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I. Abstract

The transient behavior of the resistivity and Hall effect .
voltage in 1 to 100 ohm-cm n- and p-type silicon has been studied
both during and after exposing the sample to short bursts (0.0l to
4.5 microseconds) of 48 MeV electrons. The buildup of excess

electrons produced by ionization during the time the electron 3

(L

pulse is irradiating the sample appears to be dependent on the

normal excess carrier decay rate. The injection levels induced by

the bombarding electrons are high (A_ﬁr_1> 10"1) and in most cases

the excess carrier lifetimes exhibit an increase with higher
injection level. The number of excess carriers generated as a
function of electron beam intensity car be calculated to within a
factor of 2 from a knowledge of the ionization energy loss, the
energy to form an electron-ion pair, and the total integrated
electron flux. The temperature dependence of induced conductivity
as a function of injection is consistent with that predicted by
theory. The transient Hall voltage response of 100 ohm-cm p-type
silicon for high injection levels can bé approximately reproduced

by calculation assuming mixed hole-electron conducticn and equal
hole and electron decay times by a single time dependent
exponential. A simple model is given which describes fast annealing
in 45-50 MeV electron-irradiated silicon. The single dominant
“"radiation damage" process which occurs in all cases is the production
of excess carriers from ionization of lattice atoms and their
subsequent decay by recombination. Atomic displacement effects as
manifested by the electronic transport properties appear to be very

small and insignificant.
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I1I. Introduction

This Final Report gives the presentation and summary of all
research conducted in the time interval 1 October 1965 through
1 October 1966 on the RPI Transient Radiation Damage in Semi-
conductor Materials program. The primary gocal and purpose of the
program was to investigate the mechanisms which are basic and
important to an understanding of the general problem of the
effects in silicon irradiated with a pulse of radiation. The
radiation used in this investigatiocn was electrons from the
Rensselaer 5-80 MeV pulsed electron Linac. At the outset of the
program it was expected that damaging effects arising from 50 MeV
electrons would not be as pronounced as those which arise fr-m fast
neutron pulsed irradiation but on the other hand the electron
effects would be more pronounced than those effects from pulsed
low energy (552 MeV) gamma rays. Of course in the comparison we
are assuming equal total integrated fluxes of all the types of
radiation just mentioned. ‘

The main emphasis of the program of research which we have
followed was to study the transient effects of 50 MeV electron
bursts on the electrical properties of silicon. The properties
measured were resistivity and Hall effect voltage and the carrier
recombination lifetime; the measurements were made both during
and after the electron beam pulse-. The research work
in this program was intended to relate and provide some

understanding as a contribution to the more widespread

-
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effort on Transient Radiation Effects .on Electronice {TREE}, in
particular to provide a basis for explaining what occurs in semi-
conductor devices fabricated from silicon.

In order to obtain a maximum amount of information regarding
the behavior of silicon in a pulsed electron environment our
irradiation experiments were perfromed on silicon material doped
with a fairly large range of impurity concentration, fVI013 to
lO16 atoms/cm3. The dopants were boron, indium and phosphorus,
and the single crystals utilized included mostly zone refined
(FZ for floating zone) material with(lO16 oxygen atoms/cm3

ot oxygen atoms/cm> were

although some pulled crystals with 21
also studied. Additionally, we also sought to investigate tempera-
ture effects on the transient radiation damage process hence we
performed scme irradiations with the sample temperature maintained
in the 100°K to 300°K range.

We have previously reported our results in the form of a
paper,(l) a copy of which is included at the end of this report

as an appendix, while other portions of our research results have

(2)

appeared in three earlier quarterly progress reports.

IV. Experimental Methods

A complete description of the experimental methods and
techniques used in the irradiation experiments is given in the
paper attached at the end of this report as an appendix and we
shall not repeat here any discussion appearing in the attached

paper. One new experimental technique was attempted which was
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not reported on previousiy and Will be discussed here briefiy.

In order to increase the accuracy of measurement of excess carriers

at large injection produced by the higher electron beam intensity
pulses a new device was constructed. The device works as follows:
within 0.15 psec after the incident 50 MeV electron beam pulse
strikes the sample a large current is passed thru the sample and
the resulting resistivity voltage is recorded on an oscilloscope.
This large current is adjusted so that the resistivity voltage from
the sample will be between 5 and 500 mV; such a voltage is low
enough that no carrier sweep-out occurs, yet sufficiently large

as to be easily measurable on an oscilloscope. The duration of
time in which current flows through the sample is sufficiently
short ( £ 500 millisec) that the sample is not heated to a higher
temperature. The block diagram showing schematically how the
sample current pulsing device is used is given in Fig. 1. The
device allowed us to irradiate the sample with high total dose in
the pulse while preventing the occurrence of voltage saturation
described in detail elsewhere.(l) Alth;ugh the device accomplished
what it was intended to do, further development aimed at reducing
signal noise would have been necessary, but this was not possible
because the research program was to be brought to an orderly

conclusion.

V. Results and Discussion

In Table I is given a list of some of the samples which have
been studied. The values of resistivitv, carrier concentration,

and Hall mobility before irradiation are given together with the
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sampies studied in the in-
vestigation also includes those listed in the paper attached as ¢
an appendix. In the main body of this report we shall not repeat
any of the results or discussion which have already been given in
the attached paper. However, if the previously given results

were analyzed further and allowed additional conclusions and

interpretations to be made they will be included here.

A, n-Type Silicon Samples

In both n- and p-type silicon large numbers of excess carriers
are produced from the ios ization of atomic electrons by energy
imparted to them by the bombarding electrons. The beam characteristic
of the Linac are such that ionization-induced excess carrier concen-
trations of n101® - 1017 cm™3 can be achieved easily. Excess
carrier concentrations as are produced by the electron beam lead
immediately to high injection level effects on the lifetime and on
the damage mechanism. These points will be discussed below in
greater detail.

An important effect of high intensicy ionizing radiation is
to cause the material to become temporariiy intrinsic where one

has mixed electron and hole conduction; for such a semiconductor

we can write the conductivity as

6 =medy, + P4, ¢))

where:

n = number of conducting electrons

p = number of conducting holes

®
]

electron charge
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The ratio cf Hall to drift mobility was put equal to unity and we

conduction hole mobility

have neglected the temperature dependence of this ratio in all
subsequent discussions included in this report. We have made the
assumptions thag/&% and,‘% remain constant during the time excess
electrons are produced by ionization and decay by recombination
processes. This assumption has been proved to be valid® for
purposes of our experiment. We further assume that An =Ap i.e.,
equal numbers of excess electrons and holes are produced by the
electron pulse. Using equation 1 and the above assumptions we
derive for n- and p-type semiconductors the following expressions

for the injection for n and p type respectively

Aﬂ,: _A\é# ,A(” 4 = "A? _&— (2)
o VoA Lotip F V-dY Autty

where 7&7, /YL ,;é; are the steady state pre-irradiation values of hole
and electron carrier concentrations and resistivity voltage re-
spectively. The formulas in Eq. 2 above were used to obtain the
excess carrier concentration from the measuredvoltage change4AY?
during the irradiation and the quiescent dc value V.fo'

The number of excess carriers produced by the electrons in a
given pulse was estimated from tables cn the ionization energy
loss in matter,(3) the energy required to form an electron-ion

pair which is 3.5 eV+for silicon, and a knowledge of the total

Our measurements have shown mobility changes of less than about
10% for the most intense electron beam pulse irradiation of silicon.

For more details see C. Brissolati, A. Fiorentini, and G. Fabri,
Phys. Rev., 1364, 1756 (1964).




electron beam pulse width was small compared to the carrier
recombination lifetime. In our estimate we have neglected all
effects which arise from temperature. Under these conditions the

calculated carrier concentration was given by

AN2<[# electrons in 50 MeV pulse)[energy lost to ionization 1
cm? per cm in silicon 3.5 eV
or
A 2.4 x 10% x [# electrons in 50 MeV pulse 3)
cm cm?

Comparisons of the measured integrated f£lux dependence of excess
carrier concentration with the calculated values using Eq. 3
above are given in Figs. 2 and 3 for %1 ohm-cm n-type silicon
(sample SC-28) irradiated by 48 MeV electron pulses at 296°K and
122°K respectively. 1In Fig. &4 the comparison of measured with
calculated integrated flux dependence of excess carriers is
given for a 10 ohm-cm n-type silicon sample (sample SC-30)
irradiated at 296°K by 48 MeV electron pulses. Considering the
simplifying assumptions made in the computation the congarison
of calculated and measured values shown in Figs. 2, 3 and 4 is
considered satisfactory and in fact suggests that for a first
approximation to within a factor of 2 one can use this simple
calculation to assess ionizing effects of any radiation on semi-
conductors irrespective of whether the material is in the form of
a device or a bulk sample.

