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ABSTRACT

Using Hall effects measurements, the electron energy depend-
ence of the defect introduction ratesof the E, - 0.17 ev, Ec - 0.k ev,
and Ev + 0.3 ev levels has been determined. The two levels at
Ec - 0,17 ev and Ec - 0.4 ev are found to be relatively insensitive
to 1incident electron energy as predicted by simple displacement theory.
The defect introduction rate for the Ev + 0.3 ev level is found to
increase rapidly with increasing electron energy. It 1s also observed
that the energy dependence of the Ev + 0.3 ev level appears to be a
function of material resistivity in that the dependence becomes steeper
at lower resistivities. At resistivities of the order of 15 ohm-cm
the energy dependence of the defect introduction rate of the Ev + 0.3 ev
level is identical to the observed energy dependence of the degradation
of minority carrier lifetime in 10 ohm-cm n on p silicon solar cells.
Empirically it is observed that this energy dependence appears to be
proportional to the second power of the simple displacement theory,
suggesting that these defects may be assoclated with & divacancy or

other double displacement type defect.

Under low energy proton bombardment in the energy range from
0.2 Mev to 1.9 Mev the degradation rates of open circuit voltage, short
circult current and maximum power are much greater than normally ob-
served for penetrating radiation. The maximum sensitivity of mbsolute
power degradation of silicon solar cells appears to lie at or slightly
above 2 Mev with decreasing sensitivity evidenced at energies below 2
Mev and above 6 Mev. 1In addition, considerable room temperature annealing
in periods of times of the order of days is observed for low energy pro-
‘ton damaged cells 1n contrast to that observed for cells damaged with

more penetrating radiation.



One Mev electron irradiation of 1 ohm-cm and 10-ohm-cm boron
doped and aluminum doped n on p silicon solar cells indicate that the
differences in radistion sensitivity as measured by K values cannot be
attributed to the dopant material, It was also observed that differ-
ences 1n K values were greater between specimen lots than betwzen the
differently doped specimens of equal resistivities, suggesting that
fabrication techniques or differences in bulk materiel trace impurity
content may be responsible for the observed small differences in

radiation sensitivity.
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I. JNTRODUCTION

The efforts described in this report range from the acquisi-
tion of important design data on contemporary siliccn solar cells
under low energy proton bombardment to basic research on the funda-
mentals of defect formation In silicon by electron and proton radiation
of the type found in space, Although the complete understanding and
solution of problems concerning the use of semiconductor devices in
space 1is beyond the scope of any single program, it is felt that the
work presented here, coupled with similar efforts by others in the
fleld, will lead to further stimulation, better understanding, and

more efficient solutions to these problems.

The work reported here encompasses three general areas of
investigation. In Sectlon II the electron energy dependence of the
defect introduction rate for several energy levels 1s presented for
both p-type and n-type silicon. In Section III data is presented on
the effect of low energy proton bombardment of silicon solar cells,
In Section IV aluminum doped p-type silicon and boron doped p-type
silicon of resistivities of 1 and 10 ohm-cm are investigated in terms
of thelr radiation sensitivity to 1 Mev electrons.



IT. RADTATTON INDUCED ENERGY LEVELS IN STLICON

Despite considerable study of electron damage in silicon, the
nature of the defects controlling degradation in silicon devices is not
clear, Wertheim's work indicated that electrons of 0.7 Mev introduce
recombination centers in n-type silicon at 0.27 ev above the valence
band and in p-type silicon at 0,17 ev below the conduction bandl’z,
Gelkin, et al,3 have reported that 1.0 Mev electrons produce recombin-
ation centers in n-type silicon at 0,16 ev below the conduction band.
Baicker has reported evidence that the dopant used in n-type silicon
may influence the recombination center produced by electron damage .

In p-type electron irradiated silicon, he has suggested that a recombin-

ation center at 0.18 ev above the valence band controls recombination.

In addition, it has been shown that the annealing characteristics of
recomblnation centers in both n- and p-type silicon irradiated with 0.7

Mev electrons are identical to those of the silicon A center (Ec - 0.17 ev)5,6.
Work done at STL has indicated that the Ec - 0.17 ev level controls re-
combination in p-type silicon irradiated with 1.0 Mev electrons7. The

nature of the radiation defects controlling recombination in electron

irradiated silicon is still very much in doubt because of the conflicting

conclusions reported.

All of the work reported in the above references involved some
direct measurements of minority carrier lifetime which were analyzed in
terms of Hall-Shockley-Read statistics. This direct approach is subject
to many experimental difficulties because of the low lifetimes involved
in irradiated silicon. The work reported here involves an indirect
approach to the problem of identifying the irradiation produced recombin-
ation centers. The introduction rates of various defect levels were
determined for electrons of various energies. These data are compared
with the energy variation of degradation studies on solar cells. The
critical fluxes and damage constants have been determined for n on p and
P on n solar cells irradiated with electrons of various energies7, In the

simplest case, the energy dependence of the recombination center intro-



duction rate should be similar to the energy dependence of these criti-
cal fluxes and damage constants. Such agreement is not conclusive evidence
for identifilcation of recombination centers, but it can support or

questlon previous conclusions.

The introduction rates of the defect levels were measured by
the Hall coefficient technique. These techniques have been used in
several investigations for detecting defect energy 1evelsl’2’3’8,
Previous work was concentrated on lower energies, wheresas,this work in-
cluded electrons to 35 Mev. In addition to the Hall measurements,
considerable study of these defects by electron spin resonance has been
reported6’9’lo’ll. Several defects have been characterized through
this work. They are: an acceptor level at Ec - 0.17 ev (Si-A center),
an acceptor level at Ec - 0.4 ev (Si-E center), a second acceptor
level at Ec - 0.4 ev (8i-C center), and a donor level at Ev + 0.3 ev
(81-J center). Only one level at 0.4 ev has been reported by Hall
measurements; however, the existence of two has been suggested by

annealing studieslz.

