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INTRODUCT ION

~ This is the first quarterly report on a one year progrém to
provide computational methods for‘prediction of solar cell pexfor-
mance in a natural radiation environment. It covers work performed
during the period 1 June 1969, through 31 August 1969. A model,
permitting theoretical calculations for solar cell performancé
under such a mixed-fadiation environment, was previously prepared
under contract 952246 with the Jet Propulsion Lab&ratory, Pasadena,
Califérﬁia. That model, reported by Exotech on February 28, 1969,
«18 the fasis for the effort reborted herein. The successful
adaptation of such a model in a computerized version sensitive to
environmental parameters is clearly an invaluable aid in design,
selectidn,'and performance predictions'for individual’spacecraft

" power systems.

For readers unfamiliar with the frevious work, Section I
provides a brief synopsis and review of the maﬁhematical-terminology
1nfroddce4. Section II and III are teélly the substance of this
report;- they coh;ain the progress achieved in the past three months.
It ﬁill be obvious, on reading these sections, that portions of the
model have been adapted to a computer to permit the investigations
reported.. To indicate the extent of this adaptation, Section IV
presents the current status of thé program. Finally, conclusioﬁs

'regarding this work and observations df potentially fruitful areas

- H

~ for photovoltaic research are presented as Section V.

i



I. SUMMARY OF SOLAR CELL‘PERFORMAHCE

The photovoitaic effect at a silicon diode junction was dis-

(1)

coveted as eariy as 1941, but practical-silicon solar cells were
not available until 1954, These solar cells converted sunlight with
an efficiency around 6% and opened up the possibility of rugged,
long-lived, light pover sources for special applications. An interest-
ing review of early developments of the solar cell is given by

Crossley, Moel, and Wolf. (2)

-

Modern solar cells for spacecraft applications are typified by
Figure 1. The cell area may be from 1 x 2 cm to 3 x 3 cm, with a cell
thickness of 8-12 mils (dimensions are conventionally given in these
heterogenous units). A junction is formed about ‘0.5 micron (5 x lO-Scm)
below the sunward surface; this junction separates the thin "surface"
region of n-type silicon from the thicker "base" reglon of p-type v
silicon. For the sunward side, the electrical contact is in the form
of a bar along one edge and a number of thin grid lines extending from
it acxoss the surface. The dark side contact generally completely

masks the back surface of the cell.

- rid ' : - . .
_ coverslideu~—;74; d g‘%fﬁ? 8 —5fc}— Surface reglon (about 0.3 )
(about 6-12 mils) | . |
< 4 b | | l.—Base region (about .03 cm)
/ /”/.' . 1 l . .
.- 7 |
: v i '
. - X
: - \?7 , | ,
118 ~ i
810, TiAg Si
Figure 1. Exploded view of typical solar cell, with notation

as used in text,
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Illumination of this device results in the SunwardAsurface

© being a fraction of a volt positive with respect to the back surface.
A curreﬁt is thereby induced in an electrical connection between

the front bar and the back contacé This is not equal, however, to
the current generated by the sun (photovoltaic current), for some of
the photovoltaic current is returned through the solar cell itself,
in accordance with its diode preperty. This leads to the solar cell
equation, which principally states that the electrical current flow-.
ing from a solar cell equals the difference between the photovoltaic

current IL produced in it, and the diode current ID-lost in it.

The output of the solar cell depends on a large ﬁumber of in-
depeﬁdent factors, First, the intensity of sunlight and the angle of
incidence are imporfant A ce11 directly facing the sun receives- the

" maximum possible sunlight. If it deviates from this direction by an
angle 0, as shown in Figure 1, the radiant energy striking the cell is
reduced by the cosine of 8. As the angle increases, edge effects,
especiaily when a coverslide is used, make the reduction deviate
slightly from this law; and measurement must be relied on for each
specific geometry'when extreme accuracy is required for solar cells

“illuminated at large angles from the perpendicular.