The temperature dependence of the excess carrier concen-
tration vs. integrated flux which can be ascertained from the

results in Figs. 2 and 3 is very nearly the same as the excess
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conductivity vs. integrated flux since the mobility change is
small (< 10%) compared to excess carrier concentration increase
(factor ~/100). We have compared the temperature dependence of
the induced conductivity which was obtained from the results in
Figs. 2 and 3 to what is predicted in the theory of Appel.(4) We
have found good agreement between the experimental and theoretical
temperature dependence of excess conductivity. The theory(4) takes
into account only electron-electron and electron-ion scattering
processes in deriving an expression for the conductivity. The
inciusion of electron-hole scattering effects is expected to be
small according to additional theoretical calculations by Appel.(s)
In order to make more detailed and meaningful comparisons and to
search for the small electron-hole scattering effects additional
experiments run at two intermediate temperatures between 122°K and
296°K are required. One would also need to improve the measurement
accuracy at high injection levels in order to allow detailed
comparisons between experiment and theory to be made. é complete
list of samples run is given in Table I ig the attached paper and
also is supplemented in Table I of this report with samples SC-33,
34 and 36.

In Figs. 5, 6, 7 and 8 we show the dependence of excess
carrier recombination lifetime on integrated electron £lux in the
pulse for three ten ohm-cm n-type silicon samples and one 100 ohm-

cm n-type silicon sample. The carrier recombination lifetime ?t;

is defined as the time necessary for the number of excess carriers
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to decay from Qn)o to ———é‘ﬁ ; and we measure this time from '

the oscilloscope traces of trinsient resiztivity voltage [f:
combined with the formula of 7q. 2. Our results indicate that

for n-type silicon of 1 ohm-c1 (see Ref. 1) and 10 ohm-cm (see
‘Figs. 5, 6 and 7) the lifetim shows a marked increase with
increased injection, whereas this increased lifetime with injection
level dependence wdas not obseved in any of the 100 ohm-cm n-type
samples (see Fig. 8). Our reiulits on the injection level dependence
of lifetime are in general ag-eement with other workers(6’7) who
have found similar effects using different radiations ( ~1 MeV
electrons and 100-150 keV x-rays) to produce the ionization-induced
excess electrons. However, it is possible that the lifetimes
measured in our case are due 100t only to ar injection level dependence
but also and perhaps of lesse- importance to a fast annealing

( 21000 usec) of a relatively small number* ( < 10ll/atoms/cm3) of
displaced atoms produced by a single pulse of 48 MeV electrons.

The high sensitivity of carrisr lifetime to very low defect con-

0} ¢m™3) has been shown by “ischer and Corelli(®)

centrations (€1
for the case of 6 to 88 MeV electron irradiation of n-type germanium;
many of the points discussed by them for the case of germanium are
also applicable to silicon.

In all silicon samples s:udied it was found experimentally

that the pulsed radiation-incuced transient ~esistivity and Hall

effect voltages had the same time dependence irrespective of the

* . .
Method used to arrive at tlis defect concentration will be given
below.
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sample temperature during jrradiation, the electron beam pulse
duration or the electron bcam peak currert. It was relatively
simple to follow both Hall and resistivity voltages simultaneously
using a dual beam oscilloscope (Tektronix 555). A typical result
showing both the Hall and resistivity voltage decay is given in
Fig. 9 for a 10 ohm-cm n-type sample (SC-2~) irradiated at

300°K with a low total dose pulse g§107_e/cm2 and a high total

10 e/cmz. The pulse shapes shown in Fig. 9

dose pulse % 1.9 x 10
are the same and both Hall and resistivity voltage exhibit
saturation at high injection levels.” The saturation of voltage
has been discussed in detail elsewhere(l) and will not be repeated
here.

The final result whichk we shall present on the n-type silicon
samples is given in Fig. 10, where we have plotted the decay
constant i:n as a function of %g for a 17 ohm-cm n-type silicon
sample (SC-33) and have shcwn on the same graph (upper abscissa)
the excess carrier concentrition corresponding to the fractional
percentage change in resistivity. A close examination ;f the
results shown in Fig. 10 shows that to within the experimental
error + 10% in 2:n and %; the decay constant has a linear
dependence on injection. Consequently we can further state that
the linear dependence of Tfn on injection (at high injection
levels) implies we can view the recombination process using Hall(g)
and Shockley and Reed(;o) single level reccmbination theory. For

purposes of completeness anl benefit of thc reader we write down

* . A .
Instead of high injection levels one may also state high electron
beam intensities since th: injection level depends on the beam
intensity.
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the lifetime-injection Ievel formula for the case of high injéction

where recombination takes place mainly by one dominant energy 1eve1‘
’
440 =T, T 4
(+40) T=T, + (T, + %40 @

Zf: decay constant or lifetime
7-; = small injection lefetime An — 0
Z;b and 2:;0 are the hole and electron lifetime when the Fermi
level lies near the conduction band or valence band respectively.
A more detailed discussiocn of Eq. 4 for n- and p-type silicon has
been given by Baicker(7) while Blakemore(ll) has treated the case

of injection level dependence in p-type silicon in detail.

B. p-Type Silicon

14 holes/cm3 is irradiated by a

If p-type silicon having ~10
sufficiently intense pulse of ionizing radiation,then excess
carriers are produced which have concentrations ~ 100 times
larger than the initial hole concentration. The excess carriers
consist of equal numbers of holes and electrons and since electrons
have a higher mobility in silicon the conduction of the initially
p-type silicon will be converted to n-type for a time duration
which depends or the electron-hole recombination. Therefore, under
these circumstances one expects and indeed finds that the measured
Hall voltage during the "transient' changes sign twice and is
experimental verification of the conversion p- to n-type and back
to p-type. In order to compare the time dependence of the measured

transient Hall voltage following an intense electron beam pulse to

calculated values a computer program was written which calculates

- - —— - - — - p—
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equation for mixed conduction by electrons and holes. ‘

V X £ g ——/n,an —

(5)
6?3/17"AVOZ/94n)
where p = po+ Ap
n=no+An ‘ (6)

and f“n; and Pp are assumed to remain constant during the
production and decay of radiation-induced excess electrons and
holes. We assume that both the excess electrons An and the

excess holes Ap decay by single exponentials given by

apo={r) e~ tff
(7)
An=@n), e~ 7%

where (An)o, (Ap)o are the concentration of excess electrons and
holes respectively just after production dnd before any'decay by
recombination tp and tn are the hole and electron decay
constants. In the computer program thus far developed we have
made the following assumptions regarding the quantities used in
Eq. 5 above. The hole (p o) and electron (n 0) concentrations

before the irradiation pulse strikes the sample are obtained from

. _/ N .
the measured dc values using R, = o or RH 7 6 3 (An)
(A p) i.e., an equal number o. electrons and holes are produced
by the pulse, and we obtain An or Ap from the transient resistivity

voltage expressions given in Eq. 2 above. The hole decay constant
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T:p and the electron decay constant T:n were assumed to be equal
for simplicity ( ?T; = an =27) in these first calculations. The
electron mobility pn and the hole mobility/pp are assumed to
remain constant during and immediately following the electron
burst.

In Fig. 11 we show the time depende¢nce of the Hali voltage for
100 ohm-cm p-type silicon (SC-31) irradiated with different doses
of 48 MeV electrons at 300°K. The pulse labeled 1 is produced by
a low electron dose and the concentraticon of excess electrons
produced by the ionization is less than the hole concentration
(1.7 x 1014 cm°3), hence the sign of the liall voltage remains
unchanged as is shown in the experimentusl results of Fig. 1ll. The
pulse labeled 3 in Fig. 11 results from a high electron dose which
produces a sufficiently high concentration of excess electrons
causing the sample to beccme temporarily converted to n-type.

A comparison of the measured and calculated time dependence
of the Hall effect voltage for a 100 ohm-cm p-type silicon sample
irradiated at 300°K with 43 MeV electrons is shown inm Fig. 12.