A. Experimental Techniques

The irradiations reported were done at several facilities.
The STL Van de Graaff was used for all electromsof 1 Mev and lower. The
Shell Development Corporation Van de Graaff was used in the 1 to 3 Mev
range. The Geuneral Atomic Linear accelerator was used for 4 to 35 Mev
irradiations. All irradiations were done at room temperature and care
was taken to avoid heating of the samples by the electron beam. Measure-
ment of beam current, electron flux and Hall coefficient was instru-
mented as described previously7’l3. The silicon used in this work was
grown by the crucible method by Futurecraft Corporation. Dislocation
density was below 100 per sgq. cm., The principal dopants were phosphorus

for n-type and boron for p-type. Resistivities varied from 1 to 150 ohm-cm,

The Hall coefficient of each sample was determined as a



function of temperature before and after irradiation. The Hall coeffic-
ient can be related to the majority carrier concentration by the following

equation:
n=— (1)

where n = concentration of majority carriers

R = Hall coefficient
e = electronic charge
r = Hall factor

The Hall factor was determined from Hall mobility and published drift
mobilitieslu. The detection and determination of energy levels is covered

2 8
by Wertheim and Hill . The defect introduction rate was determined as
follows:

1 1 I
“Ro -—R_} e (defects/electron-cm) (2)

®

where R0 = Hall coefficient before irradiation
R
®

Hall coefficient after irradiation

Electron flux, e/cm2

B. Results

The Hall data are analyzed in plots of reciprocal Hall coeffi-
cient versus reciprocal temperature. This plot can be easlly interpreted
since majority carrier concentration is very closely related to the re-
ciprocal Hall coefficient and changes in carriler concentration are reflected
by changes in Hall coefficient. BExamples of this are shown in Figures 1
through 6. Figure 1 is typical of the response of n-type silicon to lower
energy electrons. The data show evidence of one acceptor level at
EC - 0.17 ev. The Ec - 0.4 ev level is introduced at very low rates at
1 Mev and below. When electrons of much higher energy interact with n-
type silicon, the Ec - 0.4 ev level is introduced in much higher rates.

This effect is shown in Figures 4 through 6. The appearance of the

Ec - 0.4 ev level is shown by the large decrease in carrier concentration
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above room temperature after irradiation., The data regarding introduction
rates of these levels are summarized in Table I, The electron energy
variation of 1) for the Ec - 0.17 ev and Ec_- 0.4 ev levels is shown
graphically in Figure 7. It can be seen that the introduction rates of
these levels rise slowly for electrons above 1 Mev. Some data are
included for 1 ohm-cm samples, The differences in T observed with varying

resistivity are comparable to the amount of scatter in the data.

Figures 8 through 11 indicate the Hall coefficient
analysis for p-type silicon irradiated with electrons of 0.7 Mev to 11.5
Mev. The data show evidence of only one level at Ev + 0.3 ev., The intro-
duction rate of this level 1s increased greatly as the energy of the bom-
barding electrons increases, The datae regarding introduction rate of
this level are summarized in Table I, In general it appears that the
introduction rates are functions of both dopant concentration and electron
energy. The p-type data are summarized graphically in Figure 12. It can
be seen that in all cases the introductlion rate of the Ev + 0.3 ev level
rises very rapldly with increasing electron energy. The shape of this
curve depends to some degree on the resistivity of the silicon. The
s0lid line represents only data from 15 ohm-cm silicon. The data from 75

and 130 ohm-cm vary in regard to shape and slope of the curve.

C. Discussion

A theory of displacements of solid atoms by fast electrons

15

has been presented.by Seitz and Koehler ~. The concentration of displaced

atoms is as follows:

n; = &n o v (3)
where ny = concentration of defects
$ = integrated electron flux
no = concentration of atoms in so0lid per unit volume
o = displacement cross section
Vv = average secondary displacements per primary displacement

11



TABLE I

Summary of Data

Sample No. p(ohm-cm, type) §b£Mev) @(e/cm?)
N-18 100 n 0.6 5x10%3

N-11 100 n 1.0 %1053

N-14 100 n 2.0 3.uxlol3
N-15 100 n 3.0 3.bx10%3
N-5 100 n W7 3.0x10%3
N-3 100 n 15.0 3.0x10%3
N-1 100 n 35.0 3.0x10%3
N-100 1 n 1 1x10%°

N-101 1 n 3 3.4x10"

12

Ed(ev) N(def/elec-cm)
EC-O.17 0.30
Ec-o.h 0.025
Ec-0.17 0.37
Ec-o.h 0.076
EC—O.17 0.37
Ec-o.h 0.09
E,-0.17 0.54
Ec-o.u 0.20
E -0.17 0.57
C
Ec-o.h 0.20
EC-O.l7 0.62
Ec—o.h 0.18
E ~0.17 0.62
(o]
E,-0.17 0.30
Ec-o.u 0.11
E,-0.17 0.37



TABLE I
Summary of Data Continued

Sample No. p(ohm-cm, type) EbiMev) @(e/cmz) Eqlev) N(def/elec-cm)