The output of solar cells has frequently been characterized by
the short-circuit current I sc’ the open circuit voltage V o? and the
power and voltage of- the cell near its maximum power point While
- these parameters do characterize the electrical output, in the pre-
sent work more basic terms are used. These are the photovoltaic
current IL’ the diode parameters I0 and Vo’ and the internal series
resistance R. These four parameters are chosen since it is a more
straight-forward exercise to determine from semiconductor theory hoy,
they are affected by the environment and history of a solar cell. )
Neverless, both set of parameters are related, and knowing one set : -

permits a calculation of the other.

In this connection, it is helpful to note that Isc.nearly

Y

equals IL’ that R 1s generally less than 0.5 ohms, and that Vo is on



the order of 40 millivolts. An example of numerical values in

the solar cell equation is presented in section II.

Aside from the obvious factor of illumination, the other
factors affecting solar cell perférmance include its temperature T

and the fluence of atomic particles $ to which it has been exposed.

The fluence of natural radiétion in the space enviropment is
cbmposed of many species of atomic particles, but only protons and
electrons need to be considered for their damaging effects. To
determine the effects of this radlation on solar cells, it is
"necessary to (a) evaluate the proton and electron fluences as funct-
ions & (E) and & o(E) of energy, (b) evaluate and sum the damage
due to these fluences that occurs in the solar cell material, (c)
evaluate the changes in the solar cell electrical. characteristics as

functions of this damage.

The current'& at a voltage V across the solar cell may be
evaluated from'its radiation history, as described abo&e, and a
knowledge of its ‘construction, as indicated by Figure 1, the illumi-
ngtion,‘and the temperature. This is the task of our mathematical

model.



II. ANALYSIS OF MATHEMATICAL MODEL

A. Comparison with Recent Literature

A continuing gsearch of .the current literature is being
undertaken in order to determine the existence of possible variations
to the mathematical model we have adopted 3 for solar cell perfor-
mance. This search indicates that validity of the diode equation for

ailicon solar cell applications is being tested by several investigators

The current-voltage characteristic of the solar cell is assumed
9to be equivalent to that of a current source shunted by a diode, and
with a series resistance. The equation resulting from this assumpt- .
ion 1is the conventional "solar cell equation." We have developed
curve-fitting techniquesithat so-far have shown this equation to fit
- experimental curves with a high accuracy under all conditions of
illumination and radiation degradation Similar eucess has been
reported by Brown.( ) To demonstrate the accuracy possible with the
simple solar cell equation even for unconventional cell types, we

 present two curve fits in Figure 2 to lithium~doped solar cells,
Generally, our curve fits have been almost, but not quite, this

good.

' Theoretically, the solar cell equation appears to be a good
first approximation. This is borne out by its accuracy in fitting
'current-voltage=(1V)vmeasurements However, deviations of measure-~
nents from the equation have been reported. Wolf and Rauschenbach( )
have recommended that the current source be assumed to be shunted-by _“ '
two diodesvwith different characteristic voltages. The reviged J

solar cell equation, in our notation, would then take the form

(VHIR_) /Y . ORIV, -
[e A - lj - I [ . --IJ (1)

This has the immediate advantage of allowing two extra

parameters for curve fitting, and the disadvantage of relating these

n

parameters to the individual solar cell and its environment. The

rationale for the extra diode term must be developed if 1t 1s to be

adopted in a general mathematical model
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Schoffer and Beckman (7), studying the response of solar cells
to intense illumination, derived this model from theory. Much of the

series resistance Rs in the cell is due to the sheet resistance of the

-gurface layer, thfough which the current must flow from all points of

the junction area to reach to grid lines. With large currents, this

‘results in a appreciable voltage gradient on the junction area, with

IR drops ihbvoltage between points at the grid lines and.points far
from them. Thus, a distributed diode potential exists, and the two-

‘diode -model of Wolf and Rauschenbach can be considered as an approxi-

v

" mation to the distribution. Further, measurements of open circuit

voltage as a function of illumination plot as a slightly curved line
in a semilog plot; instead of a-straight line as predicted by the

gimple solar cell equation. This is interpreted as Indication that,

. with a change in-the IR drop along the surface, the voltaoe across

the diode changes, and the relative magnitudes of the two diode cur-

o

-rents shift.

