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Changes in resistivity {orconductivity) with time after fast-neutron irradiation have been correlated with
the measured decay of radioactivity from CdS. After accounting for effects associated with thermal anneal-

ing, the results have shown that induced conductivity results from the P decays of "'Cd (2.3-day half-life)
and "P {14.3-day half-life). Ionization resulting from the absorption of p radiation produces the induced
conductivity. Absorption of y radiation from the "'Cd decay was insignificant. The electron free lifetime
r~ was determined from the induced conductivity, the mobility, the P-decay rate, the radiation-ionization
energy, and the average energy absorbed per P particle. Results from 14-MeV neutron irradiations (this
study) and reactor fast-neutron irradiations (previous study) have shown that r is dependent on the
distance of the electron quasi-Fermi level Ez„,below the edge of the conduction band. When EJ &0.37 eV
(p&2&(10' 0 cm), ~„ is of the order of tens of msec. However, for Eg„&0.37 eV, 7 is larger by a factor
of ~10'. The limiting position of E~„ in fast-neutron-irradiated CdS is =0.37 eV, and depends on the
induced defects as well as ionization. The large increase in r„with decreasing Ez„probably arises because the
process determining the occupancy of sensitizing centers changes from thermal-equilibrium kinetics to
recombination kinetics. These centers are probably associated with fast-neutron-induced defects (or defect
clusters). These results, in conjunction with a study of the changes in resistivity with Quence and the
characteristics of thermal annealing, have shown that 14-MeV neutrons and reactor fast neutrons produce
the same kinds of defects in CdS. Some unique features of these experiments were that resistivities were
obtained in the range 10&106 0 cm by radiation doping, and that v„was determined by self-ionization
resulting from the P decay of radioisotopes. Also discussed are resistivity inhomogeneities in CdS, and
p-induced conductivity and photoconductivity experiments in fast-neutron-irradiated CdS.

INTRODUCTION
' ~FFECTS associated with the decay of radioisotopes

~ in neutron-irradiated semiconductors can produce
significant changes in the electrical properties. ' '
Transmutation doping and nuclear recoil eGects in
semiconductors exposed to thermal neutrons have re-
ceived much attention. '—~ Less attention has been
given to (1) examining effects associated with the ab-
sorption of radiation emitted from the excited nucleus,
and (2) a study of these effects in fast-neutron-ir-
radiated semiconductors. In some materials such effects
may be either insignificant (e.g., the concentrations of
radioisotopes may be small as a result of small reaction
cross sections), or difficult to detect (e.g. , it may be
difFicult to separate radioactive decay efFects from
effects associated with thermal annealing of neutron-
induced defects). A recent study' of the effects of
fast-neutron irradiation on the electrical properties
of CdS has shown that ionization resulting from the P
decay of radioactive isotopes can produce significant
changes in the resistivity. The purpose of this study
was to relate changes in the resistivity with time after

f This work was supported by the U. S. Atomic Energy Com-
mission.' R. T. Johnson, Jr., J. Appl. Phys. 39, 3517 (1968).' J. H. Crawford, Jr., and J, W. Cleland, in Radioisotopesin the
Physical Sciences and Industry (International Atomic Energy
Agency, Vienna, 1962), Vol. 1, p. 269.

J. W. Cleland, in Radiation Damagein Solids, edited by D. S.
Billington (Academic Press Inc. , New York, 1962), p. 384.

4 H. C. Schweinler, J. Appl. Phys. 30, 1125 (1959).' G. K. Lindeberg, J. Appl. Phys. 38, 3651 (1967).' W. G. Clark and R. A. Isaacson, J.Appl. Phys. 38, 2284 (1967).
~ R. B. Oswald, Jr., and C. Kikuchi, Nucl. Sci. Eng. 23, 354

{1965).

fast-neutron irradiation to the measured decay of
radioactivity from CdS.

In the previously reported study, ' both low- and
high-resistivity CdS single crystals (abbreviated as
LRC and HRC throughout this text) were irradiated
at room temperature in a reactor to fast-neutron
Quences of 10'~10'r neutrons/cm'. (All further reactor-
irradiation results mentioned in this paper are taken
from Ref. 1.) Those studies showed that the Hall
mobility decreased by 3—5 and 20—30% for Quences of
10" and 10" neutrons/cm', respectively. The crystals
were still e type after irradiation to )10"neutrons/
cm' and the resistivity (and electron quasi-Fermi level)
approached a limiting value independent of the initial
resistivity. Following irradiation, three separate time-
dependent processes occurred which caused changes
in the resistivity. One of these processes was tempera-
ture-dependent and was attributed to the annealing of
radiation-induced defects. The other two processes
were temperature-independent and were attributed to
self-ionization resulting from radioactive decay. The
major radioactive process was associated with the P
decay from radioactive "P, and the other process was
tentatively identified as resulting from the "'Cd (2.3-
day half-life) P decay. These radioactive isotopes were
produced by (rs,p) and (rr,v) reactions, respectively.
The cross section for the "4Cd(n,y)'"Cd reaction was
unknown, so the magnitude of the electrical changes
associated with the two P decays could only be com-
pared experimentally.

In this study similar sects were examined in both
HRC and LRC irradiated with 14-MeV neutrons to
fluences of 10"—10" neutrons/cm'. Primary emphasis
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FIG. 1. Resistivity variations with 14-MeV neutron irradiation
for high-resistivity (10' 0 cm) CdS single crystals. These results
~ere obtained by successive irradiations of sample EBAI. The
resistivity eras measured 1-2 days after irradiation, the time be-
tween irradiations was 2—4 days, and the entire series took 10
days. These are typical results obtained from high-resistivity
homogeneous samples. Anomalous results were obtained for in-
homogeneous samples.

was placed on studying HRC because they have small
electron concentrations and are thus sensitive to
ionization effects. The neutron-reaction cross sections
for monoenergetic 14-MeV neutrons were accurately
known, so measured changes in resistivity and surface
radioactivity were compared with calculated decay
rates. From these data, self-ionization effects resulting
from the P decays of "'Cd as weB as "P were identified. .
Electron free lifetimes were determined from the in-
duced conductivity resulting from self-ionization from
radioactive decay for both 14-MeV and reactor-fast
neutron-irradiated CdS. Fast-neutron-induced defect
characteristics were determined by examining (1) the
dependence of the electron free lifetime on the electron
quasi-Fermi level position, (2) the changes in resistivity
with fluence, and (3) the properties of room-tempera-
ture annealing. Resistivity inhomogeneities in CdS are
discussed in Appendix A. p-induced conductivity and
photoconductivity experiments are discussed in Ap-
pendix B.

EXPERIMENTAL TECHNIQUE

Single crystals with dark resistivities in the ranges
1—100 cm (LRC) and 10'—10"0 cm (HRC) were used.
The dimensions of samples used for electrical measure-
ments were approximately 6&(6)&1 mm, ~hereas the
sample used for the radioactivity measurements had
approximate dimensions of 13+13+1.4 mm. The c
axis was perpendicular to the major face. For electrical
measurements particular attention was given to select-
ing samples which were relatively free of resistivity
inhomogeneities. The method used for selecting these
samples is discussed in Appendix A. The dark re-
sistivities of HRC were determined after the samples

equilibrated in the dark for at least 18—24 h. Other
sample characteristics and the 4-terminal technique
used for electrical measurements have been previously
described.

Neutrons with energies of 14.3 MeV were produced
via the 'H('H, e)'He reaction using a Kaman Nuclear
(Model A-1001) Neutron Generator, operating at an
accelerating potential of 170 kV. The neutron Aux was

approximately 2X10' neutrons/crn' sec. The samples
were irradiated at room temperature and were oriented
so that the primary neutron beam was perpendicular
to the major face. The neutron fluence was deter-
mined using sulfur dosimetry. The dosimetry analysis
was performed by the Radiation Division at Sandia
I.ah oratories.