P-112 15 P 0.7  2x10™® E +0.3 0.013
P-107 15 P 1.0 9x10%? E +0.3 0.025
P-101 15 p 3.0 2.3x10  E_+0.3 0.12
P-103 15 D 3.0 k.6x107 E_+0.3 0.12
P-108 15 P 11.5 sx10tt E_+0.3 0.35
P-109 15 P 11.5 1x10%? E_+0.3 0.31
P-15 5 D 1.0 2,010 E _40.3 0.038
P-17 75 p 2.0 1.16x10%7 E,+0.3 0.09
P-25 5 P 11.5 1x10t E_+0.3 0.34
P-105-1 130 D 1.0 1x1o®? E,+0.3 0.033
P-13 130 D 3.0 3.0t E_+0.3 0.11
-1k 130 D 3.0 5.7x10% E_+0.3 0.11
P-1k 130 D 3.0 5, 7x10%* E +0.3 0.11
p-8 130 D 4,7 2x10lh E_+0.3 0.17
P-6 130 P 15 1.5::1011L E +0.3 0.28
P-3 130 D 35 1.2x10 E_+0.3 0.31
I

p-1 130 P 35 7x10% E_+0.3 0.32
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Since a displacement involves production of -a lattice vac-
ancy and an interstitial, ny should equal the concentration of vacancies
or the concentration of Interstitials produced by the irradistion.

Typically, the values of n, that one calculates are greater by an order

of magnitude or more than ihe concentrations of defects detected, The
physical structures of the defects reported here are known to be com-
plexes involving vacancies and other chemical species rather than
simple vacancies and interstitials. It appears that vacancies are

involved in many solid state reactions such as:

V+I = lattice (a)
V+0 = V-0, Si-A center (b)
V+P = V-P, Si-E center (e)
V+V = V-V, Si-J center (a)
where V = a silicon lattice vacancy

I = a silicon lattice interstitial

0 = an oxygen atom

P = a phosphorus atom

Reaction (a) above probably accounts for the low concentration of defects
compared to the theoretical concentration of displacement produced
vacancies, It also can be assumed that the introduction rate of defects
involving one vacancy (A or E center) should be proportional to the
calculated introduction rate of vacancies or to o v. The extent of this
agreement can be seen in Figure 7. Normelized plots of o v have been
fitted to the data on Figure 7. Although considerable scatter is observed,
there is a very rough agreement between the energy variation of o v and
TN for the Ec - 0.17 ev level., A similar agreement is found for the

Ec - 0.4 ev level, however, at 1 Mev the agreement is very poor. It is
also interesting to note that the energy variation of damage constant
K)and reciprocal critical flux (@El) for p on n solar cells has pre-

viously been reported to have the same energy variation as o 5.7

The introduction rate of the Ev + 0.3 ev 1is contrasted to

the other levels by a very fast rise in the electron energy range investi-
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. gated, This level may be associated with a diva.cancy.16 A divacancy is
thought to be two lattice vacancies on nearest neighbor sites. Such a de-

. fect may be formed by the diffusion of single vacancies to & site where
two of them may react to form a divacancy. An alternate formation could
occur by the primary displacement of a silicon atom followed by the
secondary displacement of a nearest neighbor silicon atom. The first
silicon atom must retain enough energy, after collision with the second,
to avold being trapped on the site of the second silicon atom. This
double displacement also should be characterized by a higher threshold
energy. This process is distinct from the earlier only in that the
secondary displacement must occur on a nearest neighbor site to primary
displacement, If the secondary displacement occurs on a next to nearest
neighbor or more distant site with subsequent reaction of vacancies, the
formation is limited by solid state diffusion or some other thermally
activated process., If such a defect is formed by the reaction of two
radiation produced vacancies, simple mass actlon principles indicate that
the introduction rate of divacancies should be proportional to the second
power of ¢ v, A plot of o v and (o 5)2 is also shown on Figure 12. Both
functions have been normalized to & value of 0.001 for 1 Mev. Since their
shapes on the log-log plot are similar, it appears that the introduction
rate of the Ev + 0.3 ev level in 15 ohm~cm silicon has the same energy
variation as (o 5)2. It is also obvious that the defect introduction
rate in the 75 and 130 ohm-cm silicon are not following this relationship
closely. The reasons for these deviations are unknown, but this difference
in resistivity involves roughly an order of magnitude change in dopant
concentrations., Such a change could involve considerable shift between
competing reactions involving vacancies, If the divacancies are formed
by double displacement with a threshold energy of roughly 50 ev and if
the Seitz and Koehler analysis i1s applicable, the "double displacement”
cross section will not be changed greatly for electron energiles above 1
Mev. This is in direct contradiction to the data reported here for the

Ev + 0.3 ev level,

The behavior of the Ev + 0.3 ev level was recently compared

to that of the Si-K center in recent work at RCA.17 The K center reportedly
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is the dominant paramagnetic defect center in low resistivity p-type silicon.
The structure of the K center is not known, however, the introduction rate
increase with electron energy far this center is similar to that of the

Ev + 0.3 ev level. The model suggested for the K center 1s a substitu-
tional oxygen atom bonded to an interstitial silicon atom in the next to
nearest site. This proposed defect could be formed by the reaction of a
vacancy and an interstitial with an oxygen atom. The sequence of these
events could be such that the formation rate would be proportional to the
product of the concentration of vacancles and the concentration of inter-
stitials. Since the concentration of vacancies should be directly related
to the concentratlion of interstitials, this defect introduction rate could

also be related to the second power of (o ;).

