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* ABSTRACT

A computer program has been prepared to calculate the eleg-
trical characteristics of silicon solar cells as a function of cell
Parameters and space envirommental factors. The program, in For-
tran IV, computes short-circuit current and the curreni and power
at selected voltages to permit construction of & current-voltage
curve charaateristic of the solar cell., Enviromméntal factors con-
gldered are {illumination intensity ahdd spectrum, cell temperature,

and exposure to corpuscular radiation.
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INTRODUCTION

This iz the final report of a program to generate a useful
mathematical model for silicon selar cell performance in sPace.-
The medel, begun under previous cantract*, hag been extended, adw
justed to a-cleser fit of available measuyrements, and incorporated
in ‘software for computer éimnlatiﬁns of specific designs and :en-

viromments for selar cell perfoimance.

Previﬁus quartezly reports have presented detalle of the
work. TIn thiz final report, the anatytical effort 1s summarized.
Beginning with a review of the selar cell and its applicatians,
the presentatian is arranged to describe first the characteristics
of the cell (Section 1), then detalls of optical consideraticns
(Section IT), and then radiatien expogure effects (Sectien ITI).
These are the main parts ta the model and computer cade. The
csde itself (delivered 3aparate1y to JPL) is.described inSectianIY.
Reccmmandatiﬁna for further development are presented in Section V.

*JPL Letter Gontract 952246, under Prime Contract NAST~1000



1. MODEL OF THE SILICON SOLAR CELL

A. Solar Cell Parameterg

Hodexrn solar:cells for spacecraft applications are typlfied

by Figure 1. The cell area may be from 1 x 2 em to 3 x 3 om, with

a cell thickness of 8~14 mils (dimensions are conventionally gi*._r-en
in these heterogenous units). 4 junction is formed gbout 0.5 micron
{5 x 107° em) below the gsunward surface; this junction separates the
thin “surface™ region of n-type silicon from the thicker "base™
region of p-‘--type silicon. For the sum:ar;i side, the electrical con~
tact is in the form of a bar along one edge and a number of thin grid
lines extending from :f.t across the surface. The dark s:.de contact

generally completely masks the back surface of the cell,

< . grid _ 7 ) .
(aboucz‘?%légis/_’_ " 1;‘14 ] < Surface region (about 0.5 p)
' | —% l—Base region (sbout 10 mils)
: =8 . - il '}{

¢ ]
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Rigure 1. Exploded view of typilical solar cell.

I1lumination of this device results’ in the sumnward surface
being a fraction of a velt positive with respect to the back sur-
face. A current 1ls thereby induced in an electrical connection
baetween the front bar and the back contact. This is not equal,
however, to the current generated by the sun (photoveltaic current),
for some of the photovoltaic current {s returned through the solar
cell itself, in accordance with its dicde preperty. The divisiqnu

2.



of current lemds to the solar wnell equatiéﬁ, which states that the
electrical current flowing from 2 sclar cell equals the difference
" between.the photovoltaic current I; produced in it, and the diode
current Ip lost in it.

The output of a solar cell depends on z large number of in-
dependent’ factors. First, the intensity of sunlight and the angle
of fneidence are important. A cell diré:ctly facing the sun recéives
the maximum possible sunlight. If it deviates from this direction
by an’angle 8, as shown in Figure 1 s the radiant energy étriki..ng_thle'
cell 18 reduced by the cosine of €. As the angle increases, edge effects,
especially wlien a coversiide is used, make the reduction deviate
slightly from this law. Measurement must be relied on for each specific
geometry when extreme accuracy is required for solar cells 11luminated

at large angles from the perpendicular,

The qutpu;: of’ so".Lar cells has frequently been characterized by
the short-circult current ISC s the open circuit voltage voc , and the
power and voltage of the cell near itz maximum power point. While
these parameters d¢ characterize the slectrical output, in theoretical
work more fundamental terms are to be preferred. These are-the photo-
voltaie current IL » the diade parumeters'{o and Ve » and ‘the internal
series resigtance R. These four parameters are chosen since_ it ig amore
gtralght-forward exercise to determine from.semiconductor physics how
they are affected by the enviromment and history of a solar cell,

" Observing that & solar cell acts as a diode operating i'n-opposi»
tion to a current sourcé‘,' Prince and Wolf proposed the solar cell equa=
tion (ref. 1). Our only change to this e:i’uation is to replace the -
usual ‘expression AKT/q by the single parameter v, We propose calling
v, the “che.racteriatic voltage"™ of the solar cell, and write ‘the egua~
tion for the current I as ' ‘

---:z[

where V ig the voltage across the cell.

(VIR) /7
. 1] o))



Does the theoretically - inspired Eq.-1 indead reproduce an
actual solar cell sutput? -We have developad curve - fitting tech-
niques that select values of the parameters very well. Two samples
are presented in Figure 2 with the fitted solar cell equations. These
comparisens demonstrate the accuracy often possible with the solar
cell equation. They also demonstrate magnitudes of the parametgfé.,
(Voltages here are given in millivnltsland currents in milliamperes.
The reaist&née of tfpicai cells 1s genevally lower, about 0.1 obm,
than in these examples.) Devlations of wmeasurements from the solar
cell equation have been reported, Wolf and Rauschenbach (ref. 3)
have recommended that the current source be agsumed to be shunted
by two dicdes with different characterigtic voltages. The revised

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

- (VIR

YV
. gl’ ' "o
I=1, ~ I Le

- (V+IR )} /V
1 £ 82/ 62
-1]- 1[e -1]

This has the immediate edvantage of allowing two extra

(2)

paraueterg for curve fitting, and the disadvantage of relating thesge
parameters o the individual solar cell and its environment. The
rationale for the extra diode term must be developed 1£ it i3 to be ”
adopted in z general mathematical model. Recognizing that z solaxr
cell can have voltage and material gradients along its ijunction sur-
face can lead to such composite diode terms. Further, Ladany: (ref. &)
-has derived s silicoq diode expression to replace the pure exponential
in Eq. 1 by a sum of exponentials. These studles, valuable in extend-
ing our inaight fnto thé‘qction of the solar cell, have net yet led to
reliable formulas for engineering use, Although a higher accuracy in
matching a given I-V curve can be achieved, the simpler scolaw.cell
equation with its four parameters is to be preferred for parametric

gtudies.

