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SUMMARY

A simple model is derived for the radiation damage of shallow-junction gallium
arsenide (GaAs) solar cells. Reasonable agreement is found between the model and
specific experimental studies of radiation effects with electron and proton bheams.

In particular, the extreme sensitivity of the cell to protons stopping near the cell
junction is predicted by the model. The 1-MeV electron equivalent-fluence ratio is
dependent on proton energy and fluence level for monoenergetic proton beams. Angular
factors are quite important in establishing the cell sensitivity to incident particle
types and energies. A fluence of isotropic~incidence 1-MeV electrons (assuming
infinite backing) is equivalent to four times the fluence of normal-incidence 1-MeV
electrons. Spectral factors common to the space radiations are considered, and
cover-glass thickness required to minimize the initial damage for a typical cell
configuration is calculated. Rough equivalence between the geosynchronous environ-
ment and an equivalent 1-MeV electron fluence (normal incidence) is established.

INTRODUCTION

Gallium arsenide (GaAs) solar cells have received considerable attention because
of their potential usefulness in high-power space-energy systems as well as special
space~probe applications where high operating temperature is a limiting factor for
silicon solar cells (ref. 1). However, space radiation damage to the GaAs cell may
be a limiting factor in Farth orbit above 2000 km and on interplanetary missions
unless sufficient shielding is provided to keep damage levels within acceptable
limits. Consequently, radiation damage studies have been made (refs. 2 to 10) on the
effects of proton and electron irradiation, including defect characterization and
annealing. Since damage effects are not generally additive, the combined effects of
electron and proton exposure, as well as angular and spectral factors, are not known
from the available experimental data base (refs. 2, 5, and 6). To determine design
parameters for a specific space environment, extensive laboratory testing or a model
of the effects of the specific radiation components on the cell performance is
required. Within the context of a detailed model, the question of additivity of
specific radiation components can be adequately understood, and the cell performance
can be evaluated under appropriate space environmental conditions.

Farlier models for electron radiation damage assumed the defects to be produced
uniformly throughout the cell volume and modeled the cell performance in terms of
cell-averaged diffusion lengths of the minority carriers (refs. 2 to 4). However,
for low-energy protons, defects are not produced uniformly throughout the cell vol-
ume, Thus, there is a specific dependence of cell efficiency on proton energy.
Consequently, the present report treats the geometric distribution of the displace-
ment damage in detail, and cell performance is evaluated in terms of the cell-
averaged minority-carrier recombination probability in diffusion to the cell junc-
tion. The average of the minority recomhination probability over the cell active
region weighted according to the solar-averaged photoabsorption rate is used to esti-
mate the decrement in the short-circuit current.



PROTON DEFECT FORMATION

Atomic displacements caused by proton impact with atomic nuclei result in crys-
tal defects as illustrated in fiqure 1. The formation rate of these defects is
related to Rutherford's cross section (ref. 11):

2
4n a _E_Z
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where a, is Bohr's radius, Ep is Rydberg's constant, 2, 1is the atomic number of
the struck nucleus, M, is the corresponding nuclear mass number, E 1is the proton
kinetic energqgy, Tp is the energy required to displace the nucleus from its lattice

site, and T, is the maximum energy transfer in the collision. Tn is given by

aM
P =—2 g (2)

m 2
(1 + M2)

The displacement cross section and average energy transfer for protons in GaAs with
Zo = 32 and My, = 72.5 are shown in fiqures 2 and 3. The threshold for displace-
ment requires that Ty > Tp. The fact that Tp ~ 9.5 eV (ref. 12) insures that only
close collisions result in displacement, so that screening corrections to the
Rutherford formula are unimportant (ref. 11). If the atomic recoil enerqgy is suffi-
ciently large (T >> Tp), additional displacements can be produced by the recoiling
nucleus before coming to rest at an interstitial site. The average number of recoil
displacements produced by one initiating proton collision event is given as a func-
tion of the maximum energy transfer by
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with the assumption that half the recoil energy produces further displacements and
the other half is dissipated in other processes (ref. 11). These quantities allow
the calculation of the number of displacements produced per unit distance traveled by
a proton of fixed energy.

