a basic mechanisms point of view, but
detectors with different concentrations of optical levels have been

found to degrade at different rates. Whether this is caused by different
acceptor concentrations (Na) or a dependence of the introduction rate

on impurity concentration is unknown. It is an important question and
needs to be answered. The detector degradation will be essentially
wavelength-independent and will be quite temperature stable. Thus,

there is apparently no hardening procedure involving heating a damaged
detector that exists.
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CONCLUSIONS AND RECOMMENDATIONS

This section briefly lists the principle conclusions and recommenda-
tions of this study. The conclusions and the areas where further work is
indicated are discussed in greater detail in previous sections.

The main effect of neutron irradiation at 10°K in arsenic-doped
silicon is the introduction of acceptors at a rate of about 16 cm-l.

This causes the optical response and the low-temperature carrier concen-
tration to decrease. This would be the most important cause of optical
response degradation, because the mobility changes are much less. The
introduction rate was found to be independent of oxygen concentration,

but the dependence on arsenic or acceptor concentration was not determined.

This dependence on arsenic or acceptor concentration is an important point
and should be examined, because the maximum neutron fluence that detectors
can survive depends on it.

The nature of the irradiation-induced defects which act as acceptors
was not determined because they were only observed indirectly by their
effect on the properties set by the impurities. To examine the nature of
the defects, a higher defect concentration would be required so that
direct effects of the defects could be observed. This could be an impor-
tant point to study because, if the nature of the defects is understood,
it might be possible to develop techniques to ameliorate their effects
and thus to harden detectors.

The damage introduced was quite stable to annealing. This does not
mean that the defects themselves are stable, because the defects were not
observed and defect evolvement could result in the same effect on the
measured properties. Again, the way to examine defect annealing would be
to introduce more defects so they could be observed directly.

There was some direct evidence of the production of disorder in the
observance of band tailing in the photoconductivity following irradiation.
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The band tailing was temperature-unstable, and significant annealing
occurred by 100°K. There were indications that the effect is more stable
at higher defect concentrations, perhaps because overlap of cluster
regions is required for its observance. When the band tailing disappeared,
a short wavelength depression of the response was noted. This may have
been caused by the same absorption process without the production of photo-
conductivity. There was also some evidence to indicate the existence of
shallow levels in the electrical properties measurements, but the number
involved was quite small. To better study the production of disorder,
infrared absorption measurements, which would more accurately examine band
tailing, and larger defect concentrations should be used.

The irradiation-induced changes in the mobility were slight. Since
the charged-impurity concentration increased by a much larger amount, this
implies that the preirradiation mobility is dominated by neutral impurity

scattering.
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