An interesting similarity can be noted in the degradation of
n on p silicon solar cells., Figure 13 shows experimental data from
Reference 7 regarding the variation of the reciprocal critical flux of
various n on p solar cells under electron irradiation of varying energy.
These data also fit the energy variation of (o 5)2. Since the resistivities
used In these devices compare with the 15 ohm-cm p-type material studied in
this work, it is interesting to note that the electron energy dependence of
the Q-l and T are the same. Although this is not conclusive evidence, it
indicates that the Ev + 0.3 ev level may be the recombination center in
electron irradiated n on p silicon solar cells. The fact that the solar
cell data follow the square power relationship also supports this theory,
since degradation by the formation of J or K centers (Ev + 0.3 ev) could
occur in this manner. This evidence 1s in direct contrast to previous
studies of recombination centers in irradiated p-type silicon, where the
most commonly suggested recombination center for electron damaged p-type
silicon is the E - 0.17 ev level (A center). Electrons in the 1 Mev and
lower range were used in these previous studies. The data presented here
make it difficult to rationalize the Ec - 0,17 level or A-center as the
recomblnation center in case of electron energies greater than 1 Mev. The
damage rate of n on p cells rises much faster with energy than either the
experimentally measured introduction rates of the Ec - 0.17 ev level or the

theoretically expected rate (o v).
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D. Conclusions

The phenomena of radiation induced defect levels in silicon
is complex and difficult to understand. A considersble amount of reported
experimental data is in direct conflict while other portions of the re-
ported data seem to substantiate current defect models. The data and re-

sults presented in this report support the following conclusions:

1. The E, - 0.17 ev and the E_ - 0.4 ev level intro-
duction rates (7)) raise very slowly for increasing
electron energy above 1 Mev.

2. The T} for the Ev + 0.3 ev level increases very
rapidly with increasing electron energy,

3. The T of the Ev + 0.3 ev level and-iamage rate of
n on p solar cells, as shown by &, =~ and K values
have identical energy dependence,

4, The energy dependence of 1 for the Ev + 0.3 ev
level, and K values and @C-l for n on p silicon
solar cells appear to be proportional to the
second power of (o 5). This similarity suggests
that the Ev + 0.3 ev level and the recombination
center in high energy electron irradiated n on p
silicon solar cells are associated with a di-

vacancy or other double displacement type defect,

Several points regarding EV + 0.3 ev level remain unresolved.
If this level is associated with the divacancy it should have the same T
as that measured by ESR technique., The T for divacancies values reported

11 are lower than those of

by Corbett and Watkinsl6, and Benski, "et al."
the Ev + 0.3 level by one and two orders of magnitude respectfully. 1In
addition, preliminary annealing studies indicate that the Ev + 0.3 ev level
does not anneal rapidly in the 300-hOOOC as reported for divacancies16 or
for irradiated n on p solar cells.18 The effect of resistivity on T for
the Ev + 0.3 ev level 1s very difficult to explain., The production of di-
vacancles should be relatively independent of impurity concentration and

maintaln the same energy dependence regardless of contamination.



IIT. LOW ENERGY PROTON DEGRADATION IN SILICON SOLAR CELLS

The energy spectrum of the trapped proton belt around the
earth is normally considered to be of the order of E-3 to E-S. Because
of the steepness of this energy spectrum silicon solar cells, which are
necessarily exposed, receive a considerable dosage of low energy protons.
Thus it is important to understand the response of solar cells to these
low energy protons. Since low energy protons are not considered pene~
trating radiation, the extrapolation of data obtained with penetrating
radiation, i.,e., high energy electrons or high energy protons, does not
yleld meaningful results. The principal reason that extrapolation from
penetrating radiation is not valid is that low energy protons produce
regions of severe damage near the surface at depths less than a minority
carrier diffusion length. Hence, the recombination of carriers in thelr
process of diffusion to the junction becomes a complicated function in
that the minority carriers will have different lifetimes depending upon
the region in which they are diffusing. For these reasons, there is a
great need for experimental information on the effects of low energy

protons on silicon solar cells.

A. FExperimental Techniques

During the course of this contract, two low energy proton
experiments have been conducted; the first in December and January, the
second in March, The facility utilized for these experiments was the
STL 2 Mev proton Van de Graaff, Experiments were conducted at energiles
ranging from 0.2 Mev to 1.9 Mev. Due to the short range of protons of
these energies in air, all of the experiments were conducted in a vacuum
chamber. This chamber consisted of remote control apparatus for both
mapping the beam and positioning test specimens in the beam. A shielded
Faraday cup was used to determine the intensity of the beam as a function
of position and to determine the total exposure of the test specimens by
simultaneously irradisting the test specimen with the Faraday cup located
in an adjacent position of equal intensity. The STL proton Van de Graaff
faclility does not incorporate the conventional HVEC magnetic analyzing
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assembly. Hence, it was necessary to include in the chamber design a
magnetic deflection system to separate the various components of the
primary beam and remove all but the primary proton beam for the ir-
radiations, The magnetic deflection system consisted of a 4" Varian
magnet operated with flat 4" pole pieces and a one inch pole gsp. Five
distinctly separate identifiable beams were observed with this system;

m;, Mo, and m, beams at the principal operating energy as well as m,

beams at one-galf the principal energy and one-third the principal
energy. These latter two beams are attributed to break-up of the m,

and m3 beams in the drift tube prior to entrance to the magnetic
analyzer., The m, beam, referred to as the principal beam, consists
simply of protons with a charge-to-mass ratio of 1., The m, beam with

a charge-to-mass ratio of 1/2 is attributed to singly ionized hydrogen
molecules which are not completely ionized at the source and are sub-
sequently accelerated to the full potential. The m3 beam with a charge-
to-mass ratio of 1/3 is attributed to tri-atomic, singly ionized hydrogen
molecules for which the formation mechanism is not well known. The ml,
m,, and m_ beams were present in the primary beam with about equal mag-
nitudes while the 1/2 and 1/3 principal energy m, beams were about two
orders of magnitude less in intensity. Scatter shields were included

in the irradiation chamber to effectively remove the unwanted beam
components after magnetic analysis. Experiments were performed at meg-

netic deflections of the principal beam of 10 and 20 degrees.