The space environment operates on the ssclar cell parameters in

ways that are imperfectly understood. of’course, the uncertainties
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Figure 2. Comparigson of measured I~V curves (Epfs 2)with
points computed with the selar cell equations:

L =60.2 - 1.675 x 107%(¢ VH-TIID/45.35 o5 11 e5c-66

I =46.3 - 1,625 x 10~%(e (V1 -322D)/46.98 4y 17 75-6
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in radiatian fluences in space add to the a{fficulty. As & result,
theoxry and experimental data from the Ilaboratory are often the best
that {8 available to predict changes in solar cell output in Bpace.
By correlaéing theory with labaratqry data, the relation of these

four parameters to environment and exposure can be gbtained.

B. Phetovﬁltaic Current Density

Toe determine the magnitude of the photoveltaic current produced
by the asolar cell, it is necessary to follew the sequence of events
from light absorption, through carrier diffusion and drift, to recom-
binatien at the junction. Damage due to corpuscular radiation and the .
depénéence of the phygical parameters on temperature and {1lumination

¥

are to be taken into account in this sequence.

- The equations obeyed are the continuity equation for the minority

carrier durrent*
ldi_ a@ - 3
pl=lliron + G(x) 0

the current egquation

dn

J = qD—é-}-{--I- qpEn (&)
the damage equation
1 i
;§=Z§+K‘§ {3)
’ 3]

*the gymbols used throughout are given in the glossary.
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the diffusion relation

1® = TD (6)

"~

and the Einstein relatidn
qD= kT (§5)]

These equations, spplicable to the minority carriexs in the bage
region, have their counterparts for the surface region, using a sepa-
rate set cf values for the material paramaters. The photovoltaic CUL~
rent I is, of course, the sum of the current densities J into the
Junction from both sides multlplied by the area of the solar cell that
is exposed to the 11ght source. This is somewhat lesa than the actual
front surface are&, due to masking of up to 10% of the surface by the

front' cohtact,

The effect af temperature on the dlffusion coefficxent D ofudﬂnrity
carriers in silicon may be determined from measured values of the temper-

ature mobility relatiunship. The measurements (ref. 5) show that Fer

' electrcns the mnbility varies as T~2'B

T»B .7

, and ‘that for holes it varies as

. Therefore D varies ag T 1P and D varies as T°2°7 .

; The effect of temperature of the minority. carrier lifetime T is
caﬁpaggdioﬁumgny factors, most of which depend upon the specific pro-
cegging that the cell has been subjected Lo" .-Each of the process gteps
changes the number,. type, and energy .level .of the recombination centers
that determine the lifetime. The temperature dependence of mané types
of recombination centers has not been described in the literature. It
was therefore necessary to assume a relationship that is consistent
with experimental results. If T is taken as proportional to 88 . the
temperature coefficient of IL‘in the region about 300°K is 0.051/00,
which Is consistent with the photovoltaic current measurements given
by Reynard (ref. 6) and othexrs. This back - caleulation of temper-
ature - dependence of T from observed temperature - dependence of I is

an emplricism worthy of further review.



1, Base Region Contribution

The current equation ig simplified in the base region since
the electric field E is negligible in a uniformly doped region.
Combining the current equation and the continuity equation then
ylelds

d®*n =

R - + G(x)y = 0 (8)

We asgume for boundary conditions that the minority carrier density
n vanighez at the junction and a2t the cell gurface. Equation 8 is
" then solved by computer iteration using & varisble interval fox the

éisqance % in a difference approximation to the differential.

A variable increment technique is used to increase the accuracy
oﬁf;hp difference gpproximation and to minimize computer time. The
&ifgerence equation approaches the differential equation as the in-

" terval size approaches zero. Therefore small iﬁcrements, particulérly

" near the jﬁpction where-the current equation (Eq. 4) is used, are de~
sirable, However, use of very small increments throughout the solar
cell thickness requires a large number of increments and, consequently,
more computer time. For this reason a compromise wds made: small in-
tervals in the critical region near the junction and iﬁcrEasinglyjlarger
ones in the less significant areag deeper into the céll, The technique
necessarily requires & more cemplex form of the difference equation

“than normally used,
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Figure 3. Construction of. variable mesh h'k to approximate
the curve n(x} at polnts n .

The difference spproximation, for a variable width interval,
can be derived with the aid of Figure 3. The slopes of the cﬁi‘ye
betweén a%and b, and between b and c are approximated as constants.
The first deérivative of ‘the curve, evaluated at b, is taken as.lthe ‘

averdge of the 5lope-:dneither gide of b, {.e.

foy_ L
Ax 2

b_.

(“1&2 - Tyyq 4 k1 " o > _ “k+2hk+“1¢yi{ Ppes ™ Py )"’khkﬂ‘
Pt ™ I 3 P

]

The second Aerivative at b L8 determined from the slopes on
either side-of b. . It is then

' " ‘W \
A% | - etz P ™ Preen \Pie FPrerr ) T Mg

&2 b Behigy (P Bg) L

(10}

Using equation 9 and 10 in the continuity equation, with the
field terms eliminated, the minority carrier concentration can be



found from

' 2 . “k ( 2, .1 ) B 2
kt2. Pyaq {:}1k+hk+1) LA M IRy B hk<hk+hk+1)
" Cpi1 :
- D: (11)

To solve Eq. 11, it is necessary to have values for a, and
n; » We assume the boundary conditiome that the carrier demsity
vanishes at the junction and at the cell surface. This assumption
was also made by Bulliez and Runyan {xef. 7) but other boundary
conditions have been assumed. We guess n, and calculate all the
higher values of ny, - We repeat thils guessing of n; until we
arrive at a satisfactory value for the carrier density at the cell

surface.

The accuracy of the initial n. and the iteration technique

are of importance in determining h;w gften the calculation must be
repeated before obtaining zero carrier density at the contact sur-
face of the cell., If the guesé‘%mrnl is too small, then the values
of oy determined via Eq. 11 will change sign in the cell., If it is
top large, the n, at the back of the cell will fail to be zero.
Iterating on o, leadg to as close an estimate ag is degiréd. One .-
rossible technique for convergence 1g to compare each ny with ?k-l
and if there is a sign change then gtop, increase the estimate for
ny by a nominal 10% and repeat. When there I8 no sign change, de-
crease the egtimate for n; by a nominal 5%\and repeat until a sign3
change occurs. Then increase by 1% until there is no sign change.
Such & convergence routine can obvisusly be carried te any level of.
accuracy in the estimate of ny for the solar cell in question, by
taking advantage of this sign change. Our present technique is

degcribad on page 31.
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The current. equation puf intec this .d'ilfference form relates
n, ,* the minority carrier concentration at the distance Iy from

the junction, to the current from the base -into the junctiom.

J = q})n nllhl (’12)

since the bourdary conditions require that n vanish at the junction.