For radioactivity measurements the irradiated
sample was set in a stainless-steel planchet and placed
within a lead shield with the major face of the crystal
2 cm from an end window (1.3 mg/cm') of a Geiger-
Miiller (GM) Detector. The operating voltage was
1200 V and was in the middle of the voltage plateau.
The GM-tube pulses were passed to an ORTKC
counting system consisting of: active filter amplifier,
strobed single-channel analyzer, sealer, timer, and
print-out control. Counts of 10' sec each were recorded

by digital print-out and were taken continuously from
10min after irradiation to 3S days after irradiation. The

background of the counting system was 0.2 counts/sec.

EXPERIMENTAL RESULTS

Electrical Measurements

High-resistivity samples were irradiated with 14,3-
MeV neutrons to fluences of 10"—10" neutrons/cm'.
Typical resistivity variations with fluence are sho~n
in Fig. 1 for irradiated homogeneous samples. Anom-

alous results were obtained for inhomogeneous samples
(i.e., the resistivity changes with fluence could not be
fitted with a smooth curve). Only results obtained on
irradiated-homogeneous samples wiH be presented and
discussed further in this paper.

The results in Fig. 1 were obtained by successive
irradiations of sample E3A1. The resistivity was
measured 1-2 days after each irradiation and the time
between irradiations was 2-4 days. The entire series
took 10 days. The resistivity of 10'0 0 cm samples began
to decrease signihcantly for Quences of 10" neu-

trons/cm', and continued to decrease with increasing
fluence. After irradiation to 10" neutrons/cm' the
resistivity was in the 10'—10' 0 cm range. These re-

sults can be correlated with those obtained with
reactor-irradiated samples. Extrapolation of the data
in Fig. 1 to fluences of 10" neutrons/cm' shows that
the resistivity approaches 10'—10~ Q cm. This is the
same range of resistivities observed for HRC irradiated
to the same fluence with reactor-fast neutrons.

Several I.RC were irradiated with 14.3-MeV neu-

trons to 10"neutrons/cm' and no change in either the
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resistivity or Hall mobility was detectable. This is
also in agreement with the reactor-irradiation results,
which showed that such changes were only signihcant
after irradiation to fluences & 10i4 neutrons/cm'.

The resistivity of the irradiated samples varied with
time after irradiation. The results obtained from sample
E3Ai are shown in Fig. 2. The time plotted in this
6gure is the time after the last irradiation in the series
shown in Fig. 1. After irradiation the resistivity in-
crease wid 'th time toward the pre-irradiation va ue an

t 120-140reached a constant value of 2)(10' 0 cm at
days after irradiation. These results are similar to those
obtained for reactor-irradiated HRC except that at
later times the resistivity of those samples continued
to increase toward the pre-irradiation value with a
dependence which varied exponentially with time,
tNote that the reactor irradiated samples had been
IMavily irradiated (10 neutrons/cm ) and tlie i'e-

sistivities after irradiation were in the
0 ~ ~

h 10'-10' 0 cm
range. j
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I'"10. 2. Resistivity variations with time after N-MeV neutron
irra ia ion or id' t f r high-resistivity CdS single crystals irradiated to
10" eutrons/cm'. These results were obtained rom
sample used in the series of irradiations given in Fig. 1. Plotted is

r di tion in that series.the resistivity versus time after the last irrad'a

Radioactivity Measurements

The sample used for radioactive decay measurements
was cut from the same crystal as sample E3A1 which
was useused for the electrical measurements see Figs. 1

ofand 2). The sample was irradiated to a fluence o
2.7X10i3 neutrons/cm' The radioactivity data are
given in Fig. 3. Curve A of this figure is the measured
counts/sec as a function of time after irradiation.
Curve 8 was obtained by subtracting out the straig t-
line portion (dashed) and replotting the initial points.
0 I representative data points are recorded here, a-
though data were recorded continuously. These resu slt
show that for the period beginning 1 day after irradia-
tion there are 2 primary decay processes which have

4

FIG. 3. Surface radioactivity from a CdS crystal as a function of
. fter 14-MeV neutron irradiation. This sample was cut fromtime a er

the same crystal as sample E3A1, which wa s used for the electrical
2. Curve A is the measuremeasurements shown in Figs. an 2. C

( t /sec) versus time after irradiation. Curve 8 was o tame
by subtracting out the straight-hne por io p
initia poin s.l t Only representative data points are recor e ere,
although data were recorded continuously. The results showw that
f h 'od & 1 day after irradiation there are two primary
decay processes. The predominant radioiso op s a
which decay with half-lives of 2.3 and 14 days, respective y.

half-lives of 2.3 and 14 days, and are thus associated
with the decays of radioactive "'Cd and "P, respec-
tively.

ANALYSIS AND DISCUSSION

Neutron Reactions

Neutrons undergo scattering and absorption (or
capture) reactions with atomic nuclei. Each individual
process in a par irticular target material is characterize
b macroscopic cross section Z, which has units oy'
cm '. For a particular process (or reaction~, t e to a
number of interactions Ao per cm' of target materia
produced by neutron irradiation, is given by

where p is the neutron fluence (neutrons/cm').
" 'For fast-neutron irradiations the most important
process which produces atomic displacements is elastic
scattering. e mTh macroscopic elastic scattering cross

2 —1section for 14-MeV neutrons in CdS is 7&10 2 cm
Thus, the total number of primary interactions (inter-
actions between incident neutrons and lattice atoms)
for a fluence of 10ia neutrons/cm' is 7X 10"cm '. The
primary recoil produces further atomic displacements,

d th displacement cascade accounts for most o t e
~ ~ ~ 4

defects produced during fast-neutron irradiation. s i-
mates show that there is a total of 2&&1016 displace-
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T'A&Lz I. Principal nuclear reactions and recoil nuclei produced as a result of 14-MeV neutron irradiation in CdS. Also given are
the decay schemes (half-lives and characteristic P and p radiations), the product of the macroscopic cross section (Z) and the decay
constant ()), and the estimated concentrations of recoil nuclei for a fluence of 10'~ neutrons/cm~.

Reaction Half-life

Characterj. stlc ra(4atlon~
energy {MeV)

P 7
ZX

(cm sec) ~

Concentration
of recoil

nuclei for
f= 1013s/cm~q

(cm ')

O'S (N,o.)"Si
"S {e,a)"Si

'"Cd (e,n) I'Pd
"S (&,2e)~s

"'Cd"(N,2e)'0'Cd
M-114Cd (g 2g)

"'Cd (e,2g)'»Cd

"S (N,p)S~P
'~Cd (e p)'~Ag
'"Cd (e,p)'"Ag

Stable
2.7 h

13.6 h
Stable
55 min
Stable

43 days
2.3 days
14.3 days
3.2 h
5.3 h

0 ~ ~

1.5
1.0

~ ~

0.8,1.7
~ e

0.7,1.6
0.58,1.11

1.71
1.0-4.1

2.0

a ~ ~

1.3
0.1-0.8

~ ~ ~

0.03—2.3
~ 0 4

0.5-1.3
0.2-0.7
None
0.6-3.3
O.i-i.2

~ 0 ~

8X10~
2X10 I

~ ~ ~

4X10 s

~ 0 ~

2X10 I
5X10 9

3X10-9
3X10~
4X10-~

2X1010

1X10'
2X10s
1 X109
2X109
2X10"
1X10M
1X10'0
5X10'0
5X10'
1 X109

ments/cm' which result from a 14-MeV neutron fluence
of 10" neutrons/cm' in CdS. Not all of this damage,
especially close interstitial-vacancy pairs, is stable at
room temperature. This is concluded from recent
experiments by Vook, s which have shown that most
electron-irradiation-induced defects in CdS anneal
well below room temperature. As was seen in the re-
actor irradiation experiments the more stable defects
(or defect-impurity complexes) at room temperature
a6ect the electrical properties. The j.4-MeV neutron-
irradiation experiments have shown that the change in
resistivity with fluence (Fig. 1) is consistent with the
changes observed in the reactor irradiation experi-
ments. Although some of these effects are associated
with radioactive decay, the results do suggest that 14-
MeV and reactor fast neutrons produce the same kinds
of defects in CdS. Stein9 has shown that this is also
the case for n-type Si.