' This last point is worthy of a more detailed'diecussion.
Consider a solar cell with negligible resistance R » which obeys

the simple solar cell equation. Then" IL equals Isc’ and

. ) V/VO : :
I= ISC—IO( e -1) . ®

This. tearranges to L oare1g eV/VO_i ) | |
sc o ' ' : (3)

Since V is typically about 50 m1111volts, when the voltage

. V is greater than 350 millivolts, ev/] is greater than 1096 and, to

better than 99. 97A accuracy,

Vv -
ISC I f Ioe ] ' . (4)
. For such a solar cell. This means that a ﬁlot of the logarithm
of (ISC—I) versus the voltage V, beyond the knee of the I-V curve

which generally occurs around 350 mv, shoul& be a'streight line
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Figure 3. A plot of the diode current‘(Isp - I) from data taken
with different light intensities.(s) The plots are straight
where the data obey a simple, registance-less solar cell equation.

Resigtance would make the lines concave upward. The observed

downward concavity suggest the exigtence of additional diode effects.



with slope determined by Vo and extrapolated intercept determined
by Io.

An attempt at such a result is shown in Figure 3. The lines,
drawn for different illumination intensities, are almost straight,
but not quite. It appears that when the diode current (IBC-? I) is
less than about 40 mv, the lines are parallel and straight, This
has the effect of making some solar cells deviate from simple diode

theory when the illumination is great, as was discussed.

'~ Whatever the reason, this indicates that the simple solar
,cell équation is only an approkimétion. Tﬁe model is inaccurate
when ihe diode current is large; 40 ma in a 2 cm2 cell appears to be
~ the borderline. |

It is not necessary to invdke distributed diodes to derive

(9)

.-a curvature Such as exhibited in Figure 3. Ladany has presented
an analysis of a one-~-dimensional diode, such as the solar cell,
which results in a forward characteristic reminiscent of that shown
in Figure 3. His analysis leads to an expression, however, that

does not require additional parameters to duplicate the characteristic.

B. Computation Techniques

The heart of the Exotech mathematical model is a difference
solution for the continuity equation. This allows a calculation of
the minority carrier profile across the cell for arbitrazz light

gpectrum and for nonuniform damage by radiation,

The difference technique employs a mesh interval h whose width
determines the convergence of the solution. It appears reasonable
to assume that the smaller h 1s near the junction, the better~defined
1s the profile there. Since the minority carrier distribution near‘.
the junction determines the photovoltaic current, it is desireable g
to calculate it as precisely as possible. To demonstrate this
cohveréence, we pregsent Figure 4 from earlier work., The figure
suggests that decreasing the mesh interval improves accuracy, to a
point where h is about a quarter df a micron. Whether there is an
optimum mesh interval, as suggested by the figure, must be determined

by morve detailed comparisons.
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Figure 4, Calcﬁlated values of shorf-circuit current density versus
‘ mesh interval h, for tliree cells with different base minority
carrier diffusion lengtﬁs L. )
. Small mesh 1ntervals such as thege are undesirable in terms of
computer time to solve the continuity equation.' If h is uniformly.
0.25 microns, croDsing the base region of a typicai lolmil cell would

require about 1000 intervals., Each iteration of the calculation would

have that many steps.

However, such precision is not necessary near the back of the
solar cell. Thé ideal scheme for émall mesh size near the junction,
yet reasonably rapid computer time, would therefore be use of a
formula by which a mesh intefvaivhk increases with distance x, from-’

k
the junction. We selected the formula

hy = kb : o (5)

If, then, the distance b is to be divided into n intervalu, the first
interval will have a width

10.



A=2b/n(a+1) - - (6)

‘and the last or nth interval will have width nA. As an example, with
only 50 intervals in a 10 mil distance, the first has a width 0.2

microns.