1 e/cm2 is sufficiently

The total dose in the pulse ~1.9 x 10
high to cause the sample conduction type to change from p to n and
back to p during a short time interval =110 psec. The solid
line marked "measured" was obtained from a single pulse. The
lifetime of carriers was cbtained from the ''measured' curve as
14.3 + l‘Fsec by measuring from the peak of the curve to the point
where the curve passes through Vy = 0. This time is approximately

1.12T and is calculated using a knowledge of the measured

quantities appearing in Eq. 5 in conjunction with Eq. 7. From a
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b was measured to be

‘ : An = (Eigiliingﬁgrgﬁigeelectron) % 1.85 x 10-6 cm'3

Since we know the integrated flux for the "measured" curve we
know the initial L\.po. Assuming single exponential decay of
An =A p with lifetime T- z—n =Tp = 14.0/15ec, and starting at
t = 0 with Apo excess holes and electrons, we get the ''calculated"
curve. Notice that the calculated curve is both "longer' and
"higher' than the measured curve. Several possible reasons for
the "length" discrepancy are: the 107 experimental error in T,
the 207 error in Apo, and a non constant ¢ during the decay.
Possible reasons for the height discrepancy are: Zn # Zp’
improper assumption for Fn in p-type material, and some decay
mechanism other than exponential. The series of points shown in
Fig. 12 represent an experimental plot of Vy for electron pulses
of various intensity when we know Ap = An. The points were
obtained by measuring VH at t = 0 fer manyl differing inc.ident
total flux levels since we can safely assume that An = Ap
immediately after the electron pulse strikes the sample. We then
plot each of these values of the Hall voltage V,, along the time

H
axis so that Ap (points) corresponds in time to the Ap of thzg
calculated curve. i.e.: Ap (calculated) = Apo (calculated)e" /t.
The fact that for the points, where Ap = An, we have good
agreement with the calculated curve shows that the assumption for

J, was fairly accurate, and that An #Ap during the entire time

duration of the decay of excess carriers in silicon.




15.

The injection level (plotted in the form of integrated flux)

dependence of decay constant for a 100£7-4m1p-type sample irradia- '

ted at 296°K is shown in Fig. 13. Although only a few points are
given the results are included since they demonstrate an increase

in decay constant with injection level. Another complication in
p~type silicon of lOofl-cm resistivity is that we observe a decrease
in decay constant which can be easily detected with successive
electron beam pulses. The decrease in decay constant is charac-
teristic of a radiation-induced non-transient effect. In Fig. 14
and Fig. 15 are given additional results on room temperature
irradiated silicon vhere we have plotted the decay constant as a
function of fractional resistivity change %%f, also shown cn the
upper abscissa are the corresponding excess hole concentrations.

The pulsed electron irradiation results given in Figs. 14 and 15
were obtained using 10 ohm-cm p-type silicon (samples SC-34 and
SC-35). 1Im Figs. 14 and 15 we again observe the increased decay
constant with higher injection which is'similar to what Baicker(7)
observed in %1 ohm-cm p-type silicon. We can observe in Figs. 14
and 15 that there is an apparent experimental scatter of points.

We have numbered each point given to correspond to the time chrono-
iogicaily when the electron pulse was incident on the sample.

With this information given we can again state that permanent
radiation damage is the cause of the decrease in decay constant,

2:, and is observable as the spread or scatter in the experimental

measurements.




charge states have been reported by Watkinsgl4’15) Gregory

16.

C. Description of Fast Amnealing ( £ 1073

sec) Processes in

48 MeV Electron-Irradiated Silicon

During the past year additional measurements on defects
induced in electron-irradiated silicon have made it possible to
construct a fairly simple annealing model to arrive at a reasonable
understanding of fast annealing in this material. We shall use ¢
simple treatment of annealing in semiconductors, the details of
which are given elsewhere.(ZQ) The assumptions of the annealing
process will be based on experimental evidence which has been well
substantiated. We shall neglect the effect of injection on vacancy
reordering in p-type silicon, an effect which was beautifully
demonstrated by Gregofy(lz) in 60Co gamma and by Sander and Gregory
iﬁ pulsed neutron irradiation of silicon at 76°K. One essential

(12,13) was that in p-type

feature of the results of these workers
silicon one can change the charge state of the single vacancy
defect from neutral (anneals at:3160°K) to negative (anneals at
2360°K) by injecting excess carriers in a sample of silicon irradia-

L 4
ted at 76°K. The annealing studies of the vacancy in its various

(12)

showed that for 1 ohm-cm p-type silicon injections of 28 x.1012

carriers/cm3 are sufficient to cause a detectable reduction in
damage. An additional assumption we make is that the concentration
of displacement clusters from a disordered region produced by
recoils from 50 MeV electrons is small and negligible. Kalma,
Corelli and Cleland(16) have recently studied disordered regions

produced in germanium by 50 MeV electrons and they find one must

(13)
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exposc the sanple to rpry high integrated fluxes in order to observe
measurable effects due to disordered regions. Hence it is reasonable
to assume that a similar behavior would be expected in silicon and
the low electron flux in pulsed electron irradiations would indeed
o}
produce only a very low concentration of disordered regions (-~ 200 A
in diameter).
. (14) : . .
Watkins has shown that the activation energy for vacancy

motion (annealing) in p-type silicon is E = (.33 + 0.03 eV with a

]

jump frequency of Zé 2 x lO12 sec™l. More recently Watkins(l7)
has measured the single vacancy in n-type silicon and finds an
activation energy of 0.19 + 0.C2 eV with a jump frequency of

7%5= 1010 sec”!. For both n- and p-type silicon the annealing
kinetics arc monomolecular. It is also significant to point out
that detailed annealing stucdies by Cheng et al,(ls) of the silicon
divacancy defect using infrarec spectroscopy indicate first order
annealing kinetics governs the recovery procaess. Using the above

information we can write down zn equation which gives the rate of

annealing of simple defects procduced in electron-irradiated

silicon. €/ »
-5/kT
dn_ e ", Km (8)
K% o ,
or upon integration we have
Kt

n(t) = n(o)e”
where n(t) and n(o) are the defact concentrations at time t and
t = o respectively in the arne&ling process; all other symbols have
been defined above. It is impcrtant to note tiat the vacancies

which move are able to "attach themselves' to impurities, other
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vacancies, dislocations and other defects forming stable complexes.
Additionally, we have neglected to take into account the higher
order defects, for example the divacancy since its annealing
temperature is substantially higher(ls) (~520°K) than the annealing
temperature for single vacancy motion in p-type silicon (~/160-
180°K) and in n-type silicon(l7) (’V75°K); consequently we would
not expect to see fast annealing of the divacancy.

The carriers removed from the conduction band constitute a
reasonable measure of the defect concentration n(t) given above.
We make the assumption that each carrier removed, and hence
trapped on some defect, represents one defect. Detailed measure-
ments of the carrier removal in 1 to 100 ohm-cm n-type silicon
irradiated by 45 MeV electrons at 80°K have been reported by
Cheng and Corelli.(lg) They found that irrespective of doping
concentration in the 1 to 100 ohm-cm resistivity range the carrier
removal rate was constant %1 cm"l. We now have enough information
to quote approximate defect concentrations produced in a typical

situation by a single pulse of electrons. For a pulse of electrons

11

having a total integrated flux of 10 e/cm2 we would expect to

have produced 1011 defects/cm3 and is equivalent under our

11 carriers/cm3, which is small in

assumptions to removing 10
comparison to our typical carrier concentrations 1013-1015 cm-3.

It would noi be possible to detect such a small change in carrier
concentration with any presently available oscillosccpe - amplifier-
camera systems. However, the effects of this small defect concen-

tration on the carrier lifetime decay constant might indeed be

detectable during and immediately following the burst of electronms.

Mo o ————— e L ™ — [
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It would be of interest to perform an experiment designed to check
this point, however, our past experience in transient radiation
effects experiments suggest the effect will be difficult to detect
because of very low-level signals.

In Fig. 16. we have plotted the fraction of damage remaining
n(t)/n(o), as a function of the time after a 50 MeV electron pulse
has irradiated the sample. 1In the calculation we assumed the beam
pulse width to be small compared to the lifetime decay constant.
The results shown in Fig. 16 apply to n- and p-type silicon
irradiated at various temperatures indicated on the figure. The
results of the simple (perhaps oversimplified) annealing model
applied to 48 MeV electron radiation-induced defects in silicon
(see Fig. 16) suggest that the most convenient irradiation tempera-
ture to observe fast annealing in p-type silicon is between 180 to
200°K and in n-type silicon is 150°K. At these temperatures one
would anticipate observing annealing in times of 100 to 1000‘psec.
Another important result which can be "gleaned" from Fig. 16 is
that it is not necessary to irradiate below about 100°K in order

to observe fast annealing.