EfEects resulting from neutron absorption reactions
are also important. The most important 14-MeV
neutron reactions ln CdS are given in Table I. Also
given are the concentrations of recoil nuclei (either
stable isotopes or radioisotopes) produced by a 14-
MeV neutron fluence of 10" neutrons/crni, and the
decay schemes (half-lives and characteristic P and y
radiations) for the radioisotopes. The most important
reactions in CdS for 14-MeV neutrons are the (n,2n),
(n,p), and (e,a) reactions; whereas the (n,y) as well

as the (n,p), and (n,n) reactions are of most signifIcance
for reactor-energy neutrons ( 0.1 to 10 MeV). The
most important radioisotopes in both the reactor and
14-MeV neutron-irradiation experiments 'are "'Cd
and "P The 3'P r. adioisotope results from an (e,p)
reaction in both cases; however, "5Cd results from an

(n,y) reaction for reactor neutrons and an (e,2n) re-
action for 14-MeV neutrons.

F. L. Vook, Appl. Phys. Letters D, 25 (1968).
9 H. J. Stein, J. Appl. Phys. 38, 204 (1967).

Radioactive Decay

The number of atoms A per unit volume of a given
radioisotope at a particular time, is given by

A=doe "',

where X is the decay constant and I is the time after ir-
radiation (assuming that all Ao nuclei were produced
at the same time, t=0). Both the measured radio-
activity and the electrical changes associated with the
radioactive-decay processes are functions of the rate of
decay, which is given by

dA/dt= —XZ4a "'

The initial decay rates (t=0) for various radioisotopes
are compared in Table I by examining the product ZA, .
This product is dependent only on material character-
istics. The results show that the largest ZX product is
associated with the "'Cd(n, 2n)"'Cd reaction and that
the "'Cd radioisotope has a half-life of 55 min. E6'ects
related to the decay of this radioisotope are signi6cant
for only the 6rst few hours after irradiation. The radio-
isotopes listed in Table I with half-lives &1 day ac-
count for the large initial count rate observed in Fig. 3.
Of the radioisotopes with half-lives & I day, the results
in Table I show that the 2.3-day "'Cd and 14.3-day
"P decays are the most signihcant, in agreement with
the radloactlv1ty IIleasllleInellts (FIg. 3). No effects
from the 43-day "'Cd decay were detectable in either
the resistivity or radioactivity data. Throughout the
remainder of this paper a reference to the "'Cd decay
implies the 2.3-day half-life process.

In order to correlate the radioactivity measurements
with the electrical changes, the data in Fig. 3 for the
period &1 day after irradiation were corrected for
counting eKciencies. These were determined from the
counts/sec data, the sample mass, the neutron fluence,
the decay rates, and the known neutron reaction cross



DECA Y AND ELECTRICAL CHANGES IN &RRADIAVED CdS

sections. The counting efliciencies were 0.9/o for "'Cd
and 2.3% for "P. This correction has the effect of
shifting the "'Cd curve (curve 3, Fig. 3) with respect
to the "P curve (Fig. 3). The resulting ratio of the
"'Cd and "P intercepts with the )=0 axis is just
(ZX)~~~os/(ZX)»p, which is a factor of 1.7. The results,
shown in Fig. 4(b), give the disintegrations per sec as
a function of time for the sample used for the radio-
activity measurements.

6

10

10'

Induced-Conductivity Data

The electrical changes with time after irradiation
were analyzed by converting the resistivity (p) data
for sample E3A1 (Fig. 2) to conductivities, a=i/p,
since it is 0 that is proportional to the electron con-
centration n. It was assumed that the Hall mobility
of this sample did not change as a function of either the
Guence or the time after irradiation since such changes
were not observed in similarly irradiated LRC. Thus
changes in r reQect changes in n.

The data in I"ig. 2 show that the resistivity ap-
proached a constant value of p, =2/10 0 cm at 120
days following irradiation; the corresponding limiting
conductivity was n, =SX10 is(Q cm) '. The difference
fJ—0., was taken to be the change in conductivity re-
sulting from the time-dependent processes. The param-
eter 0 —0., as a function of time after irradiation was
determined from the data in Fig. 2. The results are
given in Fig. 4(a), curve A. Curve 8 was obtained by
subtracting out the straight-line portion and replotting
the initial points. These results show that the con-
ductivity changes can result from two processes which
vary exponentially with time. The rate constants
determined from these data are 0.33/day and S.O
X10 '/day and correspond to processes which decay
with half-lives of 2.1 and 14 days, respectively. These
are the half-lives (within experimental error) associated
with the radioactive decay of "'Cd and "P.

Changes in the electrical properties with time after
irradiation can result from the changing concentrations
of the radioisotopes, the recoil from the decay, and ef-
fects associated with the nuclear radiations. The con-
centrations of the radioisotopes produced by 14-MCV
neutron irradiation to fluences of 10" neutrons/cm'
are given in Table I. The values of these concentrations
are much less than is normally required for chemical
doping and thus do not account for the observed
electrical changes. These conclusions are in agreexnent
with the experimental work of Blount et al.m on ZnS.
They introduced total impurity concentrations of
10" cm ' through radioactive decay of "S in high-
resistivity material and found no change in the dark
conductivity. Lattice damage can be produced as a
result of nuclear recoil as well as nuclear radiation.
However, much of this damage is in the form of va-

' G. H. Blount, P. B.P. Phipps, and R. H. Bube, J.Appl. Phys.
M, 4550 (1967).
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I"IG. 4. Change in conductivity with time after irradiation (Sec.
a) and comparison with measured radioactivity (Scc. b). In (a},
curve A is e.-e., versus t, where o is the measured conductivity at
time t, and o, is the time-independent (constant) hmiting conduc-
tivity. This graph was obtained from an analysis of the data in Fig.
2 for sample E3A1. Curve B was obtained by subtracting out the
straight-line portion and replotting the initial points. The rate
constants for the two exponential variations are the same as those
obtained from the radioactivity data. Thc insert (b) gives a com-
parison between the O-e, data and thc radioactive decay data
(disintegrations/t'sec) versus t. The radioactivity results were
determined from the data given in Fig. 3 and from the analysis
outlined in the text. The diGerence in the early time variations is
due to room-temperature annealing, which varies exponentially
with approximately the same rate constant as the "'Cd decay.

CRncy-lntclstltlRl pRlrs Rnd ls not cxpcctcd to bc stRblc
at room temperature. ' Ionization" (generation of
electron-hole pairs) can be produced by the radiations
emitted in radioactive decay as well as by the recoiling
nucleus. "Estimates show that the energy carried by
the recoiling nucleus in these experiments ( 7'1 eV for
a "P recoil) is insignificant compared to the energy
deposited by the nuclear radiation. The predominant
CGect is ionization by the nuclear radiations producing
conduction electrons, which cause a decrease in re-
sistivity (or increase in conductivity). As the intensity
of nuclear radiation decreases with decreasing radio-
isotope concentration, fe~er carriers are generated so
the resistivity increases (or conductivity decreases).
This interpretation is further substantiated by ob-
servations of induced conductivity in CdS by other
experimenters while irradiating with high-energy elec-
trons's 'i (including P particles), as well as with y rays

"G. Dearnaley and D. C. Northrop, Semiconductor Counters for
Nuclear Radiations (Vhley-Interscience, Inc. , ¹wYork), 1st ed.
(1963), pp. 115—117, 2nd ed. (1966), pp. 19-24, 340—341.