. 2. Surface Region Contribution:

* The §drface.region of a soldr cell, typically only 0.2 to
0.5 microns thick, contribiiteg a minor amount to the photovoltaic
current.- Caleulation of this contribution with the techniqué
used for -the base région is complicated by ‘several fdctors. To
befidn with, 'the normal process of junction formation by in»d:.ffus-
ion of n-type impurity'atems resuits in a complemantary errc;r“ -
function type-of dizstribution of donor atoms. The concent:rati.on
H{x) is related to the concentration N(0) at the gsurface by the
temperature~dépenddnt-astomic diffugsion coefficient i and the pro-
cess time t by ‘

W(x)- = N(0) erfe ('x,ﬂ’\/za-})t> . (13)

. In solar cell manufacture, a typicel value of 1N_‘(G} appears to be
10%° ztoms/em®. The p'r‘odtxct bt, if unknown from the process, cam
be caleulated if the junctlon depth is knowm. " At the junction,

N(x) must equal the impurity concentration of the base material.

The code uses a polynomial approximation to the comple}netz'ﬁary

error function.

-

:}
erfe (y) (c o + csn + c, 2+ ¢ n) 211‘ e (14)
. &

11. .



where _ .1
= 330.381965 y

c,= 0.12771538

c,= 0.54107939
ca= 0.53859539

c,= 0.75602755
y = x/N4pt

The pon-uniform impurity concentration over the gurface region
also causes variation inm the minority carrier diffusion cocefficlent
DP. ?he term Dp iz the diffusion coefficient for holes and should
not be confuged with;ﬁ,_the atomic diffusion coefficient used above.
Since DP does not change uniformly with concentration, the variation
with impurity concentration shown by Comwell (ref. 8) is used.

Since no simple equation will fit rhe entire curve, it was decided

that the best approach was a series of empirical equations. These

are:
for ¥ < 10%® - D, = 13.0 {(a)
101% < § < 10%® D, = 52,0-2.6log N (b)
10'% < n < 10'” Df = 56.16-2.86 log N (o)  (15)
10*” <N< 10** . D, = 82,86-4.42 Tog N (d)
10%® < § < 10%° D = 41.28-2.1 log N (ey
N < 10® D, = 1.0 (£

For the surface region, where the field ig not negligible,

the continulty equatién becomes

B
- .B- d‘E - S.iz M‘ =
G(x) a FPu, e R4 D —E =0 (16)

12.
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where P = concentratlon of minority carriers (holes)
TP= lifetime of holes
“5? mobility of holes

ar
d=

2]

E = fleld due to impurity gradient = %%

Using equations 13, 14, 15 and 16 we solve the continuity
equation on the computer by putting it in.the form of a difference

equation, in the wanner demonstrated in the previous section.

The inclusion of these equations in the final program wcﬁld
unnecesgarily lengthen the computing time. The routines for the
surface region, therefore, were run separately, with varying
temperature, junction depth, radiation and illumination intensity.
The variation of the surface contribution to the minority current
densfty J with these factors was curve fiéted as

3 = (0,01408 + 0.005956 fnx, - 0.01411e ~®+352 by

) 3 (i
(T +4&00) (U cos 6/140) mA/cn®

The minority carrler diffuéion Llength L (in microns) is taken at

the first -increment in the base region. The assumption here ig

that L, computed in the base region near the junction for base
region calculations, is a measure of the amount of radiation ex-
posure the surface region has received. For the thickness of
practical solar cell surface reglons, the damage is uniférm and

this value of L is an indicator of the exposure.

Use of thig expression to estimate the surxface reglion con-
tribution to the photovoltais current permits us to bypass a
more involved calculation much as used for the major contribution

by the base region.

13.



C. - Diode Characteristics

The chéfacteristic valtage VO 0of the diocde response by the
solar cell appears to be independent of temperature, radiation
exposure, and i{ilumination, For this reason, the expression AKT/gq
normally found in the solar cell equation has been replaced by &
congtant Vé_in our solar cell equation (Eq. 1). This implies that
A 18 inversely proportionsl to temperature, and messurements by
Kemnerud (ref. 9) replotted in Figure 4, back this up. Thé'lack
of any clear dependence of Vo on radiation exposure was dbmongtrated
earlier (ref. 10). Analysis of solar cell responSe curves under
different illumination intensities has alac failed to show any clear

changes in Vﬁ.

AZE

1L i i
100 . 200 300 500 700 1000

T (%)

Figure 4, Reported values of A, versus temp-
erature T, for typical n/p silicon
solar cells. After reference 9.
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The antithetic situation ocecurs with respect te the diode
saturation current I . A functicnal relatiOnship te light intenmmity,
temperature, and radiation.exposure liag been developed in thig study

from 2 combination of theory and indirvect measurementsa.

Relating the dicde saturation eurrent to illumination can be
accomplished from experimental data on the open circuitvvoltage-Vbb,
remembering that the photoveltaic current is proportional te illumi-
nation. According to Ritchle and Sandstrom (ref. 11) V’ increases
at a rate of 0.2 oV /e /em® with increasing illumination intensity i
I, can be calculated frem this using the standard solar ce11 equation.
if I iz plotted against énti, ag in Figure 5, the curve can be approxi—
mated by & straight ine. We thergfbre make I pr0portiona;_;o ont
in the mathematical model.

rﬂ(w&)

. IS5k

514‘ ‘j ] A » : L‘
80 100 120 140 160 180

(ot / em®)

Figure 5. Vaviation of dicdg current
with 11lumination Intenaity.

15.



A similar technique was employed to estoblisgh the tempefaturé
variation of I, Theoretically I is proportional t¢ exp (-E IZRT}
Agsuming the photavoltaic current densiﬁy increasen £.05%/° G, and
the geries rdsistance is negligible, the theoretical relationship
yields a temperature coefficlent of vac as 0.56%/°6. This value
falls within the range of Reynard's early experiments (ref. 6) in-

dicating the correctnees of the theoretical expression.’

Shockley's analysis (ref. 12) for dicde junctions provides a
theoretical .expression for Io that is inversely proportionzl to the
bage region minority carrier diffusion length neaxr the jumection.
fhis establishes a radiation dependence of I0 through the damage
equation (Bq. 5). Thus, we expect the diode current of 2 solar cell
to increase with increasing radiation damage. Thiaz trend has been
observed (vef 13) in an analysis of AYS~1 spacecraft solar celle.
Coupling this with the temperature and illumination intensity relatw
ionghip yields, in ma/cm®

I, = (L, /1)[1.57 22 (U cos 6) ~ 3.36] exp (-6492/T)x 10° (18)

The factor cos € relates the soler fllunination intensity U to the
intensity obgerved on the solar cell surface az 2 funcition e¢f the
aspect angle 8. This expresaign assumes the cell ts illuminated on
ity fromt surface. I hare I8 2 current density and is to be Bcaled

. appropriately to the partfcular enlar call area under consideration.