To u;ilize tﬁis-scheme, it is necessary to redexive the
difference equation for a mesh‘of variable width hk.' The first and .
second derivatives of the minority carrier concentration, designated :
n at the beginning of the kth interval, must be evaluated. "The

. approximate derivation we used is based on Figure 5.

hye b1 >

‘Flgure 5. Construction of variable mesh hk to approximate
.the curve n(x) at points o

Figure 5. Construction of variable mesh hk to approximate the curve

1

n(x) at points'hk.

AApproximating the curve n(x) by straight line ségments joining
points'nk and using the definitions of the derivative in calculus;;

we have

An N . / \ . ' I .
<"&)b=[_‘nk+1+'\——-——hk }("k+2"mk+1)'“kJ/2hk )
Pyt : .

11.



where b denotes where the first derivative is computed: this 1is at

Tt 1.

Precise calculation of the second derivative at o requires

more points than the three in the figure. This leads to difficulties

in the continuity equation. However, it can recalled that hk is

gangrally small 8o that the first derivative changes little within
each interval. From n, to tk+1 in the figure, the first derivative

is approximétely

(L) = men m (®
a. R

h .

and from i1 to ) the first derivative is ap?roximately

(=) e e

>

So that the second derivaﬁive at nk41 is approximately
2 C h4h ) n
n ) T I e T e T

52), - e

These expfessions for the first and second derivatives trans-

A

form the continuity equation into a differense equation, with vari-
able mesh size. After some routine shuffling, the terms can be

organized to yileld
nkle'[ hk + hk qE/kT 1

'-nk [ hk+1 (l-hqu/kT k-2h§ /LE ) J

'A{ 2hy hk;l Giey1/? ]

(10)

(11)

nog ( h (14h.qT/LT) + hk (1 (1- hqu/kT) ]

12.
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This replaces the earlier formulation of the difference equation

" to permit faster, more accurate calculation.

’

. C. Electron Shielding Calculation

' An elaborate curve fit was presented in the mathematical
model to relate the spectrum of electrons in the naturel environment
with the spectrum striking a'aolar cell that is covered by a fused
gilica coverélass. This fit hasvbeen programmed in the last quarter
and accurate calculation of the transmitted spectrum was found to

require an undesirably long and detailed calculation.

- The difficulty is in the shape of the spectrum formed when
monoenergetic electrons ere elowed down in a'coverglass._iA typical
spectrum, as seen in Figure 6, includes most of the transmitted
electrons in an almost monoenergetic peak. This peak decreases,
and the transmitted spectrum becomes flatter as the coverglass thick-

ness approaches the range of the incident electrons.

‘We found that the curve fit to the spectrum can not be integrated
by ordinary analytic techniques. This forced us to program the
computer to calculate points on the curve, and generate damage lntegrals

by a piecewise approximation

SKE> = %{ Re(Ey) B (B5 5 %) ' (12)
kT g | |

where Ke (Ei) is the electron damage coefficient for transmitted -
energy Ei and Qe (Ei . xk) is the flux, evaluated from the curve
fitted spectrum, of energy Ei due to monoenergetic electrons of

energy Eo slowing down through a shield of thickness x (The

K
notation here is unchanged from the previous report.)

Strictly speaking, Qe (E1 ’ Xk) should be a piecewise integration,

covering all of the spectrum in an energy interval about Ei.

13.



Differential fluence (relative units)

Energy (MeV)

Figure 6. The calculated spectrum of electrons which have penetraEed

0.055 gm/cm? of aluminum, due to 1 MeV electrons incident isotropically

over a hemiSpherea(lo) .

14,



If the spectrum were rgasonably'fla;, this could be'approximated by - .

calculating the energy-differential flux at energy E, and multiplying

i
it by the width of the interval. The peak in the spectrum makes this

an impractical approach.