'~ A. R. Sattler, in Radiation sects in Semiconductors, edited by
I . L. Vook (Plenum Publishing Corp. , New York, 1968), p. 243."C. E.Bleil, D. D. Snyder, and Y.T.Sihvonen, Phys. Rev. 111,
1522 (1958).

'4 S. Takagi and T. Suzuki, Acta Cryst. 8, 441 (1955).
'~ S. Ibuki, J. Phys. Soc. Japan 14, 1196 {1959)."S.V. Svechnikov, Zh. Tekhn. Fis. 26, 1646 {1956l I English

transl. :Soviet Phys. —Tech. Phys. 1, 1601 (1957)j."R.Frerichs, Phys. Rev. 72, 594 (1947); 76, 1869 (1949); J.
Appl. Phys. 21, 312 (1950).
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TABLE II. Characteristics of the "'Cd and "P continuous
P-ray spectra. ~ Given is the maximum energy {E„),the average
energy (E ), and the apparent mass-absorption coefFicient (p~)
for each spectrum.

Isotope

115Cd

32P

P energy (MeV)

0.58 (42'P)
1.11 (58'Po)
1.71

0.23
0.44
0.70

Mass-
absorption
coefFicient,
p (cm/g)

32
15
9

' The "6Cd P spectrum with B~=0.58 MeV is observed 42% of the time
and the Sea =1.11 MeV spectrum is observed 58% of the time.

b Determined using Eq. (4) in the text.

and x rays. ' '4 This is the same conclusion as was ob-
tained from the reactor-irradiation experiments.

The change in conductivity, 0-—0-„with time after
irradiation and the radioactivity data are compared in
Fig. 4(b). The results show that the contribution due
to the 2-day half-life process relative to the 14-day
half-life process is considerably greater in the a-—0.,
data than was observed in the radioactivity data. It
must also be remembered that the sample used for
electrical measurements was irradiated in a series of
exposures which took 10 days, and the electrical
measurements versus time after irradiation (Fig. 2)
were not initiated until the last irradiation in that
series. Thus both the "'Cd and "P radioisotopes pro-
duced during the early irradiations had decayed
considerably (especially "'Cd) by the time the last
irradiation had been completed. Thus, the time t=0
given in Figs. 2, 4(a), and 4(b) is not the time at which
all the "'Cd and 'P radioisotopes were produced.
Analysis of the data showed that the "'Cd and "P
radioisotopes at 1=0 were only 62 and 91%, respec-
tively, of the values determined using Eq. (1). Corn-
bining these results with the o —o., data (intercepts of
2-day and 14-day half-life processes with the (=0 axis)
and the radioactivity data (ratios of ZX for "'Cd and
"P) showed that the contribution to the conductivity
by the 2-day half-life process relative to the 14-day
half-life process is a factor of 7 greater than the same
ratio observed in the radioactivity data. There are

' I. D. Konozenko, V. I. Ust'yanov, and A. P. Galushka, Fiz.
Tverd. Tela 2, 1584 (1960) LEnglish transl. : Soviet Phys. —Solid
State 2, 1436 l1961lj.

P. G. I.itovchenko and V. I. Ust'yanov, Fiz. Tverd. Tela 4,
1689 (1962) LEnglish transl. : Soviet Phys. —Solid State 4, 1241
(1963)j.

P. G. I itovchenko, I. D. Konozenko, and V. I. Ust'yanov,
Fiz. i Tekhn Poluprovodnikov 1, 491 (1967) LEnglish transl. :
Soviet Phys. —Semiconductors 1, 407 (1967)g.

2' H. Ikawa, O. Matumura, and H. Suzuki, Japan. J.Appl. Phys.
1, 236 (1962)."C. G. Clayton, B.C. Haywood, and J.F. Fowler, Nature 183,
1112 (1959).' T. Y. Sera, V. V. Serdyuk, and I.M. Shevchenko, Fiz. Tverd.
Tela 3, 3537 (1961) /English transl. :Soviet Phys. —Solid State 3,
2568 (1962)j.

'4 S. V. Svechnikov and V. G. Chalaya, Fiz. Tverd. Tela 8, 3108
(1966); 7, 3413 (1965) t English transls. : Soviet Phys. —Solid
State 8, 2486 (1967); 7, 2750 (1966)j.

several possible effects which may account for this
difference.

Counting Efficiencies

The counting efficiencies for the "'Cd and "P radia-
tions could be incorrect. The most likely source of
error would be the values of the neutron-reaction cross
sections. This information was used to correct the
measured radioactivity data (counts/sec versus 1)

(Fig. 3) resulting in the data (dis/sec versus t) given
in Fig. 4(b). The authors have no reason to doubt the
accuracy of the cross-section data, and thus conclude
that this does not account for the differences in con-
ductivity and radioactivity data.

Ionization

Differences in the ionization produced by the dif-

ferent radiations emitted from the various radioisotopes
could also be significant. The radiation-ionization
energy e (average amount of energy given up by high-

energy radiation in the process of generating an electron-
hole pair"), is not significantly dependent on either the

type or the energy of the radiation. " "Thus, ioniza-
tion effects associated with the different radiations
from radioactive decay can be compared by examining
the relative amount of energy deposited in the material.

Some' of the characteristics of the continuous P-ray
spectra "from "'Cd and "P are given in Table II.
The "'Cd radioisotope has two different P-decay
schemes. The P spectrum with a maximum energy
(E ) of 0.58 MeV is emitted 42% of the time while the
E = 1.11-MeV spectrum is observed 58% of the time.
The average energies (E, ) of these spectra are 0.23
and 0.44 MeV, respectively. p rays with energies 0.2—

0.7 MeV are also emitted as a result of the "'Cd decays.
In contrast, the "P radioisotope is characterized by a
single P decay (E =1.71 MeV), and has no y-ray
emission. Estimates for these p spectra in CdS show

that &4% of the absorbed energy results in brems-
strahlung" and electron-atom collisions. "Most of the
absorbed p energy and p energy (absorbed primarily
through Compton scattering) results in ionization
(i.e., through interactions with electrons in the semi-

conductor producing electron-hole pairs). """'9

Consider first effects associated with the different

P radiations. The absorption of a continuous P-ray
spectrum can be approximated by an exponential
function, in contrast to the monoenergetic case where
the range of the particle is specified. An apparent mass-
absorption coefficient 1i (linear-absorption coefficient

2' C. A. Klein, J. Appl. Phys. 39, 2029 (1968)."W. L. Brown, IRE Trans. Nucl. Sci. 1, 2 (1961),
"D. Strominger, J. M. Hollander, and G. T. Seaborg, Rev.