In passing through a crystal, most of the energy of a proton is transferred to
orbital electrons (ref. 13). The path length traveled in coming to rest is found by
fitting the data of Andersen and Ziegler (ref. 13) as

P(E) = 0.077E*> + 1.125 x 10 %g' *64 (4)



where E is in keV and P(E) is in pm. BAs derived from the slowing-down theory, a
unique value of kinetic energy can be associated with each position along the tra-
jectory of a proton. The proton energy as a function of the distance p yet to be
traveled before coming to rest is given by

E = (209.6p2+08) /(1 + 1.055p1+43) (5)

as determined by integrating the stopping-power data of Andersen and Ziegler

(ref. 13). 1In the process of coming to rest, the proton undergoes multiple
scatterings from atomic nuclei, of which a few result in displacements. This process
alters ever so slightly the direction of motion of the proton. The depth of
penetration R(E) and path length P(E) are approximately related (ref. 13) by

P(E)~TR(E) = [1 - exp(-0,084E0.55)] (6)

This ratio is related to the average deviation in the direction of motion and is most
important at low energies. The average depth of penetration and initial energy as
related through equations (4) and (6) can be approximated by

R(E) = 0.0062E + 2.92 x 10-5g1.77 )

There is no unique energy associated with a given depth of penetration due to multi-
ple scattering. However, the average energy of protons which penetrate and stop at a
depth x is

E = 593x1+5/(x + 3.71x0.5) (8)
The preceding quantities were used to determine the displacement density within a

GaAs crystal.

A proton of energy Eo incident on the face of the crystal travels a distance

L]
i

P(E.) (9)
before coming to rest. After traveling a distance p the energy will be reduced to

E = [209.6(P_ - p)2:081/11 + 1.055(p_ - p)1-43] (10)
At this position p, the displacement mean free path is

1
RD(E) = ;'GD(E) (11)



where n 1is the density of scattering centers in the crystal (4.42 x 1O1o/pm3),
and cD(E) is the displacement cross section averaged for GaAs (M2 = 72.5 and

Z9 = 32). The average number of displacements per unit path length is
E,D(E) = vD(E)/xD(E) (12)

The use of equations (10) and (12) allows appropriate partitioning of the proton
enerqgy into electronic excitation and displacements everywhere along its path.

The number of displacements along the proton path is related to the displacement

damage in the crystal, For normal incident protons of energy E. on the face of a
crystal, the number of displacements along its path is given by equations (10)
and (12). However, by the time its energy is reduced to E, it has penetrated to an

average depth x given by
X = R(EO) - R(E) (13)

The path length and penetration depth are related to the average direction cosine
{(ref. 14) and are approximated here by solving the eqguation Q(E) = dP(E)/dR(E)
using equations (4) and (6). In terms of E(E), the average number of displacements
per unit depth is

dD(E)

= R(E) E (E) (14)

where x 1is found from equation (13)., The effects of multiple scattering are demon-
strated in fiqure 4. The results of equation (14) for the average proton path due to
multiple scattering (solid line) are compared with calculations neglecting multiple
scattering {(dashed line) according to equation (12). The difference between the two
curves is a measure of the fluctuations caused by multiple scattering.

The total number of displacements formed along the path of a proton with initial
energy Ej is

E
(o]
dr(E)
D(EO)=JC; aD(E) am dE (15)



The numerical evaluation of equation (15) as shown in figure 5 is approximated by

(
0 (E < 0.64) )
(o]
0.016
D(E ) = <12.4 + 350.4 (1 - 0.8236 E ) log, (E) (0.64 < E_ < 20) ? (16)
o o 10 "o [o}
47.83 + 20.48 (1 + 3.246 x 10 S " 2"y 1 (E) (20 )
27 + 20. + 3. 1 E, 09, (B, <Eo)

where the effective threshold displacement energy for the proton is 0.64 keV, Fqua-
tion (15) was also evaluated using the displacement theory of Lindhard, Scharff, and
Schiott (LSS) as discussed in reference 15. The numerical values of the LSS theory

and the present results are in good agreement, (See ref, 9,)

ELECTRON DEFECT FORMATION

One of the significant differences between proton and electron interaction is
that relativistic effects must be included in the electron interaction., The Mott-
McKinley~-Feshbach (refs. 16 and 17) relativistic electron scattering cross section
leads to the expression