D. QCell Resisgtance

The series resistance of a solar cell ig s composite of resis-
tance terms due to current flow acress the bulk region, along the
surface region to the contacts, and frem silicen to £roat and back
contacts (ref. 14). Each of these terms loglcally would behave
differently under radiation exposure. As a consequence, careful

analysis of tesigtance effects would require one -first to partitien

1s.



R among its components, and then scale thase components as they
change with radiation exposure. Some uncertainty is obvious im
this acheme (even if the effect of radiation én silicon resistiv-
ity were known), since manufacturing tolerances would vary the
components from cell to cell. Finally, discontinuous events such.
as the 1ifting of a contact would be difficult to predict. This

would lead to 2 value of R much greater than normally expected.

Cell resistance generally'plays a small part in the behavior
of a solar cell. 1In thig study it is considered a constant due to -
lack of information on its variation with radiation exposure, Ex-
perimental measurements would be useful in establishing the gquan-
titative nature of the increazse in R. Whether the nature of the
dopant affects the change, whether it is linear with exposure,
whether temperature plays a significant role, and whether the
nature of the damage depends on the bombarding particles, are quest-

ions to be answered by such measurements.

17.



II. CARRIFR GENERATION

The 1light generated rate of production of minority carriers
G(x), occurring in the continuity equation (Eq. 3), is a function
dependent on the illumination intensity, spectrum, and absorption
éoefficient of light in silicon., The non-~analytic variation of
gpectrum and gbsorption coefficilents with wavelength of light pre-
cludes an analytic solution. Therefore, the contributions to G(x)
from different parts of the light spectrum must be considered in-
dividually. This is asccomplished through numerical intepgration of
the relatiomship

! &) - ’
&(x, V) = a(k)n@);\.;‘_‘..’.gfgu: . =@ () x/cos® (19

over all values of wavelength h to which the solar cell responds.
This'region is normally taken as 0.4 to 1.1 microns. The small
fraction of ineildent light reflected at the solar cell surface,
normally en the order of two or three percent, has been neglected

in this expression.

Values of the sbsorption coefficient o()) and the spectral
irradiance H(A) are given in Table 1 for an illumination intensity
of 140 mﬂ/cmz, AMO (air mass zero) conditions, and a temperature
of 300°K, Variation of the illumination intensity causes z pro-
portional variation in H{)) for a2ll A. Variastion in the air mass
condition, e.g., reduction of the spectrum to AM1 conditions by
atmospheric absorption, varies the spectrum since the absorption is
gelective and changes with atmospheric conditions. In this case the
individual values of H(A) must be changed appropriately. Temperm.
ature will effect the absoxption coefficient. Macfarlane and
Roberts (vef. 17) give the abgorption ccefficient as

L fw-E_ - kB 2 . fw-E_+kB 2
o= A . + (20
Lo-B/T Fiw B/, Fw

18



A .

0.40
0.45
0.50

0.55 |

0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10

Table 1

Absorption Coefficient of Silicon and Sunlight Intensity

as & Function of Wavelength

th‘in microns, @ (Ay in em™ .(Ref. 15)

H(A) in watts/em® - p

- ()
7.50 x 10%
2.58 x 10*
1.18 x 10%
7.00 x 10°
4.65 x 106°
3.33 x 10%
2.42 x 10°
1.69 x 102
1.12 x 10°
7.95 x 107
3.80 x 107
1.80.x 102
7.30 x 10*
2,08 x 10*
4,40 x 10°

(Ref, 16)

HQ)

0.1540
0.2200
0.1980
0.1950

. 0,1810

4.1620
0.1440
0.1270
0.1127
0. 1003
0.0895
0.0803
0.6725
0.0665
0.0606
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where: A is8 & constant

600°K (for silicon)

B =

fiw = energy of incident light (in eV)

Eg = energy gap of the semiconductor (1.1 eV in gilicon)
k = Boltzmann's constant

Since Eg varies very slowly with temperature (-0. 00013 ev/%¢ for

gilicon) (vref. 18) the quantities léﬁm E kB)fﬁm and
ke
[éﬁm E 4-kB)fﬁm can be considered donstanf‘for each wavelength,

-’ - e . —l
making a-proporticnal to i 1/(1l-e B/T) + ll(eB/T—l) 1. At A=1.1u,

where fiw is very close to Eg’ the value of & changes only 7% between
250°K and 300°K. Since light in this region of the spectrum con~
tributeg only a small number of carriers, the effect may be neglected.
At lower wavelengths the variation is even smzller, If the above quan~
tity is designated as £, and (£f-1) is plotted as a function of B/T,

as in Figuve 6, a straight line results. The equation which fits this

line with 'a maximum deviation of less tham 1%, is
B =B £2 )
fn (£-1) = 1.201-1.171 1.6 8% 22,4 (21)

From equation 21, the relationship between o« and T can be shown to be
1.319

3.323e

@ (A,T) = & (A,300)

(22}

Figure 6. Relationship eof abasrpticn
coefficient to temperature.




I1I. RADIATION EFFECTS

A. Proton Shielding

The thickneas of a solar cell I8 comparable to the distance a3
proton can travelvin silicon when its energy is typlcal of protons
found in space. Shielding by a coverslide and selfashielding‘bz‘the
solar cell are consequently {mportant, This is especially signifi-

cant when one considers the proton energy - dependence of damage.

¥

The distance of travel, or range R, is often related to the in-

cident proton energy EO by formulas of the form

o .
R = RBE$ (23)

The equatiow is not exact, but goad fits can be provided over limited
ranges of Eé' -Table 2 is such & fit to tabulated data,

Table 2
Values of R, and n for proton range - energy relationships and corre-

;e DR . &
sponding energy intervala.

P

Energy (MeV) Ro(mg/cmz) ; n

0.0 £E < 0.3 2.81 0.995
0.3 SE<0.3 . 3.95 1.277
0.8 S E < 2.0 &.11 1.460
2.0 £ E-< 200 3.42 1.726

. .
computed from data in ref. 1V
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The range formula impliesg that Ehe energy of a proton aleng its
track can be calculated from the resldual distance it Iz to travel
before stopping. The relation ig not exact,'for there is gome strag-
gling of the individual tracks of protons of the same energy, but this
is generally qﬁite small. The average straggling, as a fraction of R,
dacfgases with proten energy Eo and it f3 lsss than 4% fer 100 keV

protons (ref. 19). Thus, we treat the range equation as being exact
" \1/n- '
¥

and compute a proton energy (E: ,'§ ; for prétens of initial energy
o

Eo which have traveled a distance x in gilicen. When monoenergetic

protons of an omnidirectional fluence strike the solar cell surface,

the effects of slant penetration cause 2z spectrum at depth z:.