<Our most recent programming has followed an idea previbusly -

presented.(ll) The redefined formula is

g

<k2> = éi i(e (B > %) 2 (B) | (13)

.where'Ei 18 now an energy of the incident, or natural environment,
electron spectrum and the electron damage coefficients are modified by
the shield thickness Xy - ‘ .
When the solar cell is covered with pd grams/cm2 of coverslide, h
the electron flux due to incident monoenergetic:electrons of energy E is
given by a spectrum, of energies less than E, dépendenéron the thickness
pd of shielding. This>spgctrum can then be wéighted by the damage
coefficient as a function of energy to obtain an effective damage
coefficient Ke(E » p1) for the shielded golar cell with e;ectrons of

energy E incident on the shield.

Several results of this calculation are shown in Figure 7, where

K
e

Figure 7. Effective damage
caeffigient.of electrons

as 'a function of coverslide

~ip
o

thickness (gms/cm®) and

incident energy

16"

grams/cm®

15.



the damage coefficient, per unit incident particle, appears to decreése_
exponentially (e-upd). When pd approaches the electron range, of course,
the proportion rapidly drops to zero.' Further, the fitting parameter i
appears to. have a simple dependence on energy. The slopes of the

curves are plotted, in Figure 8. versus incident particle energy. .

[ T rerrr 7 TV TTd ¥ '
Q

based on Ref. 12

v

U OO I B )

R

A 3 W

T 1T v 11

¢
g

Fitting constant p for coverslide gffecj:

0.1 ' ? t TSR D OO I I : 1 LV ISR J O I U IV S

Electron Energy (MeV)

Figure 8. Plot of negative'slopes‘of straight lines in Figure 7 versus
electron energy, compared with negative slopes that would yield data of

Ref.12 for solar cells shielded with a 0.3 gm/cm2 coverslide (See Eq. 4)

16.
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The results fit well to an analytical expression: -

K, (E,pd) = K (E,0) exp (-10pd/E'*%) (14)
where pd is the coverslide areél'density, in gm/cmz. The equation
14 18 obviously adaptable to the problem of determining the necessary
coverslide thickness for solar cells on a given mission. K is now
the effective damage coefficient, having been reduced in magnitude

by the presence of the coverslide.

We have compared our results with the early experimental work

1 (12). Uéiﬁg a beam at different angles on bare and

of Brown et a
variously-covered cells, they constructed the damage curves for n/p
solar cells for electron energies up to 3 MeV, and extrapolated to

7 MeV. Assuming that the damage is given by the data for bare cells
and the data for cells covered with 0.3 gm/cmz-coverslides,.and by

a éimple exponential exp (-ppd) at other thicknesses, we have computed
¥ as a function of énérgy. The energy dependence of the function p

is also shown in Figure 8. The dependence on E again indicates a
minus- 1.5 power 1aw} the magnitude of p is however, about 30% greater.
Paft bf this discrepancy may be due to the decrease in ionization

loss by electrons with higher atomic weight of the shield.

17.



III. PROTON DAMAGE STUDIES "~

A. Depth Dependence of K

Because’ a proton slows down as it travels to a stop in a
medium, its damage effectiveness increases. The result is that K may be
considered és é function of depth x into a solar cell such that the
change in diffusion length L varies with depth. The angular distribut-
ion about the normal to the surface describing the incident proton flux
affects this distribution. As an example of the magnitude of the
variation with depth, consider the case where the incident flux 1is

"isotropic and the variation of K with energy E 1s simple Ko/E where Ko
is the damage coefficient for 1 MeV protons.

Let b equal the cosine of angle © of incidence, as shown in
Figure 9. The energy of a proton in its travel can be determined from
the range ROE: of }he-prqton. 34 integratién over all possible
angles of incidence, the express-

v ~ {on for K is obtained.

. :e . i . 1 )
R , ' K _ :
) _ K(x) = 2m = 1 du (15)
\// - l ; ( " b LEH - ..x ] a
R o ° R [
Figure 9. Broton'stopping.in . where uo is the cosine of the maximum
solar cell S angle of incidence through which a

proton of energy E0 can penetrate to
the depth x.