2 2
do = 'nrzz2 S T —-Q— + MafT T_3 __Eﬁﬁ aT (17)
c 2 B4 T2 T m T

where T 1is the energy transferred in the collision, L is the classical electron
radius, Zo is the atomic number of the target atom, B 1is the ratio of the elec-
tron velocity to the speed of light, and « eguals 22/137. Integration yields the
displacement cross section shown in figure 2 and given by

2\|T T T T
2.2(1 -8 2
o (E) = 12, L B 1og'—E + ZnaB'—m - - maf log-—E (18)
D 27c 4 T T T T
B D D D D
where the maximum energy transfer is
2E 2
T, = 5 (E + 2mc ) (19)
M2c

and M, is the mass of the atom, m is the mass of the electron, Tj is the dis-
placement threshold, and c¢ 1is the velocity of light. 1In a collision between an
electron of energy E and an atom, the atom acquires an energy in excess of TD for
cross section ob(E).



A requirement for displacement of a nucleus is that T > T.. fThe value of Tp
used in deriving this model is 9.5 eV (ref, 12)., The average energy transfer during
a collision is

] J‘Tm do‘D(E)
T(E) = —— T™(E) ——— 4T
cD(E) . ar

D
Tm 2

T, log\z—) - (T - TD) + 21:05;3(21'm - TmTD) - naB(Tm - 'I‘D)
2 S (20)

T 2 | Tm‘ Tm Tm
m

T -1 - 8 log<5~ + 2naf T - ) - maf log-ﬁ—>
D D D D

Figure 3 illustrates the dependence on electron energy of the average energy transfer
between an electron of initial energy E and a gallium or arsenic atom. If the
energy transfer T(E) >> Ty, additional atomic displacements can be produced by the
initial recoiling nucleus before it comes to rest at an interstitial or replacement
site. The average number of recoils caused by one electron colliding with an atom is
given as a function of the average energy transfer by

1 (TD < T(E) < 2TD)

v (21)

1 + = (T(E) > 2TD)

assuning half the recoil energy produces further displacements and assuming the other
half is dissipated in other processes,

The displacement mean free path is
L (E) = 1/no (E 22
D( ) / GD( ) (22)

where n 1is the density of scattering centers in the crystal (4.42 x 1022/cm3)
and Ob(E) is the displacement cross-section average for Gals (M2 = 72,5 and



Z9 = 32). The average number of displacements per unit path length produced by an
electron of initial energy E is

E(E) = V. (E)/2 (B) = n v (E) o (E)
n oD(E) (TD < T(E) < ZTD)
- (23)
n o (E) +—2Tn—D oy (B) ) T(E) (T(E) > 2T))

The total number of displacements produced along the path of an electron of initial
energy Eg is

E E -
o gD(E) o v(E) TD(E)
D(Eo) = 5(E) dE = n ___ETEY—__-dE (24)
0 0
where
0.381EO'084 (260 < E < 1000 kev)
S(E) = (25)
0.623 + 4.25 x 10—5E (1000 £ E € 10 000 kev)

is the stopping-power formula (keV/um) determined from data in reference 18, Numer-
ical evaluation of the displacement integral can be approximated by

0 (E < 260 keV)
D(E) =
- -3
-3.6 + 3.32 x 10 3E + 3.58 exp(-1.094 x 10 "E) (260 < E < 10 000 keV)

(26)

Figure 5 illustrates the dependence of atomic displacements in GaAs on initial elec-
tron energy as found from evaluation of equation (24).

In passing through the crystal, the electron is slowed down as it interacts with
orbital electrons and atomic nuclei. Using data from reference 18, the range of the
electron in GaAs as a function of initial electron energy E is given by

R(E) = 0.4027e1+16 _ 5,95 x 10-5g2 (27)



where R(E) is in pym and E is in keV. The effects of multiple scattering are
neglected in this formula for R(E) because multiple scattering of electrons is
relatively unimportant in the thin GaAs cells treated herein.

From the same data used in determining the range formula, a formula for the
average energy of an electron that penetrates to a depth R and stops is

E = 2.217R086 4 (2,25 x 1075)r2 (28)

After penetrating to a depth of x within the crystal, the electron energy is given

by
E_(x) = 2.217(R - x)0.86 4+ 2,25 x 10'5(Ro - x)2 (29)

The effect of these radiation-induced defects on cell performance is discussed in the
section which follows.