A coverslide of thickness £ will remove protons of enexgy Eo and
incident angle @ with the noymal if their range R is less than the
path length t/cos 8 through the coverslide. It will also reduce the
energy of a transmitted proton to ¥ given by
e b n1/n

-
w1
E=|E ~ Rcos eJ (243

' The diffevential proton spectrum striking the golar cell dus to
a mongenergetic, igotropic urnit flux penetrating the coverslide can

be derived from this expression and is

ni‘.En -1

14 <E>=—-—-—'-tg*n 2' (25)
P RS(EO-E

for energies E less than the energy of & proton penetrating at nermal

incidence, as calculated fromEq. 24.

The total proton fluence at any depth z in the gelar cell
aggembly is related to the proton fluence in space by '

Ee g g™t
& (E %) = nz dfo £ g dE . (28)
P R, (E, ~-EH2
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Thesae equations permit caleulation of iécalized proton demage
in selar cells with coverslides, given the anp¢opr*ate damage

equivalence. This is presented in the next section.

B, Fmt};}l Damage

The proton damage ccefficient_Kp is the measure of decreasein
minority carrier diffusion length dge to a fluence & of,protensﬁKp
equals the incremental inctease Iin the quantity 1/12 with incre-~
mental incréase in . The damage is due to Rutherford scattering
of protons, which disledges silicen atoms from theix lattice poéitien.
Hence, the proton energy‘dePendence of Kp is approzimately given by
1/E, which is the energy dependence of the Rutherford seattert ing cross
section., The threshold for disledging atoms corresponds te a minimm
preton energy of absut 0.0001 MeV,

Crawther, et al. (ref. 15) have found a flattening of the enexrgy
dependence of K? below aboét-D.S MeV¥. This effect, may'cprrespend to
an snnealing mechanism whereby a disledged atom has not been pushed
far from its site, and has a high probsbility of return. The follmv-
ing equatione fit these measurements for 1 ohm-cm p-silicon and pro-
vide a ratio for higher resistivity p-silicon that agreeéﬂwiib,measure-

ments by Denney and Downing (ref. 20).

N ™~ "“ .
R = 1.2Q"0"7% g =02 ¢ 1075, |E>3mev | - @2D)

K}

R, (F)#1.92 0775’ "1+9% (/ 962) " *°x 10~° 3>e>1] (28

KP(E)Q]-:.-QZ-HUD » 75 & il .OSEX 10-5 [1 >'E>10-4 i (29}
Because proton energy changes rapidly with depth of penetration
into the cell, and because the damage coefficient KP iz so dependent
on proton energy, damage by protons of less than about 5 MeV reaults
in a highly nonuniformminority carrier diffusien length dcross the cell,
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€. Electron Shielding

When # solar cell is covered with t grame/cm® of coverglass
the electren flux at the cell surfzcedue to isotropically incldent
monoenergetic electyons of energy E i8 & spectrumover legger energiea
and ig dependent on the fthickness of the ghielding. Here, however,
deflectians in the individual electron paths complicate the analytic
deLermination of the shieLding effect. A weighting factor, derived
from & study of Monte Carlo regules (ref. 21),ensbles us to deter-
mine the effective damage coefficient Ke{E’x) at depth x into the
cell as g fractien of the damase coefficient of the incident elec-

trong Ké(E). The weighting relationship is given by

K (E,x) = R (B) exp [ -10Gx+e)/E "] (30)

where x 4 t is the areal density in gm/hm?'af material penetrated to
the site of the damage being considered.

D. Eleckron Damage

The damzge coefficient Ké fpr electron damage in p-type gilicon
hag been fitted empirically as shown in Figure 7. We neglect to
gtudy Fite for n-type ailicon since électrcn damage effecta are neg-
ligibie in the surface region, compared o those in the base ragiﬂn.
Ve plctteéé&ﬁ9$Quare oot of messured values of K, versus electron
energy. For cruclble - grown p-type gilicon of resistivity 10.6 olm~cm,
the measuzed points, shown in Figure 7, can be connected by two
gtraight line éegmants« That a gtreight line results over the energy
1-40 MeV indicates that a recombination center requiring two defscts
may be involved (ref. 2I}. Below I MeV, sufficient data are not avail-
able for such 2 conclusion, but a straight line curve f£it czn be pre-

gented,

This fitting of the data from ref. 22 and the dependence on elec~
trical resigtivity diszcussed abeve, give the dammge coefficient 23
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R (8) = (10/0)°*5(1.2 4 2.178) * x 1072 (£>1 ey

a
i
i
|

31

L
K_(B) = (10/2)*5(0.67n iy ®x 107 [1>%> 25 32
. _
R_(5) =0  -25>E | (33) .

whexre { is the resistivity in ohm-centimeters and E ig the electron
energy in MeV. The expression to £it meassurements between 1 and 40 -
MeV will underestimate the damage for lower energies. Below 1 MeV,
the gecond fector in equatisn 31 can be replaced by (0.67 fn 4E)Z,
This fits the measurement .at 0.6 MeV and the generally observed
"apparent" thresheld of 250 keV.
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A plet of the gquare root of the electron damage cosfficient
versus electren enmergy (Dsta psints fer p-type silieon,
having a resistivity of 10.6 ohm em, frem ref. 22)




IV. DPROGRAM MODULE DESCRIPTIONS

The theory described im the previsus sections has been in-
corporated in a computer program to provide estimates of the
simultaneous effects of environmeatal factors on eoiar eells.
‘The fuﬁction of the prograw ig twgfold the, detetmin&tian of the

solar cell parameters I and Io; and the.asscciated I-V curve

under.va;ious environmegtal conditions, including vradiation
damage by electron and proton spectra. The program.is modular,
i.e., a main program accompanied by several subroutines, The
main'prograﬁ collects the data necessazry toc describe the solar
cell and its.enviromment, and calls each appropriate rubroutine
when needed., Each subroutine performs a specific task and is

discugeed individually below. .