D. Discussion of Lifetime Change to Detect Transient Radiation
Damage Independent of Injection Level
The carrier recombination lifetime can be a sensitive
detector of radiation-induced damage, both transient damage and
permanent damage. We seek to explore the possibility of measuring
a lifetime change due to damage by say 250 MeV electrons. The

experimental data given earlier (see for example Figs. 5, 6, 7 and
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8) shows that lifetime .jepends on the injection level. For cases
where the beam pulse duration is much shorter than the decay
lifetime the injection level '4?_ is directly proportional to the
integrated flux; this is not trSé for cases where (2r<fSZSTB) the
lifetime C is less than 5 times the duration of the electron beam
Z&TB. Thus we can change the injection level vs. integrated
electron flux linearly by using pulse widths where A‘I‘Bé 1/5 or
we can change the injection level vs. integrated electron flux
nonlinearly by using pulse widths where ATB > 1/5T .

let us suppose that there exists a transient damage process,
due to the electron beam, witlh a lifetime long compared to the
longest electron beam pulse duration (4.5)usec). Then the amount
of transient damage generated by the electron pulse will always
be directly proportional to the integrated electron beam flux.
Thus by using differing beam pulse durations and intensities we
can vary the amount of this presumed transient radiation damage
while keeping the injection level (.éﬁ% ) . conscant. (Or, on the
other hand we can keep the damage constant while varying the
injection level.)

Figures 10 and 14 are examples of this type of experiment.
Since the experimentalerror in T is as much as 10% it is uncertain
that any difference in T for differing beam pulse durations
exists. ' The calculated result in Fig. 16 shows us that the single
vacancy (a possible lifetime-changing transient-damage) anneals at
room temperature within several microseconds. In order to see an
effect on L due to vacancies by this method one would have to
perform irradiations at 100° to 150°K. Our first experiment was

done initially at room temperature because this is of largest
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interest to device operation.
To get a quantitative id2a of the way that damage can vary
by this method the following analysis is applicable,

define: 8¢ = generation rate for carriers by electron beam.

gp = generation rate fer damage by electron beam.
NC = density of excess carriers

N = density of damage (defects/cmB)

50 = fraction decay rate for carriers

JD = fraction decayrate for damage
5 ¢
Assume C and (JD are constant

then we can write

'
(J;M ZZT/'Z:- fﬂ—rjﬂlvb (9)

During beam flux incidence, t = 0 to t = AT .

Nfgf-gf%ogécf) /v;=g, ,,%gu) (10)

after the beam flux incidence, gC = gp 0 and

N=N, (AT)a,a/a/dT-i)J /[IT) &//O(A ,Z"/J (11)

where N( ATB) is obtained from Eq. 10. We can define: Z' J Z' g

and which makes ZC the lifetime of excess carriers and Z;) the

lifetime for damage. We then have

N=get -t W/’/'%—) =T %/"/ }

Using Eq.12to calculate NC and Nj immediately after the end of
flux incidence (at t = 4 TB) we get:

(Assume O.Sﬁsecé T Cé 3 psec tD> SOJJSEC)

(13)

/%0.1[47&:0-1) A—Jol.}C[O./) A'/D: 9./?D(o,1)
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A%gﬁg'(ljaézré(ﬁﬁ = ;a

| - -
ry.5)%e No=4¢ Tous) (14)

We adjust 8c 0.1 and 3¢ 4.5 SO that

NC 0.1° NC 4.5 (i.c., equal excess carrier injection levels)

This is done by changing ~he beam current of the 4.5‘psec pulse
relative to the O.I_Fsec nulse. We know that g flux rate o« gp
thus implying g, 5 1 = K “p 9.1 (K is a constant)

and gg 4.5 = K 2y 4.5
At t = ATB we get

/Vuo.: &Dw){a/) — ?Co.{ /0.!,)

o

= g (15)
Nows (fhue)l feos (45
but from &c 4.5 ?:c = 0.1 g5 9.1
Therefore
ND o/ - 'ZJC
Mogs A5 oo
for 52T, ¢ 3 . g

Thus we have shown that by changing election beam pulse widths and
keeping the injection level constant we can vary the transient
damagze density. Therefore on a plot of Tvs An (or equivalently
Zim. A?? 7> one can look for a change in T due to transient

damage independent of the injection level dependence.

V. Conclusions

1. The increase of lifetime on injectior level has been observed
in all silicon samples studied, and the observed linear

dependence of lifetime on injection I12vel indicates a single
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No long decay times indicative of trapping were observed in
the samples studied.

Using the equation for the Hall field set up when one has
mixad conduction by electrons and holes it is possible to
calculate the approximate shape of the Hall voltage response
in 100 ohm-cm p-type silicon which shows a transient con-
version to n-type conduction immediately after a pulse of
ele-'¢cons strikes the sample and finally reverts tc p-type.
A s1 ple calculation which accounts for the ionization energy
loss in silicon by ion-pair formation yields within a factor
of 2 the dependence of induced excess carriers on electron
beam intensity; and the temperature dependence is as pre-
dicted by the theory of Appel,(s) additional comparison of
more accurate experimental data with theory is necessary
before a precise conclusion can be made.

A simple model for the fast annealing of 45-50 MeV electron-
induced displacement type defects in silicon indicates that,
at temperatures of 300°K and above, less than 2% of the
damage remains 1 microsecond after the beam pulse strikes
the sample. The results of this model together with the
experimental findings lead to the conclusion that the
significant tramsient radiation damage process in 45-50 MeV
pulsed electron-irradiated silicon is a transient ionization
effect.

The damage induced by a single pulse of electrons is too low

to be detected by conductivity and Hall voltage measurement,
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o but may possibly be observed in lifetime decay constant
; changes by irradiating at ~150°K (n-type) and ~190°K

| (p-type) as predicted by the annealing model results.
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VII. Recommendations and Suggestions for Future Experiments

VIIi.a.

Our experiments have shown that there is a dependence of
lifetime on injection level. We have also seen that the Hall
voltage does not decay exactly as expected under assumptions of a
single recombination lifetime. 1In fact, it appears that holes and
electrons exhibit differing lifetimes. Our theoretical Hall
voltage curve in p-type silicon is based on a constant lifetime T.
If we could get a measure of T at the beginning of excess carrier
decay, a more accurate picture of the decay scheme would emerge.

We would also be able to measure T immediately following the electron
irradiation instead of waiting until voltage '"'saturation' had
decayed; this would give a more accurate picture of Tvs. 4n
effects. So it is suggested for future experiments that a pulsed
exponentially decaying current be supplied to the sample at the end
of a beam pulse. The results would be analyzed for n type as

follows (p type is very similar),

Ve =KL
§ 7

Where K is a constant depending on sample geometry and I is current

through sampie.

G=ze(m u, +anu, +afi)

But, for large injection we have,

annmm,  Apsm, Ay 2 1,3/(
~n

And we shall assume,

An= @) emp - #4)  ap=14) expo (- 2/)
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Which gives us

G o e[ .t
Aalan)espl-te, )+ 10, i) o Z‘/z,a)]
Let us define
27 Efz;p‘+<S2‘
And we shall make an assumption which appears reasonable according

to our past experiments.

Assume 53“ 4(6)/
2

Therefore we can write for V )

[/ o) “f[t( n}'/“f(f exp (- )]

= t
1f we write, I = Ip exp( /@I
Where 1:& is the decay constant for the sample current and is

controlled by the experimenter.

men, 1= KL o(£ - £ s it cap 2 “‘)

And for the special case where I = ?:P and 5&7- 0

= %Q‘ln@n)o'f/uf@/a)") = constant,

By varying T:I so that Vf = constant we can get a very good measure

of Z;=Z% =T
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sample current method will help to answer as the next paragraph ‘ !
will show.

Shockley-Read theory predicts a linear relation between ?and
An. Our data shows roughly this trend but it does not show it in
a way which is directly applicable to the theory. That is because
for all cases where %3_ >/50°/° the lifetime was not measured until
An had decayed to the number (n = n, + An) at which %—g = 50%.
In other words, the lifetime T was measured in the vicinity of the
point on the VS’ vs. t curve at which é}é = 50% for all large
injection cases (@ rja > ng). Shockley-Regd theory would predict
T = constant for all curves where C was measured at a constant
é’ff point because when _%f

~(Ar5’o {initial excess carriers), the injection level is constant,

= a constant, no matter how large

assumirg nc transient damage. Therefore, because of the way we

A¢

measured T , S.-R. theory predicts no change in T for -—->/50°/°.

§

Yet our expe-iment shows that the lifeti.me continues to increase

Af

as < increases above 507 and furthermore the slope of the line
appears to be roughly unchanged for %f > 50%. This effect should
be studied in more detail because of its possible implications to
the theory. And it would be helpful, in this vein, to know more
exactly the lifetime at the beginning of a high injection decay
as well as near the end.
VII.b.

The contribution of the surface effects to lifetime are not
very certain. Our samples' dimensions were approximately 0.5 cm x

0.2 cm x 0.06 cm, and this small size is expected to lower T

because of surface recombination. This surface problem would tend

PRSP oY
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to mask bulk effects thus making it difficult to measure transient
damage changes in ZT . Larger samples should be used in experi-
ments of this kind.

VIiI.c.