~The expression 27 represents integration over the'azimuthal anglé, and

the incident proton flux is normalized to (1/47) protons per steradian.

With the substitution

-2 | (16)

= =2 | L_~.JEZ__;__ 17
K(X) = 2Ro & l/n [Fn _ Z]z . . ) ,,( )
o "o

18,
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-Even with the simplifications presented_so far, this integral is
formidable. With n equal to about 1.75, 1/n equals 0.57. As an
approximation, let 1/n equal 0.5. Theén a closed form solution is

obtained: .
' ‘ 5
. K 3 1+ (1 - 3‘.) '
K(x) = 5> A -®T 4+ xR/ - (18)
2 E R - R 1- (1 - x5
' : : R/
where R is the initial range of the protons.
‘ The various parts of the expression may be interpreted. The

expression K /E represents the damage coefficient of the incident pro-
tons. The factor 1/2 represents the shielding of the back hemisphere

by the cell. The expression in brackets represents both the reduction )
in number of the protons with depth x and the increasing damage of the
remaining protons as their energy drops. This expression 1s.plotted in
Figure 10. It can be seen that the drop in energy at first enhances the
damage, but the drop in number eventually takesoner and reduces the
damage until it vanishes at the point where depth x equals proton range R,
This is quite different from the damage profile of monoenergetic protons
entering the solar cell in a parallel beam The damage 1s "smeared"

for the isotropic incidence; it is "peaked" as suggested by the

familiar Bragg curve, for the parallel beam.

B. Model Predictions

A major'outstanding probiem in the predictioﬁ of radiation
-effects to solar cells is the calculation of damage from‘protons that
do.not completely penetrate the crystal. . The model developed under
Contract 952246 provided an original method for calculation of the
- effects of nonuniform damage in solar cells, such as generated by low
venergy protons. Thus, these proton damage relationships could be
evaluated for the first time in depth. Previous work hes been based

on "equivalance" or "effective' measured parameters.

19.
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depth/proton range

'Figurell. The damage due to unit isotropic fluence, normalized
to the surface damage due to a unit parallel-beam fluencé of protons.
Plotted. as a function of depth of penetration into the solar cell, with

the depth normalized to the proton range (Approximate, from Eq. 18)
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As a first posgsibility, it might be poésible that our value of
thé damage.coefficient is too high. The measurement of proton damage
coefficients is ‘obviously difficult, iﬁ_ﬁiew of the rapid-change of
protoﬁ enefgy even in 8 small silicon crystal. Further, the c6e~
fficient will depend oﬁ crystal resistivity, type of dopant, and even
température during bombardment.A These ‘dependences are poofiy understood
and no simple formulas exist to represent‘them. Thus, K could easily
-have been overestimated. If,,for example, it were a féctor of'3 lower

than assumed, then the model would estimate a given decrease in I

after.one-third of the proton fluence actually reduired.

It is a simple matter to check such a possibility. Figﬁre 11
includes a dashed line for the calculation where K is reduced, for all
proton energies, by a factor of 3. The alternate model generated in
this way approaches the measurement, but some further scaling of K will

show that a reasonably accurate fit is not possible from simple scaling.

. A sécond possibility that ﬁight'be considered here is interference
between defecgs‘gt the end of .the track of the proton. Each proton
prpducés about 5 x 165 di§p1acements/cm‘as»it is slowed down from an
energy of 10 keV to 1 keV. Conceivably, in a large fluéncé of protons,
many of the c;ilisions that occur could be with silicon atoms that
lhave already been displaced. Tﬁese can not be counted at additional
defects and therefore should not add to the damage. However, unde;ﬁ
- the assumption that all silicon atoms, whether diSplaéea or in lattice
positions, are equally likely to be struck by a proton, we calculate
that this interference should be significant when the proﬁon fluence is

of the order of 1017/cm2.