MINORITY-CARRIER RECOMBINATION

It is assumed that these radiation-induced displacements within the crystal form
recombination centers for the minority carriers of the electron-hole pairs produced
by photon absorption, A minority carrier, once formed, undergoes thermal diffusion
until it is trapped and recombines or is separated at the junction., The root-mean-
square distance traveled in moving to a position a distance I away from the source

point is (ref. 19)

r=\6rL (30)

If o, is the recombination cross section and 1L is the distance along an arbitrary
straight line path to the junction, the fractional loss of pairs due to recombination
in reaching the junction along a fixed direction is

\

-
I~ ax
- exp|- o, D (x) {E% (x > x,)
f(p) - (31)
F X
- exp|- ’ o, D (x) JE-%§ (x < xj)
L
. y



where  1is the cosine of the direction to the junction, and D,(x) is the dis-
placement density. Averaging the fractional loss over all directions toward the
junction

F(x) = f(p) dp (32)
o}
results in
5
F(x) =1 - E2 Jg-or Dv(x) dx (33)
x

where summations over all spectral and angular components are implied. Note that
E2(Z) is the exponential integral of order 2.

The photoabsorption rate density at a depth x within the cell for the solar
spectrum is

p(x) = Ky exp(-vx) (34)

where K 1is the integrated flux in the absorption band, and ¥ is the photoabsorp-
tion coefficient averaged over the solar spectrum (y = 1.4 um~'), The rate at which
the photocurrent is collected under short-circuit conditions is

Isc’o = nc(x) p(x) dx (35)

where nc(x) is the normal or pre-irradiated collection efficiency, and t is the
depth of the active region. The normal collection efficiency is known in terms of
diffusion lengths, lifetimes, and surface recombination rates of the minority
carriers; electric fields; and cell dimensions (ref. 20).

To derive a simple expression for the short-circuit current in an irradiated
cell, the following simplifying assumptions are made. First, it is assumed that the
radiation-induced defects do not greatly alter the internal-cell electric fields. It
is further assumed that the radiation defects mainly alter the cell operation through
change in the minority-carrier lifetime in the bulk. Surface recombination plays
only a secondary role for heteroface cells. (See refs. 2 and 3.) Viewing nc(x) as
a probability of current collection of an electron-hole pair produced at x, it is
further assumed that the normal collection efficiency and the recombination



probability with radiation defects are statistically independent. This independence,
which allows the post-irradiation short—circuit current to be written as

I, = nc(x)[1 - F(x)] p(x) ax (36)

for which the fractional remaining current is

t t

Isc/Isc,o =1 - nc(x) F(x) p(x) adx nc(x) p(x) ax (37)

For a well-designed high-collection-efficiency solar cell, n (x) is nearly spa-
tially independent over the cell active volume, so that furth8r simplification
results in

Isc/Isc,o s 1 - F(x) p(x) dx p(x) dx (38)

which is used throughout the remainder of the present work.
EVALUATION OF DEFECT SPATIAL DISTRIBUTION
Central to the calculation of radiation effects as outlined in the preceding

section is evaluation of the integral of the defect volume density. This integral is
related to a cumulative defect function by

D (x) = D (x') dx’ (39)
c v

This quantity may be evaluated for a fluence ¢(EO) of normally incident particles
of energy E,. This is accomplished by simply calculating the particle residual
energy Eo(x) after penetrating to a depth x and noting that

D_(x) = {D(Eo) - D[Eo<x)]} (% ) (40)
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Since E (x) 1is the residual-energy function for normal incidence, the corresponding
result for obligque incidence is

Dc(x) = {D(Eo) - D[Eo(x/cos 0)]} ¢(EO) (41)

where 6 1is the angle of incidence to the normal of the surface. Generalizing for a
spectrum of particles and isotropic incidence,

© 1
D_(x) = 2'n:f dE_ f d(cos 8){D(E ) - D[E_ (x/cos 8)]} ¢(E)) (42)
0 0

where 4n¢(Eo) is the omnidirectional differential fluence spectrum.