The enviiormmental input conﬁiata of the temperature, the
1liymination intensity, and up to ten esch of proton and electron
energles with their agsoclated fluences. Each fluence ig con-
sidered to be incident isotropically. .By suitable choices of
energles and fluences, continuous particle spectra can be approxi-
"mated.” Particle energles are restricted to valées below 200 MeV
for protonsﬁdnd below 40 Hév for electrons. Pariicles with enargieg
above these 1limits are fgnowved by the program due to lack,of data
on high energy damage eoefficients,’

Optical p&r&meters, ag giVen in Table 1, are stored ia tﬂé
program., A 1ist of other necessary imput variables and their
gssumed values is given as Table 3. The values may be changed as
desired, but care must be tgken to retein the specified dimensions.
More detailed discuasions follow in the subroutine deacripticns.
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Variable

X110
D

RHO
Vo

xJju
TEMP

THETA

EOP (I)
P (1)
EOE (I)
PHE (I)

INA
A(T)
H(D)

CIN

Table 3. Input Variables

Definition

initial base rvegion miggrity carrier
diffusion length at 300°K

bage region mincrityAéarrier diffus-

ion. coefficient at” 300°K

base reglen resistivity

Bolar cell characteristic voltage

solar cell series resistance
solar cell thickness
junction depth -
coverslide thickness
temperature
1llumination fntensity

incident angle of illumination with
regpect to normsl inefdence

proton energies*

" proten fluences

electron energies

electron fluences

numbe¥ of points considéred‘in.the‘

difference equation solufion

number of beams approximating’each
{sotroplic proton fluence

abgorption coefficients of light in
gilicon

spectral irradisnce obtained from
the Johnson spectrum

index of refraction.of light in
silicon

fr(I in.this table i3 a vumning index.)

28,
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Stored Value

150 microns

-35 Cm?[ﬂec

10 ohm~cm

43 mv )
0.1 ohm

14 'mils

g.5 ﬁiéronﬁ
6 mils
300°%

T 140 oW/ em®

0.0°

0.0 HeV

0.0 protons/cm®
0.0 ueV

0,0 electrons/cm®
. 200

56 L
gee Table 1

see Table 1
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A. Subroutine ABSCIS

Subroutine ABSCIS computes the incr;ament thickness HX(K)
necegsary for the difference equation &élcul&tion, and the depth into
. the cell DX(RK) of each corresponding point. The first 20 {ncrements
are of equal width delta; the remaiﬁing values of Hﬁ(K) are given by
{(K-20) delta. Therefore any error induced by the unequal increment
technlique occurs away from the-juncfiﬁn. Such a compromise between
equal and unequél increments ré&ﬁces the degree of approximatioﬁ in -
the critieal reéibn near the juncfion, resulting in & more accurate
evaluation of the minority carrier concentration and, consequenti},i

the photoveltalc current demsity.

The number of points M is set at 200. Testing the programwith
a greater number of points (smaller increments) shows an insignifi-

-gan{ change in the output.

B. Subroutine LIéﬁT

_ The rate of préoduction of minority carriers per om® per
gsecond due to light absorption is computed for each point provided
by gubroutine ABSCIS. A Simpson’s rule integration over the AMO
Johnson agecérum {ref. 16) from 0.4 to 1.1 microns_in 0.05 micron-
steps is employed. Other spectra, e.g., the tungsten spectrum, may
be used by, changing the spectral frradiamees H(I) in the subroutine’s
input datas_to thoge of the desired spectrum for the wavelengths 0.4,
.45, Copees 1.1 -miezona, The method agsumes that in any tw&
suecgs;ive‘Q.Qﬁ‘micran gstepe the gpectrum approximates a quadratic
function. Where this i3 not the case, e.g., the xenon gpeectrum,
smaller intervals must he employed, or the spectral pedf§y averaged
in the fnterval.

C. Subroutine COVER

GﬂVEE.appzoxxmates each monoenergetic isotropic proton

fluence by a get of’ 50 beams incident at angles ranging from .zero,

29.



with respect to notmal incidence, to the maximmm angle a proton of
the given energy can have and still penetrate the coverslide and
gurface region., This yields a maximum angular increment of 1.8°.
Finer increments c2n be uzed but the small change in the output does
mot justify the additional computer time. For each angle the proton
energy after penetration and the incremental fluepnce over the asso-
clated angular increment are determined. Computaztion terminates if
the fnitizl proton energy is ingufficient to penetrate at normal
incidence, ox if the energy aéter penetration ig ingufficient to cause

damage.

b. Subroutines PROTCN and DAMAGE

Asgoclated with each of the 50 heams determined by COVER ig
an angle dependent proton energy profile through the sclar cell thick-
ness, PROTON utilizes the range - enevgy calculatiens of Janni (ref. 19)
to determine the energy at each point in the cell until such time as: 1)
ingufficient energy remains at 2 point IX(K) to penetrate the next in-
crement HX(K); 2) the e¢nergy is below the damage threshold; ox 3} the
cell has been completely penetrated. It is assumed that the proton
follows a straight path until one of the above conditions is met. To
each of these energles subroutine DAMAGE associates a damage coef-
ficient, These, in turn, are used with the incremental fluence to de-
termine the degraded mincrity carrier diffusion lemgth. A damage
"diffusion length profile as a function of pesition in the cell results.
Since the processz 1s repeated for each beam of each initial energy the
final diffueion length prefile vepresents the total damage done by the

approximated proton spectrum.

BE. Subrouwtins ELECT

ELECT is the electron counterpart to subroutines COVER, PROTON,
snd DAMAGE. . Here, however, the dssumption of & non-deflected path can-

not be made. We instead ume a weiphted damage- coefficient to represent
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the &amage at a given depth WMK) in the,céil, ag degeribed on
page 24, The damage coefficient of. the inci{dent moneenergetic
electron -fluence is.computed first. The effective damage coef-
fleient at depth IX(K);is then determined as a function of the
areal dengity in gm/fem® of material penetrated, i.e., IX(R) plus
the coverslide thickness. The covexslide and silicon densities
are 2.2 and 2.33 gm/cmﬁ, respectively.

As in Bubrcutine DAMAGE the minority carrzer diffusion length
proflle is updated using the associated electrun £luence and the
weighted damage coefficients. The process is repeated for each

electton energy given as iaput.

F. Subroutine Rﬂaf

Subroutine ROOT contains the iteration technique to- zelve
the differemce equation approximation of the confinuity equation.
The value of the minority carrier concentration at the junction, C(1),
ig set equel to =zero and an approximation of 10” made for its value
at the second point G(2). The approximation of €G(2} 1s then increased
or decreased by an erder of magnitude depending-on the sign of the
cargier concentration as computed for the back surface of the cell
with the difference equation. 4 positive sign regults when G(2) is
too large and & pegative sign when it is too -gmall.  The procesé oo~
tinues until the signs differ for two successivé.spproximations, inm-
dicating that the correct value of C(2) lies between them, The bi~
section technique is then employed until either the carrier concen-
tration at the back of the cell becomes zero, or two successive values
of C(2) differ by less than 10~* percent.