In order to investigate the beam, considerable beam analy-
sis with a silicon solid state detector and a 400 channel pulse height
analyzer was performed. It was observed that when very small entrance
and exit apertures for the magnetic analyzer were used (0.1" or less)
the analyzed beams were extremely clean with an energy width of the order
of a few percent, Also, the principal beam comprised over 95 percent
of the total number of particles incildent on the detector. In this clean
configuration, however, the beam dlameter was too small to perform mean-

ingful experiments on solar cells. Since no control over beam spot size

could be exercised past the analyzing magnet, much larger apertures were
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necessarily used to obtain sufficient beam dliameters. It was observed,
however, that as the ansalyzing apertures were made larger, the energy
width and content of the beam deﬁeriorated. For extremely large aper-
tures the energy width of the beam would approach 30 to 4O percent and
the content of the beam attributable to the principal beam was observed
to drop to as low as 60 percent. As a result, it was necessary to com-
promise the irradiating beam content signiflcantly in order to obtain

reasonable beam dlameters for the conduct of the irradiations.

The test specimens used in these experiments consisted of
1 ohm-cm, 1 cm x 1 cm p/n silicon solar cells and 10 ohm-cm, 1 cm x 1 cm n/p
silicon solar cells, both types furnished by Hoffman Electronics Corpor-
ation. The bulk of the data was obtained for the 10 ohm-cm n/p cells
since they are of principal practical importance; however, sufficient data
was obtained for the p/n cells to ensure correlation., Junction depths of
both types of cells were 0.5 microns while their initlal efficienciles were
of 8 to 10 percent. Measurements of I-V characteristics were performed
using the STL sun simulator (an OCLI unit) and a 2800°K unfiltered tungsten
light table. The tungsten light table used in these experiments is the
19

same unit described 1n previous reports on radiation damasge and has been
held at a constant intensity for the last four years through a series of
standard cells., The sun equivalent power for this tungsten source will
therefore vary slightly depending on the particular characteristics of the
cells under test but usually lies between 130 mw/cm? and 140 mw/cm2 for

contemporary silicon solar cells,
B. Results

The analysis of the data to be presented in this section
is based on radiation induced changes in the I~V characteristics as observed
under both tungsten and sun illumination. Changes in short circuit current,
open circuilt voltage, and maximum power as a function of Integrated proton
flux and proton energy are the principal parameters studied and presented
here. Changes in other important solar cell parameters such as series re-

sistance, in-beam annealing, and rapid post-irradiation annealing were also
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observed. Since, however, analysis of the data ylelded no significant
trends for these parameters, thelr incluslon in the results is necessarily

limited to general mention and discussion,

The degradation of short circuit current density as a func-
tion of proton energy is shown in Figure 1k. TFor each energy shown, 3 to 7
cells were used to obtain the data presented in this section., The data
shown in Figure 14 indicate that in the low energy proton region the de-
gradatlon rates, i1.e, the slopes of the degradation curves, seem to vary
considerably as a function of energy. The slopes all appear to be steeper
than the normal 6.5 to 7 ma/cm2 - decade observed for penetrating radiation
of eilther electrons or protons. The slopes shown for 1.9 and 1.7 Mev
appear to be approximately 10.5 ma/cm2 - decade increasing to about 12 ma/cm? -
decade at 1.5 Mev and 15.5 ma/cm2 - decade at 1 Mev., At this point the slopes
appear to start decreasing again indicating about 13 ma/cm2 - decade at 0.5
Mev and considerably less than that at 0.3 and 0.2 Mev. The degradation
rates at these latter two energies were so slow that inadequate beam time
was available to obtain sufficient data for slope determination, A group
of p on n cells were irradiated at 0.5 Mev for comparison with the n on p
cells and, as shown in Figure 14, the degradation rates are identical.
Sufficiently low beam intensities for the 1rradiation of p on n cells were
difficult to obtain, and also since principal interest is in the n on p
cells, a large amount of information was not obtained for p on n cells other
than to verifyy that thelr response was similar in nature to the n on p
cells. It is also observed in Figure 14 that the knee of the curve i.e.,
the point of the intersection of the slope with the initial conditions,
seems to reach a minimum value somewhere between 1.9 Mev and 6.7 Mev and
then reverses 1ts direction toward higher values of integrated flux with

further decrease in proton energy.

A series of post irradiation measurements indicated that
conslderable room temperature annealing occurs for low energy proton ir-
radiated cells. Recovery of between 20 percent and 90 percent of the
short circuit current was observed in times of the order of days. Annealing
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of open circuit voltage at room temperatures was not observed. There
appeared to be no correlation, however, in the annealing data in that
the observed recovery was not a consistent function of either proton
energy, time, or amount of radistion induced damage. In addition to
room temperature annealing, in-beam annealing was also observed. Al-
though the beam intensities utilized in the experiment were not suffi-
clently high to ralse the temperature of a solar cell it 1s quite
probable that, due to the short range of the protons, localilzed heating
in the region near the Jjunction where the damage 1s occurring is respon-
sible for the observed phenonema. In several cases for longer ir-
iradiations at the same intensities, I-V curves were actually obtailned
wherein the open circuit voltage had proceeded with its normal degra-
dation but the short circuit current had actually been annealed to a
higher value than before the irradiation was initiated. For this
reason, some of the short circuit current data at the higher fluxes were
considered invalid end are therefore not shown on the plot of short

circuit current versus integrated flux.