An experiment which was not tried but which would be helpful
is to look for impurity effects in injection level vs. flux.
Trapping is observable as a decrease in the conductivity expected
from a given integrated flux of electrons. Trapping is also
observable as an apparent long lived decay ir conductivity but this
is not so easy to see if the rate of emission crom traps to the
conduction band is small. Low lying traps would have this property
and also they would tend to £ill up quite quickly, so at the
beginning of the excess carrier decay these traps would show up as
a decrease in the excess conductivity expected from the calculated
dependence of excess conductivity on integrated beam flux.

VII.d.

The theory by Appel suggests a temperature dependertce of
induced conductivity vs. intzgrated flux. Accurate measurements
of this effect could be easily taken and compared with Appel's

theory.
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RL 1 is a 10k ,100 VDC relay which serves the purpose

of turning the pulser off within % second after turn on.

This prevents excessive IRi heat build-up in the sample.
e

This delay time is control

d by the 1l0kAnresistor and

the 1 pF capacitor. Block diagram of overall electronic
system and current pulser schematic circuit diagram
showing how pulscd sample current system operates.
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Fig. 9

R‘Resistivity Voltage
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Transient Hall and resistivity voltage resulting from
bombardment of 10 ohm-cm n-type silicon (sample SC-24)
by 48 MeV electron pulses of different total dose; for
pulses marked 1, dose ®1,9 x 1010 e/cm?; for pulses
marked 2, dose 22107 e/cm?. Sample kept at ~ 3000K
during irradiation.
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Fig. 11 -

Vi Hall Voltage 5 mV/

TIME, 20 /JSGC/Cm

Hall voltage response of 100 ohm-cm p-type silicon
(sample SC-31) after exposure to 48 MeV electron
pulses of three 01£ferent total 19re raEed fluxes
1-4.7 x 100 efem?, 2 - 2.1 x 10 7

3 - 1.3 x 1010 e/cm?. Sample kept at 3000K during
irradiation.
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Comparison of measured and calculated time deperdenc
of Hall voltage for 100 ohm-cm p-type silicon

(sample SC-31) iiaadiatgd at 300°K by 48 Mev electrons
(Dose 1.9 x 10*Y e/cm* for solid 1line marked
measured). For explanation of measured points from

different pulses see text.
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Abstract

Transient radiation effects induced in silicon irradiated in
the temperature range 90 to 300°k by 0.007 to 4.5 microsecond
pulses of 48 MeV electrons were studied using the transient
response of resistivity and Hall effect voltages as the measuring
probes. Results are given for one ohm-cm phosphorus-doped n-type
silicon and 10 to iOO ohm-cm n-type and p-type samples. In the
case of one ohm-cm silicon the results clearly show the actual
buildup of excess electrons produced by ionization during the
time the electron pulse is irradiating the sample. Moreover, the
shape of the pulse during buildup is independent of temperature
as long as the electron beam puise is kept constant. Dependence
of the number of injected excess carriers on the ionization
intensity (total integrated electron flux in the pulse) was found

017 em-3.

to be linear up to excess carrier concentrations of a1
The lifetime is found to increase linearly with injection implying
that the recombination'ﬁay be dominated by one defect energy level.
In p-type silicon the transient Hall and conductivity voltages
decay in AJZO-SO‘PSEC. Relatively long saturation times (/10

to 100 microseconds) are observed in the transient Hall and con-
ductivity voltage following an electron burst. The saturation
time decreases with dose accumulation in p-type and also decreases
as the irradiation temperature of the sample (both n- and p-type)
is decreased. Very similar effects also are observed in n-type

silicon samples. 1In both n- and p-type silicon the Hall and con-

ductivity voltages decay with about the same time constant. Long-
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lived resistivity veoltage decays were observed in 10 and looﬂ-cm

silicon which are due to imperfections (other tnan radiation-
induced) in the crystals. The long lived decay (or the so-called
trapping) is observed to last as long as several milliseconds.

The significant '"damage mechanism' can be understood by consicdering
or.y the transient ionization effects, since atomic displacements
effects are small and insignificant. No fast annealing is

observable.
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Introduction

The main purpose of this paper is to report on experiments
d§§igned to study the effects of a short burst of 48 MeV electrons
on"the electrical properties of silicon. The changes induced by
the radiation pulse in the electrical properties resistivity

voltage Y? , and Hall effect voltage V,,, are used as the probes

H?
for observing the gadiation effects. 1In the experiments con-
ducted thus far one is interested in learning what is occurring

in the radiation damage process both during and after the pulse of
radiation has struck the sample. 1In most instances the radiation
pulse width ranges from 0.007 to 4.5 microseconds. The research
content of this paper is of course in marked contrast to the area
of radiation damage research which is concerned with the so-called
permanent atomic displacement radiation-induced defects where one

studies the radiation effects a long time after the
introduced. The displacement type defects have been studied in
detail for quite some time and the results are well documented(l).
However, there is not a large body of literature on thé studies
relating to transient radiation effects. It has been only

recently within the past six or seven years that the importance

to nuclear weapons of the effects of radiation bursts on electronics
became an area in which much effort has been concentrated in an
attempt to understand the basic mechanisms which obtain in semi-
conductor devices expected to operate in a pulsed rad:ation
envircnment.

inr this paper we report on experiments in which silicon

samples were exposed to 50 MeV electron pulses. The experiments
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were c~signec with the intention of observing fast annealing of
aten disnlacement damage in silicon, and as anticipated tie
overwhelming dominance of ionization effects made it imposaible to
nhserve the much lower probability of atomic displacements.
However, it was possible to observe permanent radiation damage

from one pulse to the next early in the irradiation of ~/100 ohmecm
silicon by noting the decrease in carrier recombination time. Im
order to assess the effects of impurities (concentration and
chenical species) in the transient radiation damage process experi-
ments were performed on 1ilicon samples containing boren, indium
ana phosphorus to impurity levels ranging from a41013 to 1016
atoms,'::mj It is important to consider the effect temperature

has 2o th rtrancient radiation effects and a beginning in this
directi.n vas made in the experiments reported on herein by ire
radiazing -itua the sample temperature maintained at 20°K up to
300K

Expericental Methods

The samples studied in the irradiation experiments were
prepared from silicon wafers 0.030" thick sliced from ingots
purclased commercially.* An ultrasonic cutter was then used to
cut eight-arm bridge-type samples suitable for conductivity and
Hall effect measurements. The bridge samples were etched (3 HNOB,
HF wmixture) and then polished to 220.025" thickness. The samples
were instrumented with electrical contact leads which were stable
and ohmic over the temperature range of interest 80-300°K. The

sample was irradiated in a iiquid nitrogen cxyostat capabie of

* pulled silicon purchased from Mallinckrodt Chemical Works,
St. Louis, Missouri. Floating zone silicon purchased from
Semi-Elements, Inc., Saxonburg, Pa.
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maintaining sample temperatures from 80°K up to 350°K. A heater
was wound on the copper block to which the sample was attached.
Thermometry was accomplished using two copper-constantan thermo-
couples mounted at the top and bottom of the sample. The sample
was in a light-tight and vacuum environment during irradiation.
“The cryostat was placed in an electromagnet (6500 gauss) which had
1" diameter holes in the pole pieces to allow the electron beam

to pass through the saﬁple while Hall effect measurements were
being made.

In order to minimize elzctrical noise pickup it was necessary
to conduct voltage signals out of the target room to the readout
area by coaxial cables contained in copper pipes which served as shields.
This. shielding method eliminated much of the xf electrical noise.
pickup. The readout equipment consisted of standard oscilloscopes,

. .
o« vy ey
2 .LVJ..I_]

s

cameras, amplifiers etc., which recorded the sample res
and Hall effeét voltage signals and the electron beam current
collected in the faraday cup. The faraday cup consists of a

solid lead-lined alurinum cylinder which 'stops and colfects the
electrons after they pass through the sample. This cylinder is in
turn surrounded by and insulated from a hollow metal cylinder.

The oscilloscope then measures the current from the beam stop to
the outer cylinder which is grounded. The R.P.I. L-band microwave
electron linear acceierator operating in the pulsed mode zupplied
A2 48 MeV electron pulses of duration ranging from %0.007 to 4.5
microseconds. The faraday current collector cup was externally
shielded and the signal pickup coaxial cable lead was inserted
into a copper pipe in order to allow measurement of low pulse

currents (~5 microamp).
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A schematic diagram of the experimental arrangement used
in the irradiation experiments is shown in Fig. 1. The electron
beam exits from the Linac through the beam port window and
strikes an aluminum slab at the entrance hcle of the beam
collimator. The purpose of the aluminum slab is to serve as a
beam homogenizer by electron scattering. The beam passes through
a hole in the magnet pocle piece and then strikes the sample. The

beam is stopped and the beam current collected in the faraday

cup.