G. Subroutine TRAP

TRAP containg the actual difference equetion approzimstion of
.the continuity equation. If iplcallf@by subroutine ROOT and contrel
is returned if: 1) for a particular C(2), the miﬁority carrier
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concentration anywhere in the cell exceedd 10%° carriers/em®; 2)
the minority carrier concentration becomes negative; or 3) the

computation for every incremental point is completed.

H. Subroutine CURVE

GURVE utilizes the previcuzly determined data along with
the input data te generate tﬁe.phé%oveltaic current density IL,
the diode saturation current Ié, poiuﬁs on the resultant I-V curve,
and thefr asgociuted power P, The base region contribution to the
photovoltaic current density is determined from the minority carvier
concentration gradient at the junction, G(2)/HX(1). The aurface
ragion contrkbutian is calculated from the junction depth, {1lumination
intensity, temperature, and degraded minority carrier diffusion length
at the junetion. Additgen of the twe current components yields the
total phetoveltale current density, Temperature, illumination in-
tensity, and degraded mlnority carrier diffusion length at the junction

are wged to approximate the dipde ssturation current.

A set of the four solar cell parameters is now available, The
program s completed with the output of these parameters, environe-
mental data, points on the resultant I~V curve computed from the solar
cell equation; and the power assocciated with each point. An example
of the output is given in Table 4. .
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Table 4. Program Qutput (Sample)

L = 40,45 MA U= 140.0 Md/Ge%2
Vo = 43,00 My . TEMP=" 300, DEG, K
R = 0.100 OBM THRTA= (.00 DEG.
10 0.76E-03 MA

CI(MAY  VMV) PO .

0.00 530.9 .0.00
4.04 ~525,9 " 2,13
8.09 520.5 4 21
12,13 514.3 6.24
16.18 507.3 8.21
20,22 499.1 10,09
24,27 489.1 11,87
28.31 476.3 13.49
32.36 458.4 14.83
36.40 428,2 15.59
36.81 423.7 13.39
37.41 418.6 15.58
37.62 412.8 15,53
38.02 - 406,11 15,44
38.43 398.2 15.30
38.83 388.6 15,09
39.23 .376.2 ‘14,76 -
3g.64 338.7 14,22
40,04 328.9 13,17

40.45 1.1 0.05

The infb'rmat':.en pregented here are the four parameters of the
sc:lar cell equation, given a2 light. intensity U of 140 millivatts/em®,
a sun czientation ‘I‘HETA of 0.00 degrees from the narm,:;l, and a
temperature TENMP of 300 K. Thisparameters are used by the program to
campute voltage V and pawer P for twenty values of the current I
through the external - load.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

We now have detailed mathematics available te study solar cell
c&pabilitieé and degign. It transcends previcusly utilized techniques
ef viEdwing the solar cell in terms of equivalences, such as represent-
ing non-uniform proton damage as equivalent 1 MeV electron damage,
and allows analyaim on the level and in the scope of the particular
phenosmena of interest. For example, the model i capable of predicting
the power degradatien of selar cells in a combined enviromment of
pretons and electrons both of arbitrary energies. Nenuniformity of
danage is permitted in the caleulationg. In the process, it provides
the necesaary framework to optimize a golar cell coverglass assembly
Epvsmyy particular radiation enviremment, tzking into aceount the other
environmental facters and cell parameters. Ons meagure of éﬁe yergsa=
tility of the model ig the list of variabies, Table 3, considered by
the program.

Tﬁe computer program encompassing thé mathematiéal model has
been used to test the validity of the medel velatBonshipz. The results
are, in general, cemsistent with experimental evidence as illustrated
Iin previocus reperts under thig comtract. Summerizing the results of

the testing process we find:

1. 7V, decreases with increasing tedperature, primarily due to
the fiperease in diode gaturation current.

2. P o decrgaaes with increaging temperature, illustrating‘that
thermal effects on this porticn ef the selar cell I-V curve
are dominated by Ia rather than IL.‘

3. Iac’ Vac’ a?d by decreage with ineveasing junction éepth
beyornd 0.2 micrens.

4, The surface reglon is essentfally umaffected by frradiation.

In the course of this contract many improvements have been made
“in the mathemstical model generated under JPL contract 952Z46.
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Noteworthy ameng these are:

1. A technique -of unequal increments has been employed in
the difference equatien calculations, which reduces the
degree of approximation in the critical regfon near the
junction. This results inamore accurate evaluation of )
the minority carrier cencentéatien and ,' consaquently, the
photevoltaic current density.

2, The parsmeters assdciatedwith the surface lsyer have been
included, reducing the degree of appreoximation formerly
intreduced by assuming a. constant gurface region contri-
butien te the totsl photovoltailc current.

3, The analysis of the electron shielding by a coverslide
hag ‘been greatly simplified, 'facﬁitating‘ its incorpoxation
ints the computéi program without appreciably e«teﬁ&ihg
eomputation time. '

4. °‘The study of the diode reverse saturaticon current has
lead to a more detatiled expression that takes account of

the regponse of this parameter to changes in temperature,
11luminatisn, and radiztion exposure.

R. 'Recomenéatiens

1, Furf:her refinement of the model produced in this work im
recomeended, Experimental efforf:s taiiereti to an.investigatiohof
gpecific parametem are negded, When one parameter iz being
changed, the ethers shsuld be measured s that their values ean
be- placeé in the computer calculatiom. (The Iackhg;fﬂ_mgqglqte! .
measurements makes it difficult to asseas many pubiishad"expariw
mental data.} An experimental program would mnot only valldate
the medel, but would puint sut arsas where future énaiytical effort
i warranted. l -

2. With regpact to low SnETHY - protang we hava fmmd that
%ﬁ?tﬁe actual damsge to the

the theoretical expremsion ‘%"?'f
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photeveltaie current in the cases we have énaiyzed. "As discuaéa& on
P. 23, the energy dependence of the damage coefficient diminishes at
low enexgies (below 1 MeV). A reasonable extension of this behavior
would be for the damoge coefficient to decresse as one goes o %ery
low energies. This could ewplain the lew .damszge rate measured by
Statler and Curtin (ref. 23) for 0.27*4eV protons. Laboratory
measurement of low energy proton damage, coupled with their analysis

viz the computer program, is recommended,

3., Extensgions of the model to cover present developments appear
feasible and should be undertaken. For example, a cencentration gra-
diant of iithium in lithium - doped solar cells (ref. 24) and the
redegradation process azppear te result in a non-uniform residual
damage., whiéh subroutine ROOT is uniquely able to handle for these.
cella, In = separste extension, drift field solar cell perfoéﬁaﬁge

in an AMO spectrum could be siudied.