21,



As was showﬁ in the last section, the proton damage
coefficient can be computed as a function of depth into the solar
cell. The generalization of this calculation to the proton spect-
rum in space is obvious. When a coverslide is present, the para-
meter x in Eq. 17 must be measured from the front surface of the
coverslide. Taking these considerations into account in the model,
we compute the damage -and hence the values LK of the minority
‘carrier coefficient as a function of - depth in the cell. Eq. 11
can then be solved for the migority carrier concentration, and

"hence the current. In theory, this precise analysis is preferéble
over the practice of est1mat1ng an effective damage coeff1c1ent and

an effectlve L for the cell

With this detailed analysis, we still find in some cases that
-theory overestimétes the reduction in current, The experiment
compared with is an extreme one: monoenergetic protons were directed
perpendlcular to a solar cell. Thus, the damage is strongly peaked
near the end of the range of the protons, and LK has a strong dis-

conLinuity. The depth in the cell at which this occurs in about 3.3

microns. The results we have obtained are shown in Figure 11.
Several possibilities exist to explain why low energy protons are not

damaging as. predicted.

| 35 | ‘ -
; &g 25 L experiment . -
S
g -
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5 : ! : { _ C (
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Figure 11. Photovoltaic current versus 270 keV proton fluence.
The dashed line is based on the assumption that the damage coefficient

used is a factor of 3 too large.
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The deviation between ﬁheory and measurement occurs much lower,
éround fluences of the order 1012/cm2. However, the assumption made
may be in-error; the displaced silicon atoms. could be more likely to
be struck than are the lattice atoms. :This would be a channeling
effect, whereby lattice atoms, particularily those at the end of the
proton track, shadow eaéh other to reduce a collision probability.

This needs a more detailed theoretical investigation.

;Another possibility is that displacements occur and interfere
with each other. A lattice vacancy, according to theory, diffuses -
*tﬁrough the lattice until it finds a stable configuration. One such
'configuration is a recombinatioh_centef, which is electrically active
in reducing the carrier density. Another configuration, of éourse,
would be a vacancy filled with a silicon that had been interstitial.
This would be electrically inactive, and be readily evaluated in

terms of théory. .

' A fourth'possibility for investigation takes into account the

. ’p?qton;,or hydrogen ion, that is left at the end of the track. The
‘prqton pould combine either with a nearby vacancy or with a recombinat-~
ion center to reduée its damage effectiVeness.v This would be local
form of annealing, perhaps similar to that noted with lithium.

l(Thése atoms are similar, having the same valence, and similar size.)

‘Finally, the recombination center may persisf but be incorrectly -
evaluated. The current study does not include evaluation of fill
factors, which are.known to be significantly affected by ,illumination
intengity. This topic has recently been of concern and is the subject
of currént investigations elsewhere. Fill factor for proton-induced
recombination centers is a function of light intensity, and therefore
can vary through the cell. This is because light is strongly attenpatéd
in silicon. The light intensity at the recombination center is théfe-

fore a function of its distance from the surface of the cell,

The majority of these possible explanations invoke some sort of
interference between defects. If one of these is correct, a laboratory
experiment with monoenergetic protons in a parallel beam should create

less damage than the same fluence in space. As shown in the previous
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section, the assumption of an isotropic spacé fluence leads to a

damage constant K that varies smoothly through the cell, and there is

‘no region of dense damage., This would decrease the amount of defect

interference, displacement interference, or localized annealing. As

a result, damage would be distributed more evenly through the solar

‘cell and possibly'mcre accurately predicted by theory..