Experimental Results and Discussion

The samples studied were n-type and p-type silicon doped
with boron, indium or phosphorus impurities to resistivities in
the range 1 to «~100 ohm-cm. Both floating zone and pulled
silicon have been studied in an attempt to ascertain the effects,

17
c

if any, of high oxygen concentration 2 10 m-3 (pulied) and

low oxygen concentration ,\4,10]'6 cm°3 (floating zone) on the
transient decay process. A descriptioniof £11 samp® -~ studied

is given in Table I. The resistivity, carrier concentration, and
Hall mobility values are from the steady state measurements taken
before irradiation at the temperatures shown. Also given in
Table I is the sample dopant and code designation. 1In all pulsed
irradiation studies the incident electron energy of 48 MeV
passed through the sample in the <i1€> direction. The carrier
concentrations given in Table I were calculated from the measured
Hall coefficients usin, sﬁ =-§£— where RH is the Hall coefficient,

i
e is the electron charge, n is the number of electrons or holes
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3 .
per cm”, and T the ratio of Hall to drift mobility was put equal
to unity and its temperature dependence neglected for simplicity.
: In order to obtain as much information as possible it is

necessary to use a wide range of peak electron beam currents.

At the low peak electron beam currents ( < Ima) the linac

pulse shape is not '"clean' i.e., one having a square top without
presence of spikes superimposed on the square top. It is in

this electron beam current range that one approaches low injection
in the number of excess carriers introduced by ionization and

one can measure the low injection recombination rate of electron-
ho}e pairs. Since the electron beam pulse shape for low peak
currents contains more noise component than for the high peak
currents it is difficult to obtain accurate incident flux measure-
ments, and for this reason the error is larger for our low peak

current measurements.

P-type Sil;con

In Fig. 2 are shown the transient resistivity voltage pulses
for 100 chm-cm p-type silicon (sample SC-27) which result from
irradiating the sample with successively higher peak electron beam
currents. The curves shown in Fig. 2 were gotten by tracing the
pﬁlse exactly as it was recorded in the polaroid camera film
(recall that oscilloscope - camera systems were used to record
the pulse data). In all additioral results to be presented in this
paper the same procedure as outlined above was used to construct
curves of the time dependence of resistivity and Hall effect

voltage. The voltage measurements shown in Fig. 2 were made with
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the sample irradiated at 1U0U K and 293QK. For each voltage

AN 1 )

pulse trace shown in Fig. 2 we have given the corresponding
total electron dose in the pulse and the quantities vi\y (note
as_ . .

= ak ) where Af is the incremental change in the electrical

Y

resistivity, © > produced by the radiation-induced carriers

which give rise to a voltage change Alfo . The voltage \ is the 1
quiescent dc voltage valua across the resistivity leads of the
sample before the electron beam pulse is incident on the sample.
The pulse shape shown in Fig. 2 for low electron beam peak
currents appears to be characteristic of any typic2l low injection
photo-induced excess electron-hole recombination process. The
pulse shape exhibits a voltage saturatiof as the sample is
-exposed to the higher doses. More will be said of the saturation
effects later. 1In the p-type silicon results shown in Fig. 2
there is no observed long-lived voltage decay which would be
characteristic of trapping processes. From the results given in
Fig. 2 one observes that the carrier lifetime (decay) shows a
marked increase with increase of injection. The shorter carrier
recombination times observed in the 100°K irradiations when
compared to the 293°K irradiations represent the normal well
known(2’3) temperature dependence of carrier lifetimes in silicon.
The carrier lifetimes obtained from the data of Fig. 2 are

lower than typically measured values. This is due in most part

to the surface recombination which results in a decrease in
lifetime because our samples are thin and have a large surface

to volume ratio.

*This effect arises since a time equal to several lifetimes must
elapse after the electron beam pulse in order that the large con-
centration of excess carriers decrease by recombinution thereby
yielding an easily measurable voltage change with time.
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We can characterize the elactron dnse(é) which h

A= = =z — - - - Yvae

fo
tn
¢
£

delivered to the sample in terms of roentgens as follows: one
roentgen (1R) deposits 83 erg in cne gram cf air at 0°C and

760 mm of mercury pressure. Using the tables of Bergen and
Seltzer,(s) which give the energy loss by electrons in various
media, we ccmpute that (relative to aii) 1R is equivalent to |
~l.5x 107 E%Z for 50 MeV electrons. 1In Fig. 3 are given the
response of the resistivity voltage for 100 ohm-cm p-type silicon
(sample SC-18) irradiated at 269k by 48 MeV eliectron beam pulses
of varying nulse widths ranging from 0.0l to 4.5/Psec. Also
given in Fig. 3 are the total electron dose in electrons/cm2 in
the pulse, the corresponding exposure in R, and the -exposure

rate in R/sec whzre we have used the method above to transform
electron flux to roentgens. In Fig. 3 we observe that for 100
ohm-cm p-type silicon saturation times are long compared :o
electron beam pulse width. Also shown in Fig. 3 is the dependence
of the transient ionization effects on dose rate. The ?esults

10 11 electrons/cm2

given in Fig. 3 for electron doses of 10 to 10
are typical of p-type silicon in the 10 to 100 ohm-cm resistivity
range.

In order to check the temperature dependence of the saturation
in resistivity voltage, and also to check whether or not long-
lived traps ().SOJpsec) are induced at lower temperatures sample
SC-18 was irradiated at low temperatures (95 and 185°K): The

results are shown in Fig. 4 where one can observe easily measur-

able differences in the saturation time in that there exists a
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striking decrease in the saturation time (note the different

scales) as the sample is irradiated at lower temperature. For 1
example the saturation time in the 95°K irradiation is Qghlpsec
while in the 295°K %rradiation the sacuration time is :LBOJFsec.

It appears that ?he decreace in carrier recombination lifetime,
well known from othar studies in silicon(z) and germanium,(6’7)

is important to understand the results given in Fig. 4. 1t is
important to point out that the electron beam pulses (these are
alsc shown in Fig. 4) induce roughly 50 times more excess car-iers

14 cm73, see Table

than are present initially in the sawmple ( ~ 10
1), which of course causes the saturation in the voltage.

Tn Fig. 3 are chown the resistivity voltage pulses for A 80
ohm-cm p-type silicon (sample SC-14) irradiated by 48 MeV electron
pulses at 288°K under various conditions of pulse width and
sample current. The peak electrcen beam current was kept constant
at about 200 ma for all pulses which corresponds to total

12 electrons/cm2

integrated electron fluxes in the pulse of %10
for 4.5}.:sec pulse width, and :}sl()9 eléctrons/cm2 for the 0.007

}wec pulse width. 1In none of the results shown in Fig. 5 do we
observe long-lived d2cays (trapping) lasting longer than 100jusec.
In Fig. 5c are shown the voltage pulses of the sample for the same
electron beam pulse (0.0ljusec) but for different dc sample currents.
If we take into consideration the saturation effects, the electrical
noise and the accuracy of the measurement we can conclude that the

peak voltage magnitude is proportional to the sample current. An

important observation to be made in Figs. 5a and 5b is the
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relatively long saturation time which initially is as high as
100/psec before the sample has been exposed to subsequent beam
pulses. Note the marked decrease in saturation time with dose
accumulation (Fig. 52) due to '"permanent'" radiation damage
probably manifesting itself as recombination centers. Additional
evidence for the radiation~induced decrease in saturation time
with dose accumulation for #8Q ohm-cm p-type silicon is shown
for sample SC-18 in Fig. 6. The electron beam pulses are also
shown in Fig. 6.

Transient Hall effect voltage measurements were made during
and following pulsed irradiation (48 MeV electrons) of 80 chm-cm
p-type silicon sample SC-31. The irradiations were performed with
the sample kept at 122°K and at 296°K. One would expect to observe
a conversion of conduction from p-type to n-type during the time
the radiation-induced excess electrons are present in the sample
in larger concentration than the initial p-type dopant in the

sample having boron concentration % 2 x 1014 em3.