COMPARISON WITH EXPERIMENT

The geometry of the solar cells used in experimental tests (refs. 5 and 6) is
shown in figqure 6., The changes in the cell current collection efficiency as given by
equation (38) were evaluated numerically and are shown in figure 7 for the solar-cell
parameters shown in figure 6. Since the protons follow neither the trajectory of the
average proton nor the trajectory in which multiple scattering is neglected (fig. 4),
improvements were made by including the effects of multiple scattering. These
effects were estimated by averaging with equal weight the cell damage for the two
functions shown in figure 4, in which some effects of deviations about the average
trajectory are included. It is clear that an understanding of the low-energy experi-
mental data requires detailed modeling of multiple scattering effects. The window
thickness parameters which varied from cell to cell in experimental tests (refs. 5
and 6), were assumed to be governed by a uniform distribution in the present calcula-
tions. The model results averaged over the window thickness are compared with short-
circuit current measurements (refs. 5 and 6) of irradiated cells shown in figure 7.
Te best value of recombination cross section is

a. = 6 x 10—14 cm2 (43)

which is in fair agreement with the estimated average cross section
(cr ~ 1.06 x 10”13 cm2) determined from deep-level transient spectroscopy {(ref. 7).
The fractional short-circuit current remaining after 1 MeV of electron irradia-

tion is shown as a function of electron fluence in figure 8. The recombination cross
section was

o, = 4 x 10714 cn? (44)

1



and calculations were made for two junction depths, namely 0.5 pym and 0.8 pm. Also
shown in figure 8 are corresponding experimental data of references 3 and 21. The
reasonable consistency of the theory for vastly different particle types is
gratifying,

EQUIVALENT ELECTRON-FLUENCE CONCEPT

It is customary in protection from mixed-radiation environments to develop con-
cepts under which effects of radiations of different quality may be combined to
ascertain the total effect on device performance. From an electronic-device stand-
point, the equivalent-electron fluence is usually employed as the combinational rule.
The equivalent electron fluence is defined as that fluence of electrons of fixed
energy (usually 1 MeV) which produces the same effect on the device performance as a
particle fluence of a particular type, energy, and fluence level. The fluence of

electrons b equivalent to a fluence of protons QP(EP) of energy EP is given by

R =
p[¢p(Ep)] Re(¢e) (45)

where R and R are the device response functions for proton and electron damage
(ref. 22). If equation (45) is satisfied, the equivalent-fluence ratio may be
defined as

() = (E) 46
Tt P ¢e/¢p P (46)

and the main usefulness of the concept requires that re(E ) not depend on the mag-
nitude of ¢ (E_.). The equivalence for solar cells is usually related through the
minority-carrier diffusion length for which the equivalent-fluence ratio is expressed
as the ratio of the damage coefficients (refs, 10 and 22). The combined effects of
electron and proton exposure are then

R E = R + r (E E
tot[¢p< P),¢e] e[¢e £(B,) o P)] (47)
where ¢, and ¢ (E,) are the mixed environmental components. The strong energy
dependence of the response to protons arising from spatial nonuniformity in cell
damage brings into question the usefulness of the concept of equivalent electron
fluence (refs. 10 and 22).

The remaining short-circuit current for 0,4-pm window cells and 0,5-um junction
cells as a function of proton energy and fluence is shown in fiqure 9. The
equivalent-fluence ratio was calculated using equations (45) and (46) for 1-MeV
electron-fluence levels b = 1.7 x 1013 electrons/cmz, 6.8 X 1015 electrons/cmz, and
2.3 x 1018 electrons/cm2 at Ig./Ig = 0.8, 0.5, and 0.2 (as seen in fig. 8 for
the 0.5-um junction cell). The resufﬁ?ng values of rf(E ) are shown in figure 10
for each of the three fluence levels. For the equivalent=-fluence concept to be
useful, the three curves must coincide at all proton energies as they do above 500
keV. However, in the proton energy range 50 to 500 keV, where the cell is extremely
sensitive, the usefulness of equivalent electron fluence is generally limited by the
strong dependence of the equivalent-fluence ratio on the damage level. This has

12



important consequences in terms of radiation testing, since the mixed environment
generally must be simulated to insure a valid test unless the bivariate equivalent-
fluence ratio is adequately known. On the other hand, for a given (fixed) environ-
ment, test procedures could be established through the use of the present model, for
a given cell type. Thus, an "equivalent" electron fluence could be established in
the restricted sense of fixed environmental components.