Mod. Phys. 30, 585 (1958)."R. D. Evans, The Atomic Nucleus (McGraw-Hill Book Co.,
New York, 1955), pp. 567, 617—619, 625—629."J.W. Corbett, E/ectron Radiation Damage in Semiconductors
and Metals (Academic Press Inc. , New York, 1966), pp. 17—22,
35, 36.
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divided by the density of the absorber) for a particular
spectrum can be determined using the empirical ex-

pl csslon
p =17/E '"cm'/g (4)

where E is in MCV. The calculated values of p for
the "'Cd and "P P spectra are given in Table II. The
thickness of a CdS absorber required to reduce the P-
ray intensity to one-tenth its original value ranges
from 0.15—0.5 mm for spectra with E ranging from
0.58—1.71 MeV. (This can be compared to a range of
1.7 mm for monoenergetic 1.7-MeV P particles. ) For
samples with the dimensions of those used in these
experiments estimates have shown that a large fraction
of the P energy is absorbed in the sample. This, of
course, accounts for the low counting efficiencies ob-
served in the radioactivity measurements. The average
energy deposited as a result of absorption of P-rays
from a, "P decay is larger than that resulting from
either of the "'Cd P decays. However, initially there
are 1.7 times as many "'Cd decays as "P decays.
EstlIIlRtcs show that lQltlally thc I'atc of cQCI'gy Rb-

sorption is approximately the same for the "P and
"'Cd P decays. A similar conclusion is reached when

considering cGects that can result from the y radiation.
The "'Cd radioisotope emits y radiation whereas the
"P radioisotope does not, The absorption coeKcient
for these y rays have a maximum value of 0.4 cm'/g,
and in comparison to the P-absorption coefficients
(Table II) it is concluded that y-ray effects are not
significant. This is in agreement with the work of
Ibuki. "He examined induced conductivity from both

P and y radiation in CdS and found that y effects were

(1% of the P-radiation effects. It is concluded from
these 1csults tliRt thc diffclcnccs ln thc coQdUctlvlty
and radioactivity data cannot be explained on the
basis of energy absorbed from the different P decays.

Electrical changes associated with the thermal
annealing of fast-neutron-induced defects may account
for the diGerences in the conductivity and radioactivity
data. Results from the reactor-irradiation experiments
showed that room-temperature annealing of neutron-
induced defects was characterized by rate constants
A.„which depended on either the defect concentration
or the position of the electron quasi-Fermi level EJ
with respect to the edge of the conduction band. Since
the resistivity-versus-Quence data showed that the
induced defects in 14-McV and reactor-neutron-
irradiated CdS are approximately the same, then the
annealing characteristics should also be simi1ar.

Consider 6rst the dependence of I &, I
on the defect

concentration. For sample KBA1 (Figs. 1 and 2) the
would be (10 '/day, as determined from the

reactor-irradiation results. For a rate constant of this
magnitude no significant changes in resistivity would
bc detected over the entire 140-day period after ir-

radiation. This is consistent with the observation in
Fig. 2 that any resistivity changes due to annealing
over the period from 120—140 days after irradiation
must be within experimental error. The more interesting
case to consider is the dependence of

I X, I on Er „.The
reactor-irradiation results showed that

I X,
I

varied
from 10 ~10 2/day as Ep„varied from 0.1—0.4 eV (the
resistivity varied from 10'—10' 0 cm). When these data
are plotted (IX I versus Ei„) and extrapolated to
Ei „=0.59 eV (p= 10' 0 cm) for sample K3A1 (Figs 1.
and 2), it was found that IX, I was in the range of
0.3/day. This is the same as the rate constant for the
"'Cd decay. Thus, defect annealing could account for
the di6'erence between the conductivity and radio-
activity data.

These results suggest that (1) X, is more dependent
on Ei „ than on the defect concentration, and (2) that
there are two processes with half-lives of 2 days causing
changes in the electrical properties. One of these
processes certainly results from the radioactive decay
of "'Cd and the other results from thermal annealing
of QcUtI'OQ-lnduccd dcfccts. It should bc posslblc to
separate these processes either by examining the tem-
perature dependence (defect annealing is temperature-
dependent, whereas radioactive decay is not) or by
irradiating HRC to different resistivities, thus varying
X,. In order to compare results from diferent samples
ln sUch cxpcI'llIlcnts, thc samples should hRvc thc sRmc
initial resistivity. The experiments have not yet been
attempted because of de.culties encountered in select-
ing high-resistivity-homogeneous samples with similar
electrical properties.

Induced-Conductivity Mechanism

In these experiments most of the p energy froin
radioactive decay was absorbed in the samples and the
energy was lost predominantly through processes
associated with ionization. It is of interest to compare
ionization CGects with the observed electrical changes.
Consider 6rst the rate of ionization. The rate of P
emission (P particles per cm sec) is given by ( dA/dt);-
see Kq. (3). Assume that all of the energy is dissipated
through ionization and that the average energy loss
per P particle is E, . Then the number of electron-hole
pairs generated per sec per unit volume, g, by ionization
ls glvcn by

g= (E. /e) ( dA/dt) — (.5)

This equation was evaluated for the "P decay in sample
E3A1, at 1=0. The data in Figs. 1 and 2, the data in
Tables I and II, and the value" 2'" ~=7.3 cV were used.
The electron-hole generation rate from ionization was
found to be g=3X10' (electron-hole pairs)/cm' sec.

The change in conductivity, Do-, in semiconductors
(or insulators) which results from the absorption of
radiation is given by

Ao.=e(hntj, „+5ptl ~),
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TABLE III. Electron free lifetimes' ~, determined from induced conductivity resulting from the P decay of "P in fast-
neutron-irradiated CdS. Given for each sample is the fast-neutron Quence, the resistivity before irradiation and at ~1 day after ir-
radiation, and the initial electron-hole generation rateb (g).

Sample

E3A1
C-9D
181A2
H183
C183
C103
C1D4
H186
E1C2

¹utron fluence
{&3MeV)

(neutrons/cm2)

1X10'3c

2X1016
2X1016
1X10i5
1 X10'5
1X10&&
1X10'~
4X10'4
3X10

Before
irradiation

HRC~
HRC
HRC
LRC
LRC
LRC
LRC
LRC
LRC

1X10'
2X10'
9X104
4X10'
3X10&
3X103
2X10s
1X10&
2X102

Resistivity
After

irradiation
(0 cm)

g
(cm' sec) ~

3X109
6X10"
6X10'
3X10»
3X10»
3X10»
3X10»
1X10»
1X10'~

(sec)

15X10 '
11X10 '
24X10 '

6
7
9

14
45
50

a Determined using Eq. (9) in text.
b Determined using Eq. (S) in text.
& Sample EBA1 vas irradiated with 14-Mev neutrons; all other samples vere irradiated with reactor-fast neutrons.
& HRC denotes high-resistivity crystals (10~-10'o Q cm) and I RC denotes lov-resistivity crystals (1-100 cm).

Bio.= egIJ, „r„. (9)

The induced conductivity from the radioactive decay
of "P in sample E3A1 (Fig. 4) was analyzed using

Eq. (9). The electron free 1ifetime was determined by
using Eqs. (5) and (9), and by assuming p„=300 cm'/V
sec. (This assumption was based on the results obtained
from Hall mobility measurements in the reactor-
irradiation experiments. ) The calculations showed that
r =15 msec. The results from this analysis are sum-

marized in Table III. Electron free lifetimes of the
order of msec have frequently been observed by other
investigators in optical experiments using high-resis-

tivity photosensitive CdS.'~32 In many optical experi-
ments most of the energy is absorbed in the surface
of the sample. Bube'2 has shown that r for surface
excitation in CdS is smaller than that for volume ex-

citation owing to a higher rate of recombination at the

"R.H. Bube, Photoconductivity of Solids {Wiley-Interscience,
Inc. , New York, 1960), pp. 56-74, 77, 287; in Physics and Chem-
istry of II—VI Compounds, edited by M. Aven and J. S. Prener
{Wiley-Interscience, Inc. , New York, 1967), pp. 657-705.