That this is
indeed what happens is demonstrated by the results for sample SC-31
given in Fig. 7, where we have shown how the radiation induced
excess electron concentration causes the Hall effect voltage to go
from p- to n-type in sign. The pulse shapes in Fig. 7 can be
approximately reproduced by calculation using the expression for

the Hall field, E,, for mixed electron-hole conduction given by

H’

£ = JB ptt) M — nlt] f;
F e [t py el 1°

where J and B are the current and magnetic flux densities zespectively
and all other symbols have their usual meaning. In the calculation
we assume constant mobility and a single exponential decay of carrier

concentration n(t) and p (,t ) with time.
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n-type Silicen

Two zamples of n-type silicon 10 ohm-cm (floating zone)
were cut from different portions of the same ingot, sample SC-11
and sample SC-21. Some typical transient responses of the
resistivity voltages, JA) Vp, following 72 48 Mev electron beam
pulses are shown in Fig. 8. The temperature of the samples
(SC-8 and SC-11) during irradiation and :he electron beam pulse
characteristics are also given in Fig. 8. A rather striking
observation can be made from the results of Fig. 8 in that a
relatively long-lived corponent of voltage persists for times
that are very long compared to the electwo: beam pulse duration.
Note that the long-lived coriponent becomes more predominanf as
the sample temperature during irradiation is lowered. This long-
lived decay has been observed in carrier lifetime studies in
silicon(z) and germanium(7) and is attributed to defects which
act as trapping centers and keep excess clectrons immobilized
for long times Lefore'releasing them to re:ombine with holes. The
long-1lived decay is believed to be due to trapping centers which are
not induced by radiation, tre reason for this being that in
transient radiation damage experiments run on samples of similar
resistivity (10 and 100 ohm-cm) cut from the same two ingots we did
not observe trapping. Further substantiation of this result was
deduced by the observations that samples SC-8 and SC-11 exhibited
a larger concentration of trapping centers(s) than the other
samples cut from the same ingots.

Whenever traps are observed in either n-~type silicon or n~type

germanium one always finds <hat the traps lominate the recombination
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at low temperatures, sav below as 190%. Curtis er.a1.,(%)

have suggested that in neutron-irradiated n-type silicon of

2510 ohm-cm the long-lived recombination center (trap) gives
rise to defect localized energy level about 0.42 ev above the

top of the valence band. The suggestion of the energy level
position by Curtis appears to be consistent with our observations,
more specifically we conclude that the energy level of the trap
lies in the lower half of the forbidden gap. Trapping effects

in n-type silicon irradiated by 2225 Mev electrons have also
been observed by van Lint(lg) and his co-workers.

Transient resistivity and Hall effect voltage responses
for 10 chm-cm n-type silicon (sample SC-21) induced by 48 Mev
electrons at 140°K and at 295°K exhibited the following features;
(1) both the Hall voltage and resistivity voltage decay together
with lifetimes of ;"‘Jl.S/asec at 295°K and »’-E-O.A/psec at 140°K
after irradiation by O.IJPsec electron beam puises, (2) voltage
saturation 1is observeé in koth Hall and resistivity transient
signals and the saturation time decreases for irradiations performed
at cold temperature (below 295°K) or for irradiation by shorter
pulse length, (3) no long-lived decay is observed in either the
Hall or resistivity voltage.

An experiment was designed to make a careful check of the
resistivity pulse during the time the electron beam is irradiating
the sample. 1In this expeviment a one ohm-cm n-type sample of
phosphorus-doped silicon was used (sample SC-28) and we observed
the actual growth of excess carriers during the electron puise

and their subsequent décay. In Fig. ¢ are shown the transient
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resistivity voliage pulses for sample SC-28 irradiated at 122°K
and at 2966K; ve have also shown the corresponding electron beam
pulses. Note that the electron beam current during 296°K
irradiation (curve 1) is roughly 25% higher than for the 122°K
irradiation (curve 2), however this difference is not important
in discussing the features of the results. From the results of
Fig. 9 it is quite clear that the buildup or growth of excess
carriers during the time that the sample is being irradiated by
the electron beam (2.5 microseconds) is independent of temperature
since the build up portion of the curves are exactly the same, i.e.,
they fall on top of each other. The difference in the excess
carrier decay time at 122°K and at 296°K is attributed to the
known dependence of lifetime on temperature which is .such that
in the absence of trapping the lifetime decreases as the
temperature at which the measurement is made is lowered.
Additional results on the growth and decay of excess carriers
induced in one ohm-cm-n-type silicon by electron beam pulses of
varying width is shown in Fig. 10, in tﬁis case the sample tempera-
ture during irradiation was 296°K, these results are shown on the
left hand side of Fig.10. On the right-hand side of Fig. 10 are
shown iesults obtained for one ohm-cm silicon jrradiated at 122°K,
in this case the results show the onset of voltage saturation (curve

1) and also the observable noise signals which appear during the
beam current pulse. Also shown in Fig.1l0 are the corresponding

electron beam current pulses which induced the various resistivity

voltage transient signals, the numbers on the curves refer to

———— - ey = - - —
"
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electron beam pulse used to initiate a transient resistivity
voltage of the same number on the curve. The results in Fig. 10
show that the carrier lifetime decreases with decreasing tempera-
ture which is exactly what is observed(z’ll) in small injection
minority carrier lifetime measurements made on silicon which does
not contain trapping centers.

The dependence of radiation-induced excess carrier concen-
tration on the total integrated electron beam flux in the pulse for
one ohm-cm n-type silicon irradiated by pulses of 48 MeV electrons
dt 296°K and at 122°K is shown in Figs. 11 and 12 respectively.
The excess carrier concentration was determined from the excess
conductivity induced by the radiation, wherxre it was assumed that
only a negligible change in lattice mobility occurs during the
pulse and no trapping centers are present. A simple calculation
was made of the number of icn pairs produced by 50 MeV electrons
from ionization loss in passing through the silicon sampie. A
value of 3.5 eV was used for the energy necessary to produce an
ion-pair in silicon. The calculated valués were in all cases
within a factor of two of the measured values. Considering the
very rough approximations made in the calculation we do not expect

(13)

better agreement. More refined calculations yield a better

agreement with experiment(lz).

The results given in Figs. 11 and 12 do not show a saturation
of carrier concentration with ionization intensity (in units of
integrated electron flux) up to excese carrier concentrations of
rs 5 x 1018 cm™? whereas in earlier work. by Wikner and Pereue (12)

(40 ohm-cm, n-type silicon irradiated by % 30 MeV electrons) it

—
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was found that for An '3 x 137" em ~ the experimental noints were
p: PR O . PR, SR A b -

UE1LOW & iinear aepenaence oL An on ionization intenmsity. We

suggest that the results in Figs. 11 and 12 imply a linear excess
carrier concentration change up to ~5 x 1016 cmf3. The results of
Wikner and Pereue(lz) in the case of germanium (at 300°K) exhibited
a linear dependence of An on ionization intensity up to a~5 x 10]'6
cm °. However our data are not accurate enough to see with any
certainty the slight non-linearty noted by Wikner and Pereue(lz).
It is significant to point out that the linear dependence of excess
carriers generated on the electron flux is basically what is pre-
dicted by theory(13).
The dependence of lifetime on injection was obtained for

sample SC-28 and the results are shown in Fig. 13. The lifetime,

Z;, plotted in Fig. 13 is the time for excess carriers to decay

in number from An to %’.‘. (e = 2.718}. Assuming constant mobility

ard equal decay rates for holes and electrons An was obtained

i th atio
using the equation . AVr '/-d-:!
n, ‘{f’a% /(" f/",‘

The increase of lifetime with injection level has been studied

by Baicker<2) in both n- and p-type silicon. Baicker(z) used 1 MeV
electron beam pulses to produce the excess carriers. Curtis et al,(g)
have also found that the lifetime in silicon is increased as the
injection level is increased, and in another publication(14) has
reported that for %?)J0'3 the lifetime increases with injection
level in germanium. ‘Eurtis has concluded that the position of the
defect energy level in the forbidden energy gap of germanium has a
direct influence on the injection level dependence of lifetime. 1If

only a single recombination level is dominant then the lifetime vs.

- A —— e A . e e A g e R g
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injection level is linear, and an analysis of this condition was
given by Blackmore(ll). The results in Fig. 13 exhibit a linear
dependence of lifetime on injection and thera=by strongly éuggest—
that Blackmore's(ll) analysis is applicable and one recombination

level is probably dominant.

Conclusions and Summary

The experiments analyzed thus far yield the following con-
clusions regarding 1 to 100 ohm-cm silicon irradiated by 48 MeV
electron pulses in the 120°K to 300°K temperature range.

1) 1In one ohm-cm silicon one can observe the -actual buildup
of excess carriers due to ionization during the time (Z.S‘Psec)

- the .electron beam is irradiating the sample. After the electron
beam is turned off one observes normal decay of excess electrons by
recombination., The generation appears to be independent of irradi-
ation temperature (in the 122-300°K range) 1if one uses electron
beam pulses of approximately the same magnitude (see Fig. 9).

2) The linear dependence of carrier iifetime on injection
(derived from measurements made at different electron beam fluxes)
suggests that the recombination of excess electrons induced in
silicon by 48 MeV electron beam pulses is govserned or dominated
by one defect energy level in the forbidden gap.

3) For low hole concentrations ( 22 100 ohm-cm p-type silicon)
the electron beam pulse produces a sufficiently large excess

electron concentration tc cause the material to become temporarily

converted to n-type for about 200 jusec duration.
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4) Additional e .~erce is given to the conclusion that the
most significant transient radiation effects induced in silicon
by pulsed electron irradiation (450 MeV) is TRANSIENT IONIZATION,
and transient atomic displacements are a negligible effect, and
we observe no fast annealing effects.