In order to obtain a comparison between observed degra-
dation in short circuit current under tungsten illumination and equi-
valent performance under solar illumination in space, a series of
measurements were made using the STIL sun simulator which is an OCLI unit.
The results of this comparison are shown in Figure 15, The typical re-
sponse for penetrating radiation in the solar simulator versus our
standard 2800°K tungsten source, which has been maintained constant over
the past four yesrs, is shown in the figure. The expected departure
from this typical response 1s evident in that for the case of severe
damage near the surface of the cell the degradation under sun illuminstion
is more severe for the same degradation under tungsten illumination due
to the higher blue content of solar i1llumination. However, there is no
statistically significant difference observed for proton energies ranging
from 0,5 to 1.9 Mev., Some difference would be expected Iin this range;
however, the scatter in the data is apparently greater than the difference
in response, On the other hand, a significant departure 1s observed for
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proton energies of 0.2 Mev indicating a rapid deterloration of response to
the short wavelength component of solar illumination at energies below
0.5 Mev. These curves were used to calculate degradation of output power

in space which will be presented in a later section.

Degradation in open circuit voltage versus integrated flux
and proton energy is shown in Figure 16. The observed degradation rates,
or slopes, are all approximately alike and equal to about 120 mv per
decade. There appears to be slight deviations in this slope as a function
of proton energy but these deviations are less than the scatter in the
data and hence unresolvable, These slopes, however, are considerably greater
than the slopes observed 1In the case of either electron or proton pene-
trating radiation wherein slopes of the order of 40 to 50 mv/decade are
commonly observed for 10 ohm-cm n on p cells. Although examination of
I-V characteristics as a function of proton energy seems to imply a
greatly increasing sensitivity of open circuit voltage at the lower proton
energies, this 1s not in actuality the case as evidenced by the data in
Figure 16. The maximum sensitivity of the open circuit voltage seems to
lie somewhere between 1.5 and 2 Mev with decreasing damage sensitivity at
energles of 1 Mev and less, The illusion that the open circuilt voltage
degradation is increasing at energies of 1 Mev and below is due primarily
to the fact that the short circuit current degradation sensitivity is
decreasing very rapidly and in fact at lower energies the open clrcuit
voltage is the principal degradation parameter. The shift from the 40 to
50 mv/decade degradation rate observed for proton energles as low as 6.7
Mev to the steep slopes shown in Figure 16 apparently occurs between 2
Mev and 6.7 Mev.

Due to the peculiar nature of the response of silicon solar
cells to low energy protons, extrapolation of data for penetrating radiation
to performance iIn space i1s not a valild approcach., Therefore, the I-V
characteristics obtained in these experiments were corrected for actual
space conditions through the use of Figure 15 for further analysis. A

plot of the degradation of Pmax versus integrated flux was then obtailned
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as shown in Figure 17. The degradation in Pmax is observed to be maxi-~
mum for proton energles of 1.5 and 1.9 Mev while falling off at energies
of 1 Mev and below. In comparing this data with data previously ob-
tained at 6.7 Mev it appears evident that the region of maximum over-all
degradation in the power producing capability of silicon solar cells lies
in the region of 2 to 6 Mev and is most probably quite close to 2 Mev.
The slopes, as anticipated, are conslderably steeper than those observed
for penetrating radiation. In the case of penetrating radilation, degra-
dation rates of approximately 20 percent per decade are commonly observed
whereln the slopes observed for proton energies between 1.9 and 0.5 Mev
are approximately 45 percent per decade. However, at 0.2 Mev the degra-
dation rate appears to have decreased considerably due to the decreased
sensitivity of the short circuit current degradation. The observed de-
gradation at 0.2 Mev in these experiments 1s approximately 20 percent per
decade in spite of the fact that at these lower proton energies observ-
able degradation in the series resistance of the cell begins to become
guite evident and important. Considering the wide variations in degrs-
dation rates observed for the short circuit current, the uniformity of
the degradation rates for Pmax 1s somewhat surprising and can only be
accounted for by unresolvable differences in the degradation rates of
other parameters such as open circuit voltage, series resistance, and

short term annealing,
C. Conclusions

The degradation rates for the open circuit voltage, short
circuit current, and Pﬁax all increase substantially under low energy
proton bombardment relative to degradation rates observed for penetrating
radiation., In particular the short circuit current degradation rate seems
to show a very strong dependence on proton energy in the reglon below 2
Mev. The net result of the degradation in the I-V characteristicds is
summarized by the degradation in the maximum power producing capability
of the cell. Although the power degradation rate 1s almost twice as high

as for penetrating radiation, maximum sensitivity seems to occur in a re-
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gion between 2 and 6 Mev and most probably very near 2 Mev. For an equal
exposure of lower energy protons, the absolute power degradation decreases
with further decrease 1n proton energy below 2 Mev. Hence, the proton
radiatlion sensitivity of silicon solar cells which is increasing with de-
creasing proton energies seems to reach its maximum sensitivity in a re-
gion near 2 Mev and then begins to fall off, Inasmuch as the data shown
here are presented as unannealed data, and since measurable annealing at
room temperature for short periods of time has been observed, the actual
power degradation experienced in space over a long period of time will

not be as severe as indicat=d by these data.