"R.H. Bube, AIMEjTrans. Met. Soc. 239, 291 {1967).
"R.H. Bube, Phys. Rev. 101, 1668 (1956).

where hn and hp are the change in electron and hole
concentrations, p and p„are the electron and hole
mobilities, and e is the electronic charge. In deriving
Eq. (6), the assumption was made that changes in
mobility were negligible. This is a valid assumption
for these experiments. Since g is the ionization rate per
unit volume, the change in the electron and hole con-
centrations can be expressed as

hn= gr and Ap= gr„, (&)

where r„and r„are the free lifetimes" of the electrons
and holes, respectively. Thus, h~ can be expressed as

a~= eg(p„r„+p,r„).
For an n-type semiconductor like CdS, where p„r„
))p„r„Eq. (8) reduces to

surface. Similar effects have been observed using more
highly ionizing radiations in other materials. " In the
experiments reported here the excitation is truly a
volume effect because the decaying radioisotopes are
randomly distributed throughout the crystal. It is
expected then that the r„calculated here would be
somewhat higher than that determined from optical
experiments. It is concluded from these results that
induced conductivity from ionization resulting from
radioactive decay in CdS can be described analytically
using Eq. (9).

The data from two reactor-irradiated HRC' were
analyzed in the same manner. The results are sum-
marized in Table III. The calculated r„were within a
factor of 2 of the value reported herein for the HRC
irradiated by 14-MeV neutrons. It should be noted
that HRC were irradiated with reactor-fast neutrons
to fluences of 10" neutrons/cm' L)3 MeV, which is
the threshold for the "S(e,p) "P reactionj, and with
14-MeV neutrons to Quences of 10" neutrons/cm'.
A factor-of-2 variation in r for these irradiations is
considered to be a small variation considering (1) the
wide range ot Quences, (2) that g varied from 3X10'
to -6X10"/cm' sec, and (3) that the resistivities after
irradiation were 10'—10' 0 cm. (Note that these results
are consistent with the previous observation that the
same kinds of defects are introduced by 14-MeV and
reactor-fast neutrons. )

Similar analysis of six reactor-irradiated LRC gave
values of r„of the order of tens of seconds. These life-
times are 10' times those of the irradiated HRC. The
I.RC that were analyzed had been irradiated to Quences
of 10'~10"neutrons/cm' ()3 MeV). The resistivities
after irradiation ranged from 10'—10' 0 cm. The results
for the I RC, given in Table III, also show that r„
increased with decreasing resistivity.

These data were further analyzed by examining the
dependence of r on the position of Ep„below the

"J.M. Taylor, Semiconductor Particle Detectors (Butterworth
and Co., Ltd. , London, 1963), pp. 25, 28, 45.
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edge of the conduction band at 1 day following ir-
radiation. E~„was determined from the measured re-
sistivities and Hall mobilities of the samples given in
Table III following the method previously outlined. '
The results are given in Fig. 5 and show that the shorter
lifetimes were observed for Eg„&0.37 eV and the longer
lifetimes for Eg„&0.37 eV. Eg„=0.37 eV is the limiting
position of Ep„ in fast-neutron-irradiated CdS and
depends on induced defects as well as ionization sects.
[The reactor-irradiation experiments showed that EI„
decreased for the irradiated LRC and increased for the
irradiated HRC. Highly irradiated samples all ap-
proached the limiting position of E F„(limiting p=2
X10' 0 cm).j These results further show that r varies
from 15 msec to 50 sec as Eg„decreases and shifts
through the limiting position of Ep„. The dependence
of r„on E+„was also con6rmed by independent experi-
ments on p-induced conductivity and on photo-
conductivity in neutron-irradiated and unirradiated
CdS samples. These experiments are discussed in
Appendix B.

Trapping sects in CdS are responsible for long re-
sponse times (i.e., rise and decay times, denoted as ro)
for induced conductivity from ionizing radiations. (A
trapping center is here dined as a center whose
occupancy is determined by thermal equilibrium with
the nearest band. ) The shortest time to readjust to
abrupt changes in conductivity occurs when trapping
sects are insignificant and rp=7.„. When trapping
sects are important, Tp+7 . In the case of electron
traps, for example, r p is very dependent on the density
of trapped electrons near the electron quasi-Fermi level.
Response times of the order of minutes and longer have
been frequently observed in unirradiated CdS (neutron
irradiation) in studies of in.duced conductivity from y
radiation ""~"P radiation '4" n-particle radiation"
and visible radiation, '0 especially for low-ionization
intensities. Long response times have also been ob-
served in experiments on p-induced conductivity and
photoconductivity in neutron-irradiated CdS (see
Appendix 8). A long ~0 does not necessarily imply that
v„ is correspondingly long. The comparison here does
show, however, that for the observed 7. the condition
v.p&r~ is consistent with our observations and those
of other experimenters. .

Long lifetimes are associated with crystal imper-
fections (such as defects, impurities, and defect-
impurity complexes). Some imperfections were present
before irradiation and others were introduced as a
result of the irradiation. Bube and Barton'4 performed
photoconductivity experiments on LRC and have ob-
served that some LRC are highly sensitive (i.e., have
large pr products). A general way of preparing photo-
sensitive HRC has been to incorporate acceptors in the
sensitive LRC (e.g. , by annealing in a sulfur atmo-
sphere). This is done in such a manner that the crystal

"R. H. Bube and L. A. Barton, RCA Rev. 20, 564 (19S9).
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changes from the low-resistivity state to the high-
resistivity state while retaining the photosensitivity.
CdS is generally available in either the low-resistivity
state ((10 0 cm) or in the high-resistivity state
()10' 0 cm). It is dif5cult to obtain material with dark
resistivities in the intermediate range by chemical
doping because the degree of compensation is critical
and is dificult to control. In these experiments ma-
terial has been obtained in this range in a controlled
manner by introducing defects with fast-neutron ir-
radiation. These defects are probably responsible for
the long lifetimes observed in these experiments.

Lifetime Mechanism

The dependence of 7„on Ey„ is probably associated
with the same mechanisms that are responsible for high
sensitivity in photoconductors like CdS. Bube'~32 "has
described these processes in detail. Before proceeding,
consider the following: (1) Sensitizing centers are
centers with large capture cross sections for holes but
small capture cross sections for electrons. In sensitive
photoconductors these centers are compensated ac-
ceptors and are probably intrinsic crystal defects or
defect-impurity complexes. Many characteristics of
photoconductors are directly related to the location
of the energy levels of these centers. (2) A hole de-
marcation level E~„ is de6ned as that position in the
forbidden gap where the probability of thermal ex-
change of a hole with the valence band equals the prob-
ability of recombination with a free electron from the
conduction band. (Here Eq„ is measured with respect
to the valence band). Thus, the position of Eq„ for a
given sensitizing center determines whether that center
acts as a trapping center (Eq~ above center position)

ELECTRON QUAS I-FERMI LEVEL, EF (eVI

FIG. 5. Dependence of the electron free lifetime (7' ) on the
electron quasi-Fermi level (E~„) in fast-neutron-irradiated CdS.

was determined from the induced conductivity resulting from
radioactive decay. E&„is the position of the electron quasi-Fermi
level below the edge of the conduction band at ~1 day following
irradiation. Each datum point was obtained from a diGerent
sample. These results show that w increases by a factor of 10'
when E~„decreases and shifts through the limiting position of
Ey~. These results were con6rmed by y-induced conductivity and
photoconductivity experiments (Appendix B).
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or as a recombination center (E~„below center position).
(A recombination center is here defined as a center
whose occupancy is defined by recombination kinetics. )
High photosensitivity and thus large r„occur when
sensltlzlng ccntcI's RI'c 1 ccolTlblnation centers. The
change in v observed here can result from the con-
version of a sensitizing center from a trapping center
to a recombination center.