An experiment that ﬁbuld'shed'lighg on the true nature of proton
damage could be readily performed in the laboratory. This would

consist of measurements of proton damage to solar cells that initially

.were matched as to crystal oriemtation, junction depth, efficiency,

etc. A proton energy, in the neighborhood of 1 MeV, would be selected,

and each cell would be bombarded at a different angle with respect to
the beam, with a fluence on the order of_1013/cm2.’ The current output
of the daméged-ceils would then be measured undex a solar simulator.
The results would provide a test of common éssumptions that the
damage resides at the origin of the deféct; that chaﬁnelingfis of

no concéern, etc. A careful éomparisoh of the regults with the

model should permit a better’undérs;anding of the effects of non-

uniform damage:and :the diffusion of charges in silicon.
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IV. STATUS OF COMPUTER PROGRAM

Portions of the mathematical model have been,ﬁrogrammed and
run with test datd on the IBM 360. These runs have led to the several
modiflcations for the model that are discussed earlier in this report.
Thus, the computer program at present exists as a series of routines
subject to xevision of theory and technique. Future effort is necess-

‘ary to compact and join these routines.

The central routine developed so far is the calculation of the
photovoltaic current, via an analysis of the continuity equaﬁion;
The variable mesh size hk which 1s discussed in section IIB is now
ipcorporated in this program. The operator enters the program in the
machine, together with data on cell thickness, junction depth, etc.
The program can calculate minority carrier concentration on both sides

of the junction and sum the photovoltaic .currents from both sides.

Three routines have been written td determine the damage integrals
due to trapped protons, trapped electrons, and flare protons. In the
first two of these, a fine mesh has been set for the spectrum so that
reasonable accurécy appears possiBle when the gpectrum is assumed
flat in the interval. For flare protons, a spectrum varying as EX is
“assumed ‘and the portion of the damage integral due to the high energy

tail is performed analytically.

Finally; a short routine has been written to compute the source
term Gk for minority carriers due to the absorption of light. Values
of the light absorption coefficient of silicon are stored in this
‘routine. The spectrum of space sunlight is also stored; a future
option that would be useful would be to ihclude other useful spectra
such as tungsten arc, etc. The routine'presently does not includeb

considération of reflection losses.
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V.  CONCLUSIONS

A. General Summary

Résults;of_the first three months of an effort to prépare a
computer program for solar cell performance in space are reported.-
Improvéments of a mathematical nature have been noted: .the application
of a variable mesh interval in the differgnce equation, and the re-
grouping of factors in the electron shielding calculation to avoid a

rapidly-varying function.

. Analytically, an investiéation into the diode property of the
solar cell has been conducted. This has lead to an supper bound in

diode current, beyond which a more detailed model is necessary.

Problems encounteréd are discussed. These are p%incipally-ﬁith
regard to the monuniform damage by protons. An épproximate analysis of
the damage due to monoenergetic protons, incident isotropically, is
presen;ed. Arguments are developed from this analysislto indicate ‘that
the. discrepancy between model results-and labbratory~§xperiments

ghould be greater than between model results and performance in space.

The computex program, existing as a series of independent

~ routines, is in the process of formulation into a single package.
B. Future Work

Future Work will include further analysis of solar cell
performance in light of current theory and observation,>éreparatipn
of the completed computer program, debugging and checkout, and

evaluation of the program,

- The analysis of solar cell performance at preéent is concentpatéd
on the problem of nonuniforﬁAdamage. It should be noted that onlyJ
when the fluence reaches the ratherAhigh value of 1012 doeé the model
.deviate appreciably from experimental data and, furthermore, reasons
exist to indicate this deviation may be smaller for space fluences
than for laboratory fluences. Further effort on this problém should

permit calculation of damage‘with higher values of proton fluence.
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The completed computer program shall be capable of predicting
the power degradation of solar cells in a combined environment of low
and high energy protons and electrons and provide the necegsary frame~
‘work to optimize the solar cell‘coverglasé combination for a parti-
cular radiation enviromment with respect to cell base resistivity, cell ’
thickness, coverslide thickness, and cell substrate type and thickness.
The program is to be presented in operable form, listed in Fortran 1v,
 guitable for input to an IBM 360-50. .

- Standard modular debugging will be employed for program checkout.
_It will be tested and evaluated against published experimental results
“and continually updated throughout the course of this contract as

additional experimental data is analyzed.

C. New Teﬁhnblogy

After a diligent review of the work performed under this
contréct, it was determined that no new inmovation, discovery,

improvement or invention was developed.

\
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