Although conslderable data were obtained in these experi-
ments, it is difficult to assess a meaningful accuracy to the results due
to the compromised proton beam ultimately used, It is estimated that the
accuracy of the data is most probably good to within a factor of 2 but it
cannot be considered accurate to within % or 10 percent. It is evident
that considerably more effort needs to be expended in the acquisition of
low energy proton data. However, a facility capability of a higher energy
and a more complete magnetic analyzing system would be required to improve

on the accuracy of the data and cover the range to at least 4 or 5 Mev.
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Iv. EFFECT OF IMPURITIES ON RADTATION DAMAGE IN SILICON

The effect of impurities on the electrical properties of
semlconductor materials has long been known. It has been shown that
the response of semiconductor materials in the presence of a radiation
environment can be effected by the presence of elther deliberately
induced impurities or trace Impurities which do not normally affect
the material's characteristlics in the absence of a radiation environ-
ment. TFor example, a group of silicon solar cells produced from oxygen
free crystals exhibited a marked decrease in radiation sensitivity under
20 Mev proton bombardment.zo Further experiments, however, with oxy-
gen free silicon indicated that the observed decrease in radiation
sensitivity could not be attributed to the oxygen concentration but
rather to some other unidentified impurities present in that particular

crystal,

It can be expected, therefore, that through the controlled
use of impuritles the response of silicon to radiation can be either
reduced or enhanced, Particular identification of an impurity to reduce
the sensitivity of minority carrier lifetime to high energy radiation
has not yet been identified for silicon, Data have recently been pre-
sentele, however, which suggests an apparent decrease in sensitivity of
aluminum doped silicon. In order to obtain further information on the
radjation sensitivity of aluminum doped silicon, a series of experiments

were performed which are described in this section.

A. Experimental Techniques

In order to obtain an adequate measure of the sensitivity
of minority carrier lifetime to high energy radiation, K values are used
as an criterion of sensitivity. This technique is superior in the deter-
mination of absolute sensitivity than short circuit current since the
short circuit current of a silicon solar cell is a function of many things
which are not affected by radiation and can, therefore, induce considerable

random variations in the data. The techniques for obtaining K values
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have been previously describedl9 but will be reviewed briefly here., The

minority carrier diffusion length of irradiasted silicon can be expressed

as:
12 = 12 + K @& (4)
L L
o]
where L = the final minority diffusion length
Lo = the initial minority diffusion length
$ = the total integrated flux
K = the damage constant

The use of this equation requires that the defect introduction rate re-
main constant and that other characteristics of silicon which effect
minority carrier lifetime, such as resistivity, also remain constant.
If these conditions prevail, then a log-log plot of minority carrier
diffusion length versus integrated flux will have a slope of minus 0.5.
Under these conditions K is a constant and can be used as a measure of

the sensitivity of the materilal as expressed by:
K = (L2 §)'l, for L< <L (5)

It must be remembered that K is constant only if the slope of the
minority degradation characteristic is equal to a minus 0.5. In a
majority of the data obtained for K values the observed slopes will fit
a minus 0.5 slope within the statistical varilations of the data or
unless the total integrated flux becomes sufficiently high to effect
changes in the material resistivity. 1In some cases, significant de-
partures can be observed for specific groups of cells; however, such
departures are observed only occasionally and have never exceeded a
slope of 0.4, The I-V characteristics for the cells were measured with
the 28000K tungsten 1light table which was described in Section III-A.
From these I-V characteristics degradation of short circuit current was

also obtained for comparison with K values.

The test speclmens consisted of two separate lots of

silicon solar cells furnished by Texas Instruments. Each lot was broken
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up into five cells of four different types of base material described

as follows:

Group 1 (5 cells)
lx 2 cm, 5 grid, 15 mil thick blanks, pulled
crystal boron doped, Ti-Ag contacts, 1.5 - 3.0

ohm-cm base resistivity.

Group 2 (5 cells)

Same as above, except 10 - 12 ohm cm base

resistivity.

Group 3 (5 cells)

Same as above, except Aluminum doped crystal

and 1.5 - 3.0 ohm cm base resistivity.

Group 4 (5 cells)

Same as Group 3, except 10 - 12 ohm cm base

resistivity.

The two lots were obtailned at different times and hence will reflect
any changes in sensitivity due to time dependent variations in menufac-

turers production lines techniques.
B. Results

After receipt of the first lot of cells the irradiations
were initiated on four specimens from each group maintaining one cell as
a control. After a total dose of 2 x lOll'L e/cmz an equipment malfunction
in the electron beam dosimetry electronics was detected. This fallure
invalidated all the data acquired to that point. At this time, the second
lot of cells was requested and furnished by Texas Instruments. Upon
receipt of the second lot of cells, the test was reinitiated using all
of the cells from the second lot and the control cell from the first lot.
In addition, the remailning cells from the first lot which had already
received 2 x 10llL e/cm? were 1rradiated to an integrated flux 2 x 1015
e/cm2 at which point the effect of the initial tests would be negligible

in the analysis,
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The degradation of short cilrcuit current for the 1 ohm-cm cells
is shown in Figure 18. The data indicates that in the second lot of cells
the aluminum doped silicon is approximately a factor of 2 better than the
boron doped cells, whereas, in the first lot the aluminum doped cells did
not exhibit as strong a difference In response., The 1 ohm-cm boron doped
cells for the two lots are practically identical. 1In Figure 19 the de-
gradation in minority carrier diffusion length is shown as a function of
integrated flux. As evidenced in Figure 19 the aluminum doped cells
exhibited a somewhat better resistance than did the boron doped cells for
the second lot; however, the first lot indicated exactly the reverse, in
that the boron doped cells were almost a factor of 2 better than the
aluminum doped cells., K values obtained from the data shown in Figure 19
are presented in Table 2, As shown in Table 2, the K values indicate that
the lot one aluminum doped and lot two boron doped 1 ohm-cm cells are
similar and superior to the lot one boron doped and lot two aluminum doped
cells, There does not appear, therefore, to be any significant difference
between the aluminum doped and the boron doped cells., The actual K values
obtained are in good agreement with data previously obtained and reported
by ourselve522 and RCA;7. It is pointed out that the diffusion length data
indicates & straight line degradation characteristic as expected with slopes
exhibiting a good fit to & minus 0.5 although significant deviatlion from
this slope did appear to occur in the case of the second lot 1 ochm-cm

aluminum doped cells,

Short circuit current degradation of the 10 ohm-cm cells is
summarized in Figure 20. The second lot aluminum doped 10 ohm-cm cells
were the most superior as was the case in the previously described 1 ohm-cm
aluminum doped case, On the other hand, examination of the first lot data
indicates that in terms of short circuilt current degradation, the boron
doped cells of the first lot were actually superior to the aluminum doped
cells, Examination of the diffusion length degradation characteristics
shown in Figure 21 indicate that only the second lot boron doped 10 ohm-
cm cells were different than and slightly inferior to the remaining other
three types tested. As shown in Table 2, the 10 ohm-cm boron doped cells
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TABLE II