I.ct us now consider how such a change in kinetics can
occur. Sensitizing centers can be associated with im-

perfections in the material before'irradiation or intro-
duced as a result of irradiation. For a particular state
of the crystal some of these centers could be trapping
centers (r„unaife cted) or recombination centers (re-
sulting in large r„).The position of EgI, for a particular
sensitizing center depends on the electron concentra-
tion n Thu. s, asn (or Ei ) varies so doesEq~. A change
in these parameters can result from changes in ioniza-

tion, temperature, or doping. In these experiments
such changes are associated with fast-neutron-induced
defects and self-ionization CBects. For irradiated
samples whcrc +p'& ls ~+0,37 CV~ 7~ ls R fRctol of ~~0
greater than that for irradiated samples where EI; is
&0.37 eV. The results of these experiments suggest
that for the case where E~ decreases and shifts across
the limiting position of EJ there is a corresponding
shift (decrease) in Eq„ for a particular sensitizing

center which converts that center from a trapping
center to a 'recombination center. This would result
in an increased r„. (Note that for the samples analyzed

here changes in ionization with time after irradiation

for a particular sample did not shift Ep„ through the
limiting position of EI „.If it had, v„ for that sample

would have changed and. such phenomena as super-

linearity and quenching would have been observed in

the induced-conductivity data. ) The position of the
sensitizing center responsible for the long lifetimes de-

pends on the limiting position of Ep„.Thus, this center

probably results from the fast-neutron irradiation.

Unfortunately, the position of this center could not be
determined because the capture cross sections were

unknown.
The long lifetimes observed here may be associated

with fast-neutron-induced defect clusters. Work by
Gregory'5 has shown that in Si the recombination
kinetics of defect clusters are diGerent than that of in-

dividual defects. It is very likely that in CdS the ratio
of the capture cross section for holes to that for electrons

is considerably greater for a defect cluster than for an
individual intrinsic defect. The lifetimes associated
with the fast-neutron-induced defect clusters would

thus be longer than that associated with intrinsic

crystal defects.

3'B. I,. Gregory, Bull. Am. Phys. Soc. D, 464 I'1968); also
(private communiCation).

The effects of fast-neutron irradiation on the electri~. al
properties of CdS have been determined. Both low-
and high-resistivity single crystals mere irradiated with
14-MeV neutrons (this sturly) and reactor-fast neutrons
(previous study) to fluences ranging from 10"—10"
neutrons/cm'. Throughout this paper the effects of
3.4-MCV and reactor-neutron irradiations have been
compared. The results have shown that in CdS the
same kinds of defects are introduced by I4-MeV neu-
trons and reactor-fast neutrons. This was determined
from the changes in resistivity with fluence, from the
dependence of v. on Eg, and from the characteristics
of thermal annealing. The results have further shown
that the room-temperature anneahng of neutron-
induced defects is dependent upon the position of the
electron quasi-Fermi level Ep„below the edge of the
conduction bRnd.

In this study the changes in resistivity (or con-
ductivity) with time after irradiation have been cor-
related with the measured decay of radioactivity from
CdS. After accounting for annealing CGects the results
have shown that induced conductivity results from the
P decay of "'Cd (2.3-day half-life) and "P (14.3-day
half-life). Ionization resulting from the absorption of
the P radiation produces the induced conductivity.
Absolpt1on of p radiation f lorn tllc Cd dccRy was
insignificant. The electron free lifetime (r ) was deter-
mined from the induced conductivity, the mobility,
the P decay rate, the radiation-ionization energy, and
the average energy absorbed per p particle. The results
from T4-MeV and reactor-neutron-irradiated CdS
showed that 7„was dependent on the resistivity, and
therefore on Ei . When Ep„ is &0.37 eV (P&2&&10'0
cm), r„ is of the order of tens of msec. However, for
EJ „&0.37 eV, the value of r is larger by a factor of

IO'. The value of Eg„=0.37 CV is the limiting
positioll of Ep„ iii fRat-iieutioii-irradiated CdS (Rt.

1 day after irradiation), and depends on the induced
defects as well as ionization. (The dependence of r
on Ep was confirmed by experiments on p-induced
conductivity and on photoconductivity in both neu-
tron-irradiated and unirradiated CdS samples. ) The
large increase in ~„with decreasing Ep„probably re-
sults from changing the occupancy of sensitizing
centers from being determined by thermal equilibrium
kinetics to being determined by recombination kinetics.
These centers probably result from fast-neutron irradia-
tion and are associated with induced defects or defect
clusters.

These experiments have yielded electron free 1ife-
times from induced conductivity in material with dark
resistivities in the range which is not easily obtained
by chemical doping (i.e., 10'—10' 0 cm). The unique
features of these experiments were that the Iesistivity
was obtained in this range by radiation doping and
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that r„was determined from the self-ionization result-
ing from the P decay of radioisotopes.

Similar radioactive decay CGects can probably be
observed in other materials. Such dfects would be most
significant in high-resistivity materials that have large
mobility-lifetime products. Many of the II—VI, III-V,
and IV semiconductors possess these characteristics.
Whether such CBects will be detectable will also depend
upon parameters such as the macroscopic-reaction
cross section, the decay constant, and the amount of
radiation energy absorbed.
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APPENDIX A: RESISTIVITY INHOMOGENEITIES

Recent experiments by English and Parsons'6 using
an electron-mirror microscope (EMM) have shown
that high-resistivity CdS single crystals contain severe
resistivity inhomogeneities. The EMM technique pro-
vides a means of mapping out regions of nonuniformity.
Unfortunately, such instrumentation is not generally
available to most experimenters for routine sample
examination and other techniques must often be used
to identify sample uniformity. In this study the 4-
terminal van der Pauw technique'~ of measuring re-
sistivities was used to provide this. information, The
purpose of this appendix is to outline this technique
and to report on the results obtained from a random
selection of crystals commercially available from three
different suppliers.

The van der Pauw method of measuring electrical
resistivities is a general technique applicable to thin
arbitrary shaped samples with small electrical contacts
arbitrarily positioned on the periphery, such as shown
in Fig. 6(a). The development by van der Pauw assumes
that the material is homogeneous. Transfer resistances
are de6ned as follows:

R1224 +24/I 12

is the voltage drop across contacts 3 and 4 divided by
the current Sowing through contacts 1 and 2. There
are eight di6erent combinations, including reversals
of polarity for current and voltage, which give the
same value of transfer resistance. This generalized set
is here defined as E~. For resistivity measurements an-
other set of transfer resistances is utilized, one of
which is E234~. This generalized set is similarily defined

'6 I'. L. English and M. K. Parsons, in II—VI Semjcondeckng
Compounds, edited by D. G. Thomas (W. A. Benjamin, Inc, , New
York, 1967},p. 190;Appl. Phys. Letters 11,283 (1967).

37 I.J. van der Pauw, Philips Res. Rept. 13, 1 (1958};Philips
Tech. Rev. 20, 220 (1959).

I"ic. 6. Sample and contact
arrangements when using the
van der Pauw technique: (a)
arbitrary geometry and (b)
symmetrical geometry.

Ths j.E IV. Transfer resistance ratios' determined using the van
der Pauw technique on geometrically symmetric high-resistivity
CdS single crystals in the dark.

1—2

4-10
+10

Number of samples

21
12
6
7

a Electrical measurements and sample assymetries were such that ratios
between 1 and 1.$ were considered to be within experimental error.