ANGULAR ISOTROPY EFFECTS

The radiation in space can, for most practical purposes, be considered iso-
tropic, and most radiation models present the data as the omnidirectional fluence.,
Such angular factors generally have great importance in radiation protection problems
(ref. 10), and such effects within the context of this simple model are evaluated
here. The relationship between the defect density distribution within the cell and
cell performance having been established, the defect density is now evaluated for
isotropic-incidence monoenergetic protons by replacing ¢(E ) in equation (42) with
a 6~function. Results are shown in figure 11. Clearly, anaular isotropy effects
show no major differences in cell sensitivity at all energies and fluence levels,
although a general increase in radiation resistance at the lowest fluence levels is
apparent, However, at the high fluence levels, the sensitivity is increased in the
200-keV to 1-MeV region. At higher energies (E >> 1 MeV), angular factors are rela-
tively less important because of the high penetrating power of the protons.

In general, the angular factors are helpful if fluence levels are sufficiently
low that the reduced penetration of low-energy protons at oblique angles of incidence
serves to provide the cell with added protection. At high fluence levels and fixed
energy, the minority-carrier recombination rates near the end of the proton tra-
jectories tend to saturate for normal incidence, whereas isotropic incidence tends to
distribute these defects more uniformly over the cell. This uniform distribution
increases their effectiveness for cell damage, which in turn accounts for the
increas$g cell sensitivity for E > 200 keV (as shown in fig. 11 for
¢ =10 protons/cmz). T™e spectral characteristics for performance evaluation in
sgace applications must still be considered in the protection against space
radiation,

Solar-cell performance is likewise evaluated for isotropic-incidence 1-MeV elec-
trons. The results are shown in figure 12 as a function of omnidirectional fluence
level (0.5-pm junction depth and infinite backing is assumed). Comparison of fig-
ure 12 with figure 8 for normal incidence shows that an isotropically incident
electron is equivalent to four normal-incidence electrons. Clearly, isotropic
incidence is a most important factor for space radiation testing.

EFFECTS OF SPACE RADIATION ENVIRONMENT

Space missions to the fringes of the geomagnetic field and interplanetary mis-
sions experience the yearly solar-particle fluence during highly solar-active years
(ref, 23) on the order of

5 x 1014
5 x10 "

¢ (E ) B
p P D

(48)
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where E is in kev and ¢p is in protons/cmz. The remaining short-circuit current

calculated from equations (38) and (48) as a function of cover-glass thickness is
shown in figure 13, It is clear that an unshielded cell would not survive a major
solar event and requires a cover glass of about 25 um to insure performance levels to
within 90 percent of their initial value,

The protons (ref., 24) trapped at geosynchronous altitude (L = 6.6 Earth radii)
are well approximated by

4 expl-1.27 - 0.0072E  + é—“l (49)

1
(E ) = 2.5 x 10
?P p o

where ¢P is in protons/cmz—yr. The corresponding yearly electron fluence (ref. 25)

6, (E) = 4.5 x 10'? exp(-2.832 x 10"3Ee) (50)

in electrons/cmz—yr. The short-circuit current ratio is calculated for equivalent

1-, 5-, and 10-yr missions in the trapped environment with results shown in figure 14
as a function of cover-glass thickness. EBEquations (48) to (50) are integrated flux
and must be differentiated for use in equation (42). A 15-um glass cover is required
to stop the geosynchronous trapped protons. Cover-glass thickness beyond 15 um is
ineffective for protection against the electron environment. The effects of the
geosynchronous trapped environment are combined with a single large solar event in
figure 15 for 1-, 5-, and 10-yr missions. Little improvement in cell protection is
obtained by having a cover-glass thickness in excess of about 30 pm.

CONCLUDING REMARKS

A simple model for the short-circuit current reduction is derived and shown to
correlate well (to within 0.15 of the experimental short-—circuit current ratios) with
energy-dependent proton and 1-MeV electron damage experiments. The model utilizes
the defect density distribution within the cell, which is intimately related to the
exposure environment. By using the model, the short-circuit current reduction for a
broad range of environmental conditions may be estimated by calculating the cor-
responding defect density distribution. The model serves to bridge the gap between
limited laboratory testing and predicted response in the space environment,

The protection against the trapped geosynchronous environment provided by a
cover glass is of little use beyond =15 um, because the highly penetrating electrons
cannot be stopped except by very thick glass. If a large solar proton event occurs,
a total glass shield of ~30 pm must be provided.