5) A saturation in both Hall and conductivity voltage is
observed in both n- and p-ty,2 silicon and can last up to IOO‘Psec.
The duration of the saturation voltage decreases as the sample
temperature during irradiation is lowered. For p-type silicon the
saturation time decreases with accumulated electron dose, and this
decrease in saturation time is a manifestation of the decrease in
the carrier recombination lifetime as defects are introduced by the
radiation.

6) Both the transient Hall and conductivity voltage decay
gether after a pulse of electrons has been delivered to the
sample.

7) A long-lived decay in the resistivity voltage (w~1-2
milliseconds) has been observed in 10 t;) 100ﬂ-cm n-type silicon
which is due to imperfections in the crystals (including imper-
fections other than those produced by radiation). The appearance
of this so-called trapping effect is more dominant at temperatures

below 300°K and becomes more -pronounced as the dose is increased.
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RESISTIVITY RESPONSE FOR 10012-cm p-TYPE SILICON (S¢C-27)

TO VARIED ELECTRON BEAM CURRENTS
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Sample SC-18 P-Type Silicon 84 ohm-cm

-1 L] 1
//’— BEAM PULSE SATJRATION
] 4.5 psec T * 4U psec
S - 1.0 psec T ~ 36 psec
< 0.5 psec T 2 34 psec
g 1 0.1 psec T == 30 psec
> 0.01 psec T = 24 psec
= ] oo »
o
N L —
1 i 1 1 L 1 L
10jusec/cm
B 2 Exposure Exposure
Beam Electrons/cm Total Rate
Pulse in Pulse (Roentgens) Fggentgens/sec)
4.5 psec 3.7 x 101! 25,000 5.5 x 107
1.0 psec 1.4 x 10! 9,360 9.3 x 10°
0.5 psec .96 x 10'1 6,400 13 x 107
0.1 psec .20 x 101t 1,300 -+ 13 x 107
{ : i
Fig. 3 Saturation time versus beam pulse width (48 MeV electrons).

Also given are the electron flux and dose rate. Sample
was irradiated at 2959K.
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#38 T = 95%
#19 T = 185°K ) Samplie SC-18 P-Type 84 ohm-cm
i #12 T = 295°K 71 Vertical Scale #12 20 mV/cm
#19 50 mV/cm
n . #38 20 mV/cm
! ‘ 4 Horizontal Scale #12 20 usec/cm
#19 20 psec/cm
I ; N ) \ ] \ #38 5 psec/cm
‘s tivi ,
Resistivity Pulses Sample I = 43 wA
I = 305 vA
I =307 vA

These Photos Show:
Electron Beam Pulses

‘ ' ‘ ‘ : : 1. Saturation Lifetime vs. Temp: °
. #38 19 4
2. At All Tempera- 49 ~ 95%
E L | tures A
Q
Eg #12
oy
LA ] ] 1 L 1 ..
Vertical 5 V/cm thru 93 ohms
Horizontal 1‘Psec/cm
Fig. &4 Transient Resistivity Voltage Response in P-type Silicon

Induced by 2 48 Mev Electron Pulses. Also shown are the

Electron Beam pulse shapes.
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100 mV/cm

1 psec electron beam pulse

100mV/cm

L ! L4 N\, :\\s;

713.

20 Psec/cm

Fig. 5-a Resistivity response
after 2 pulses (curve
3)and after 16 pulses
(curve 9)

20 }JSEC/Cm

Fig. 5-b Resistivicy respons
for various electro
beam pulse widths

4.5 psec

0.25 psec
0.05 psec
0.01 ‘psec
0.007 Jsec

wnmHwN-
[ T B T |

Sample Current

. 1 - 0.0673 mA
- 2 - 0.182 mA
3~ 3 - 0.377 mA
- F - 4 - 0.460 mA
Q
>L
= 2
o
o b
~ 1
q ¥ L8 1 L]
ZO}nsec/cm

Fig. 5-c Resistivity pulses for 0.0l psec
electron beam pulse foir various
sample currents as shown.

Fig. 5 Response of 80.(1-cm P-type Si {(Boron Doped) to 48 MeV

electron pulses at 288°K.

Resistivity voltage of sample

under various conditions is shown. (Sample SC-14)

e
n
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of T _T_ T T  SAMPLE SC-18° P-type 84 ohim-cm
S - 295°K
S
> 4 ° Vertical Scale #3 50 mV/cm
& #4,6 500 mV/cm
o ’ N
2r 7 Horzontal Scale 20 )Jsec/cm
&
gk . - Sample Current #3.  59.pA -7
@ #4,6 448 }JA
el ‘ |
o 1 Photo No. Corresponds to Pulse No.
Resistivify Pulses
These Photos Show:
1. The Decay of Saturation Lifetime
Due to Dose Accumulation
2. Ay_ 4§
%5
Correspo'ndir‘xg B'eam Pulvse I:hot?s #,6 ' v, = 1.30 V A\(ﬁ’wg?""l-ZZV
3 .
| . 3 90mV _
£ 4 #3 VO = 168 mV AV?TS-T = 163 mV
ol .
2 _
E 1 (Circuit Gain £¢ 55%)
qh . -
ln -y
R —— #,6 - 4F= 937
5 V/cm Thru 93 ohms Vertical 43 & 2 977
ljjsec/cm Horizontal S ~on
Fig. 6 Transient Resistivity Voltage Response in p-Type Silicon

Induced by =z 48 MeV Electron Pulses. Also Shown are the
Electron Beam Pulse Shapes.
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%Beam Flux Incident

Y Y T | —— T ~T .n Type

-VH = 0
122%

20 mV /div

Total Beam Flux
3.5 x 108 Electrons

p Type T em?
;Beam Flux Incident
T T T T T - . ? b Type
>
ol
o
~
e 296°K
T B Total Beam Flux
1 ] L L L \ . n Type 5 x 109 Electrons

-

cim

Figure 7

Sample SC-31 100 obm-cm p-type silicon. Hall voltage response to
48 MeV electron beam pulses at 122°K and at 296°K. Notice that
the sample appears to be n-type shortly after the irradiation.
Nominal error + 10% due to amplifier §ain, parallax, scope
nonlinearity. ~ Beam pulse duration =1 ps.
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E = 48 MEV

4
Sl 6
> T % 295°
g
o
[T
SAMPLE SC-8 SOO/psec/div
>
o1 | A\ 23 T{ = 115°K
~
20N
o
w
SAMPLE SC-8 lO/psec/div
>
o
z T 4 210°K
Z [
o T~ |17
T —— ] -
SAMPLE SC-11 50 /Jsec/div
2 o
e, T =| 274°K
~
>
g \ 23
8 ~"'*—--\..__J\n\ _

Fig.

SAMPLE SC-11 SOJpsec/div

8

Electron Pulse Size 1‘psec
~300 ma

Electron Pulse Size Q.S‘psec
»-VQOO ma

Electron Pulse Size A.SJusec
~150 ma

Electron Pulse Size 0.5 psec
~~500 ma

Transient resistivity voltage for n-type silicon

samples (see Table I).

[ 9
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Figure 9

Growth and decay of resistivity voltage pulse in 1 ohm-cm n-type
silicon (sample SC-28) irradiated at 296°K (curve 1) and at 122°9K
(curve 2) with 48 MeV electrons. Also shown are the corresponding
electron beam pulses.
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Figure 11

Sample SC-28 1 ohm~cm n-type silicon irradiated at 296°K with

48 MeV electron pulses.

carrier concentration.

S e meememe

Nominal error is + 307 in both fiux and
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Excess Carrier Concentration (An-cm 3)
Q r
N
T
\
1

llJlll

No

Ton Lol t 1 l !
0* 2 5 10° 2 5 10 2

Total Integrated Electron Beam Flux (Electrons-cm’z)

Figure 12

Sample SC-28 1 ohm-cm n-type silicon irradiated at 122°K with 48
MeV electron pulses. Nominal error is + 30% in both flux and
carrier concentration.
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9 —
-
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B
g
D o o 85
'f-.: (o] /
-~ 1k 1227k (o) -
-1 o
" o—
Q /
ord G
S
;; /o/
o 0 1 | 1 ! 1 11 Il ] i l ]
10° 2 ) 10° 2 s 10'°

Total Integrated Elegtron Beam Flux
(Electrons - cm~%)

Figure 13

Sample SC-28 1 ohm-cm n-type. Lifetime vs. ionization intensitv.
Notice that lifetime increases with ionization intensity.

Nominal error is + 30% in both flux and lifetime.
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