'8 T. M. Baleshta and J. D. Keys, Am. I. Phys. 36, 23 (1968).
'll G. I. Robertson and K. A. Ash, Solid-State Electron. 11, 603

(1968).

as E2. The resistivity is given by

p= (~/in2)L(RI+R2)/2jf,

where m is the sample thickness and f is a geometric
col'lectloll wlllcll ls R fllllctloll Qf tile latlo RI/R2. Fol'
symmetric samples with symmetrically spaced contacts
Lsllch Rs sllowll 111 Flg. 6(b)j Rl= R2 Rllcl f= I& tlllls
p= (Irw/1n2)RI. If such symmetric samples, however,
are found to have E~/E2, then it must be concluded
that the samples do not have uniform electrical prop-
erties. Thus, the ratio Rl/R, can be used as an indica-
tion of the electrical uniformity of samples. ' Note
that Rl/R2=1 is a necessary but not sufllcient con-
dition for homogeneity.

Resistivity measurements using the van der Pauw
technique and sample geometry shown in Fig. 6(b)
have been completed on both low- and high-resistivity
CdS single crystals. The highly conducting I.RC were
generally uniform (i.e., Rl/R2=1), whereas the HRC
were not. A total of 46 high-resistivity samples with
dark resistivities ranging from 10'-IO' 0 cm were ex-
amined. The results are given in Table IV and show
that Rl/R2) 2 for over 50% of the samples ln the dark-
resistivity state. The range of values for the RI/R2
ratios given in Table IV are in good agreement with
resistance ratios measured by Robertson and Ash'9

using optical pi'obc tecllnlqucs. In thc pl cscIlt cxpcrl-
ments it was found that almost all samples had RI/R2& 2
when in the photoconducting state (exposed to room
light). This improved uniformity probably occurs be-
cause of a reduction of high-resistance barriers in the
material. '0 It has also been generally observed that
samples cut from the same initial crystal do not have
the same initial resistivities, and thus it is not unusual
to 6nd nonuniformities in individual samples. There
was no pronounced difference in samples obtained from
diferent suppliers.
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TAsLE V. Characteristics of samples used for veriication of the
dependence of the electron free lifetime r on the electron quasi-
Fermi level E~„.

Dark resistivity (Q cm)
After

neutron
irradiationSample' Initial

(LRC) 1.2X 1O
2 2 X10' (HRC) 1.4X10'
3 2X10M {HRC)

(eV)

0.35
0.47
0.85

rn d

(sec)

1
15X10-3
15X1o-3

& Samples 2 and 3 were cut from the same crystal,
b LRC and HRC denote low- and high-resistivity crystals. Samples 1 and

2 were irradiated to fast-neutron fiuences of 2 X10i~ neutrons/cm~ f 2
X10» neutrons/cm~ ( &3 MeV) j. The resistivites after irradiation were
measured 1 day following exposure.

o For samples 1 and 2, PJ +is the position at 1 day after neutron irradia-
tion, Hall mobilities for samples 1, 2, and 3 were approximately 270, 230,
and 280 cm~/V sec, respectively.

~ Expected values: Determined from Fig. 5 and Table III for the ir-
radiated samples 1 and 2. The value for sample 3 should be approximately
the same as for sample 2 as predicted by the model which was proposed to
explain the dependence of ~~ on Bpa, and in comparison with the photo-
conductivity experiments on unirradiated crystals by other investigators.

APPENDIX B: y-INDUCED CONDUCTIVITY AND
PHOTO CONDUCTIVITY

The dependence of r on Er„(Fig 5.) was confirmed
by independent experiments which examined the p-
induced conductivity and photoconductivity in a
neutron-irradiated LRC (sample 1), a neutron-
irradiated HRC (sample 2), and an HRC which was
not exposed to neutron irradiation (sample 3). The
characteristics of these samples both before and after
neutron irradiation are given in Table V. The Ep„ for
the unirradiated sample and for the irradiated samples
after neutron exposure are given in Table V. Also given
in this table are the expected values of r for these
samples as determined from the dependence of ~„on
Eg„, which was determined from the results from the
P-decay experiments (see Fig 5, .Table III, and the
discussion in footnote d of Table V). The results of the
analysis of induced conductivity from P decay predict
that, for these samples, the ratio of the lifetimes of the
neutron-irradiated LRC to that of the neutron-irradi-
ated HRC is rq/r2=67. The corresponding ratio of the
lifetime of the irradiated HRC to that of the unirradi-
ated HRC is r2/rq=1. These results are summarized in
Table VI.

An independent determination of these lifetime
ratios for these three samples was obtained by exposing
each sample to a constant p-radiation intensity and to
a constant optical-radiation intensity, and by measur-
ing the corresponding induced conductivities. (Some
of the details of these experiments are given as foot-
notes in Table VI.) For a constant excitation intensity
the induced conductivity is proportional to the mobility-

YAsLE VI. Comparison of electron free lifetime ratios deter-
mined from (1) induced conductivity from P decay, (2) y-induced
conductivity, and (3) photoconductivity in two fast-neutron-
irradiated CdS samples and one unirradiated CdS sample. ri, rg,
and ~3 are the lifetimes of an irradiated LRC (sample 1), and ir-
radiated HRC (sample 2), and an unirradiated HRC (sample 3),
respectively. '

Excitation sourceb
Lifetime ratios

V-I/r2 r2/~3

p-induced conductivity'
p-induced conductivityd
Photoconductivity'

(predicted)
(measured)
(measured)

67 1
92 1.1
58 1.5

a Sample characteristics are given in Table V.
b The y-induced conductivity and photoconductivity experiments were

performed 30-40 days after neutron irradiation. This allowed time for the
induced-P intensity to decrease significantly, whereas only a small per-
centage of the neutron-induced defects had thermally annealed. The in-
tensities of the y-radiation source and the optical-radiation source were
chosen so that the induced conductivity was approximately the same as
that obtained from the initial +P P decay in the irradiated samples. Re-
sponse times to the rise and decay of p-induced conductivity and photo-
conductivity varied from 30 min in the unirradiated sample to several
hours in the irradiated samples. The irradiated LRC had the longest
response times.

e Predicted values as determined from the@P P-decay experimental results
(see discussion in footnote d, Table V).

«oCo y radiation; performed using Sandia Laboratories Vertical Gamma
Range, Serial Number J204, ALO primary standard. y dose rate was
50 rad/hr (note, the initial dose rate from @P P decay in a CdS crystal
irradiated to 2 &(10'~neutrons/cm~, &3 MeV, is ~50 rad/hr).

& Optical radiation filtered through a CdS crystal and a CuSO4 solution
in order to provide uniform excitation throughout. the samples and to
minimize optical quenching.

lifetime product [see Eq. (9)]. After accounting for
sample-to-sample Inobility differences the ratios of the
electron free lifetimes in these samples were deter-
mined from the induced conductivity ratios. The results
of these experiments are given in Table VI and show'

that the lifetime ratios measured from the y-induced
conductivity experiment and from the photoconduc-
tivity experiment are in good agreement with that pre-
dicted from the "P P-decay experiments. These results
provide an independent "one-point" confirmation of
the dependence of r on Ep„ in neutron-irradiated CdS.
It would of course be desirable to have a complete set of
experiments in which 7.„was determined as Ep was
varied (e.g. , by varying the neutron fluence, y-radiation
intensity, optical-radiation intensity, or temperature).
Lifetime ratios as high as 10' should be observed con-
sistent with the dependence of ~ on Eg, as shown
in Fig. 5.

It is concluded that these experiments have con-
firmed (1) the observation of induced conductivity
from P decay in neutron-irradiated CdS, (2) that life-
times of the order of seconds are observed in neutron-
irradiated LRC, (3) that the dependence of r on Ep„
in neutron-irradiated CdS is given by Fig. 5, and (4)
that the model of induced conductivity from P decay
is correct.