Langley Research Center
National Aeronautics and Space Administration

Hampton, VA 23665
November 16, 1983
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D(E)

Dc(x)

D, (x)

E2(Z)

E (x)
£(

F(x)

P(E)

SYMBOLS
Bohr's radius, 5.29 x 10 > pum
velocity of light, cm/sec
total number of displacements per particle of energy E
real density of defects, pm—z
number of displacements per unit volume, pm-
particle energy, kev
initial particle energy, kev
exponential integral of order 2 with argument =z

Rydberg's constant, 13.6 eV

residual energy of particle of initial energy of E, after penetrating to
depth x, kev

efficiency function for diffusion to junction along direction defined
by u

efficiency function for diffusion from depth x to junction
short-circuit current, amps

total photon flux in photocell absorption band

displacement mean free path for particle of energy E, um
minority-carrier diffusion length, um

mass of electron

average mass of gallium and arsenic nucleus

nuclear density in GaAs crystal, “m_B
distance traveled along proton path, pm
path length of proton of energy E, um
initial particle penetration depth, pm

minority-carrier root-mean-square distance traveled before
recombination, pm

classical electron radius, m

equivalent-fluence ratio
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R(E) average projected range of a proton of energy E, um

R,

° penetration depth of a particle of initial energy Eqs um

Re(¢e) solar-cell response to electron fluence ¢
e
Rp(¢p) solar-cell response to proton fluence ¢P

solar—cell response to combined fluences of protons ¢p and

Rtot(¢p'¢e)
electrons ¢e

t depth of active region, um

T(E) energy transferred to struck nucleus, eV

Ty displacement damage threshold, ev

Tn maximum enerqgy transferred to struck nucleus, ev

X penetration depth into solar cell, um

X3 junction depth, pm

Z, average charge number of GaAs nucleus

o fine structure constant, 22/137

B ratio of particle velocity to velocity of light

Y photon absorption path length, um

nc(x) cell-charge collection efficiency for electron~hole pair produced at x
0 angle of incidence of particle, deg

u cosine of direction of diffusion in reaching junction

L(E) average direction cosine of scattered proton of energy E

VD(E) average number of displacements formed by one particle-scattering event
?;D(E) numbg{ of displacements per unit path length for particle of energy E,
p(x) cell collection efficiency for a normal unirradiated cell, pm_3

(o] nuclear scattering cross section, umz

cD(E) displacement cross section for particle of energy E, pmz

cr recombination cross section, umz

E) particle fluence at energy E,/ cm™ 2
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Subscripts:
e electron
P proton

A bar over a symbol denotes an

average.

Prime denotes variable of integration.
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Figure 1.- Defect formation by particulate radiation
in a binary crystal. Defects shown are replacements,
vacancies, and interstitials.
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Figure 2.- Displacement cross section for energetic protons and
electrons. 1 barn = 1 x 10°28 ¢p2,
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Figure 3.- Average energy transferred to
recoiling nucleus.
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Figure 4.- Displacement density for a single
proton path.
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Figure 5.- Total number of defects formed in bringing
a particle to rest in GaAs crystal.
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Fiqure 6.- GaAs solar-—cell structure used in present model.
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Figure 7.- Reduced short-circuit current for monoenergetic proton
exposure at three fluence levels.

— .5 uM OExp., ref. 21
—~~.8uMOExp., ref. 3

ol T T 1 N1
1012 1013 1014 1015 1016 1017

Electron fluence, electrons/cm?

Figure 8.- Reduced short-circuit current after
1 MeV of electron exposure for two junction
depths.
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cell with 0.5-pm junction depth with a 0.4-um
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Figure 11.- Reduced short-circuit current for isotropic incident
protons at three fluence levels.
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Figqure 13.- Reduced short-circuit current due to
a large solar event of a cell with a 0.5-um
junction depth with a 0.5-um Al1_xGaxAs window
as a function of cover-glass thickness.
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Figure 14.~ Reduced short—circuit current of a cell
with 0.5-um junction depth with a 0,5-um
A, _,Ga As window as a function of cover-glass
thickness in geosynchronous environment.
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Figure 15.~ Reduced short-circuit current of a cell with a
0.5-pm junction depth with a 0.5-um A21 xGa, As window
as a function of cover-glass thickness in combined
geosynchronous and solar cosmic-ray environment.
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