K Values for Aluminum and Boron Doped Silicon

1l ohm-cnm 1 chm-cm 10 ohm-cm 10 ohm-cm
Aluminum doped Boron doped Aluminum doped Boron doped
Lot 1.7 - 2.5 x 10~2° 1.0 -~ 1.k x 1077 5.7 - 6.9 x 107+ 4.7 - 5.2 x 10
Lot 1.2 - 1.6 x 10°1° 1.8 - 2.3 x 10740 h,7 - 6.3 x 1071 8.2 - 10 x 101
- -11
STL22 ----- 1.5 - 2.5 x 10 0o 7-9x 10
peal” | e 1.2 - 1.7 x 1070 8-9x10 7- 10 x 107+
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of the second lot exhibited K values similar to those previously reported;
whereas both aluminum doped lots and the boron doped cells of lot number
one were superior by almost a factor of 2, As in the case of the 1 ohm
cm cells there is no significant difference in K values wkich can be

attributed to a dependence on dopant.
C. Conclusions

A totel of 40 n on p silicon solar cells of 1 and 10 ohm-cm
boron and aluminum doped base material were irradiated with 1 Mev elect-
rons, Comparison of K values indicates that there is no significant
difference in the radiation sensitivity between aluminum doped silicon and
boron doped silicon. The only significant difference observed was the
expected decrease in sensitivity of the 10 ohm-cm cells relative to the
1 ohm-cm cells, Significant variations were observed as a function of
lot number indicating that minor differences in radiation sensitivity in
otherwlse alike test specimens are introduced in the manufacture of the
devices due to elther slight differences in fabricatlon techniques or
differences in the actual trace impurity concentrations of the material

used for the specimens.
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V. SUMMARY

The results of the energy level studies reported in Section II
indicate that the electron energy dependence of n on D solar cell damage is
similar to that found for the production of the Ev + 0.3 ev energy level.
Although the data suggests a relationship, it is not conclusive. The posi-
tive identificatlon of the recombination centers for electron damaged solar
cells requires a definitive experiment which ylelds direct information about
the controlling defects. As previously mentioned, many attempts have been
made to solve this problem, The suggested solutions are not consistent with
each other or other known facts. It remains for a consistent analysis of
recombination centers in electron irradiated silicon to be made. Theoretical
models for this analysis are available. The problems are largely experimental.
The minority carrier lifetimes lnvolved impose difficult electronic problems
in measurement. There are many approaches and variations for this type of
experiment; however, the proposed defect models must explain the known
degradation patterns in solar cells. There are two aspects of basic problem.
The first is to identify the recombination centers. This includes the
determination of the various Hall, Shockley-Read parameters. The second
phase of the problem 1s to determine the physical nature of the recombination
centers. Work to ldentify the centers is limited to investigation of minority
carrier lifetime or diffusion length as functions of temperature or majority
carrier concentration. The experimental problems involved in such investi-
gations must be solved in such a way to yleld reproducable results which can
be confirmed by an independent method. After the recombination center is
identified, techniques such as Hell coefficient, ESR, infrared absorption, and
photoconductivity may be used to determine nature of the defect.

The data presented in Section III clearly illustrate the ex-
treme sensitivity of silicon solar cells to low energy protons. Although
the data may suffer shortcomings in the quantitative details of absolute
sensitivities due to the compromised proton being used 1n these experiments,
the data qualitatively proves that, at low proton energies, the degradation

rates all increase sharply over those observed for more penetrating radiation,
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There appears to be a distinet peak in the sensitivity versus energy
relationship which lies somewhere between 2 and 6 Mev. Inasmuch as the
experiments reported here covered only energies from 0.2 Mev to 1.9 Mev,
comparison of these data with previous experiments reported earlier at
proton energies down to 6.7 Mev indilcete that this peak sensitivity in
absolute power output degradation must lie somewhere between 2 and 6 Mev
and most probably close to 2 Mev., Based on this information, then, it
is evident that further data on low energy proton degradation in the
energy region from about 2 Mev to 6 Mev is needed to complete the
picture concerning the proton energy dependence of silicon solar cell

degradation,

In Section IV, the results of an experiment to determine the
effect of alumlnum versus boron dopant on the radiation sensitivity of p-
type silicon to 1 Mev electron radiation was presented. Analysis of the
datea based on K values indicates that sluminum and boron doped p-type
silicon do not exhibit any marked differences in thelr radiation sensitivities.
Since over 40 different specimens of 4 distinctly different combinations of
resistivity and dopant material were tested, the results can be considered
statistically significant, It was also observed that wider variances in
radiation sensitivity occurred between supposedly alike specimens fabri-
cated at different times than differences observed that could be attributed
to variation of dopant material, It is not clear at this writing which
direction future efforts on the effect of impurities in silicon should take.
Others in the field are currently conducting similar programs with a wide
range of dopant materials, Hopefully, when these programs are completed
and reported, an analysls of all the current data to date will indicate
a reasonable and logical approach to the continuation of efforts in this

particular area,
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