4, The model should be applied to the evaluation of solar cell
designs for specific flight missions, to relate design parameters
to required performance -in space. Existing computer codes being
used to £11l this need are koovm to have deficiencies: e.g. the usge
of early and incorrect proton démage coefficients at Intermediate
energies, the ingecurate rgplaceﬁént of non-uniform damage effect by
an “equivalent 1-MeV electron" ddmage which is'equivaléﬁ: only . for
a gpecific cell and a specific spectrum, the tedious caleulation of
coverslide shielding by Monte Carlo tachniquez, the neglect of
changes in the junction parsmsterd, etc. Suchk deficienmcies in these
earlier codes make use of the present ome advisable, &ltﬁeugh its
results are no more preaiﬁ@ éﬁgﬁztha eurrenk atate-af«art,

C. Eew Technology

After a diligent review of the work performed uoder this
centract, it was determined that no new innovation, discovery,
improvement or invention was develoiii
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VI.

GLOSSARY

Engligh Letters

velocity of 1ight in a vacuum'(cm[ sec)

atemic diffusion coefficient of ‘depant atoms into gilicon
(em®/zec)

diffusisn coefficient of eiectmm in p~type sﬂicﬁn .
(cm®/sec)

diffusion coefficient of holes in n~tyne silicom (cmaf sac)

electric field in cell due to impurity gradient (volts/cm)
energy of a particle in a solar cell (MeV)
enargy gap of ‘gilicon (1.11 a¥)

meximm residual cnergy of a proton after penetrating'a

.thicknass £ (MaV)

energy of a particle incident on a solar cell assembly

(MeV)

rate of production of minority carrier per cm at depth =
in gilicon (carrfers/em’® = gec)

-

. Planck®s constant (jedle-gsec or eV-sec)

increwent thickness (cm)

gpeciral ir:radiance outside solar cell agsembly, at wave-
length A (watts/cn® - micron)

Selar cell current through an external lea& (milliamgerea)
Digde curvent - {milliamperes) : A .

photovoltaic cufrent induced in the solar cell (millizmperes)

current from -a'shc.\rt circuited solar cell {(milligmperes)

dicde reverse gaturation currount of a solar cell (milifzmperes)

minority carrier current density (milliamperes/ em™)

damnge coefficient relating proton or eiectmn £1luence
to -degradation in L (dimenzionless)

Boltzmann's conatant (1.38 ¢ 19~28 jauie/mol‘ecule - Ko)

iiaaé region minority carrier dfffusion length (cm)

37.
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base region minority carrier diffusion length before
irradiation (cm)

concentration of dopant atoms (ex™®)

parasmeter from Table 2 for proton range

electron concentraticn in p-type silicon {em™®)

hole concentration in n~type siliceon (cm”a)

maximum power availabié from a solar cell (miliiwatts)

unit electric charge (1.602 x 107*% couleomb)
range of a proton in silicon (mg/em”)

solar eell series resistancs (chms)
parameter from Table ngor proton range

abgolute temperature (degrees Kelvin)

process time of dopant diffusion to form n type surface
reglon (aec)

L

coverslide thickness (cm)

light intensit% incident on the selar cell assembly
{milltwatts[cm )} ‘ -

asplar cell potential across an external lead (milliéslts)
potentfal acrosz An open circuited molar cell (millivelts)

golar cell characteristic voltage (millivolts)

depth inte ths goler cell (o)

depth of junctian below sclar cell surface (em)

depth inte the zolar cell asgembly (em) (2 = t+x)



a(X)

Greek Letters

ébacrptign coefficient {in silicon for light cf wavelength
A (em™Y)

angle between a perpenéicu'lar to the solar ecell surface
and the direction of motion of the particle or photon
being considered (degrees)

augle of light ray in stiicén, having angle 9 in space
with respect to nomal (degrees)

wavelength of light (microus)
minority carrier mebility (cm®/velt - sec)

mean lifetime. of 2 minority carrier in the conduction
band (sec)

proton or electron f£luence to which the solar cell
assembly hag been exposed {em 2y

resistivity of sslar ecell base reglon (ohme-cm)
27 times frequency of incident photen_'(se.c“l)

39.
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APPENDIX : :FORTRAN PROGRAM LISTING

The computer program for solar cell performance pégd;ep;nnaia
listed here. In Fortran IV, it conforms to USA Standardslfnétitnte
standards. 'ﬁ{th theé progrem entered in the computer, input variables
cnrfesponding to a particular solar cell:ynder conaiderat@bn are'to
be entered by changing lines-150 to 270, 290, 940 to 970, and 990.
The variables are identified i{n Table 3, on pp. 28 of this report.
Values gfeuter than 200 foxr M, or grt:aater than 50 fer INA gre not

allowed in the program.

A sample output 18 pmesented and discussed in Table 4, on pp. 33
of this repert. ‘ : -

42,



100
110
120
130
140
150
160
170
180
120

200

210
220
. 230
240
250
260
270
220
290
200
210

ann

[

. 330

240
250
360
270
280
. 390
400
410
200
430
440
450
460
470
480
490
500
51C
520
530
540
550
560
570
580
590
600
610
620
630
640
650
460
670
680

DIMENSISN PD(E“D}:RL( 0):HX(?O§):DX(2GO):C(?DO)

DIMENSION GC(R00Y5FS(50),PIC50)s0A(50)
DIMENSION FOPCIDYsPHP(10),EGRC10Y,PHECID)
CIMMON/ABSC/DR/ INTERV/ZHX/ANT/C/EARSC/C
LIMMON/DAMPAEP/DIFF/XL/ENFR/ES/FLI/PI/ZANG/CA
CATA XL3sD>PHO/150.235.51047 ° '

DATA VOsR/23es .1/

DATA TsXJUsCT/ 140545564/

DATA TEMP,U,THETA/300+51740,50.0/
DATACEOP(IY»I=155)/0.050:050.050.050.0/
DATACEIPCIY,1265103/0.0+0.050.0,0.0,0.0/
NATACPHPCI)51=155)/0.050.050.05,0+05,0.07
DATACPHPC(I)>I=6510)/0.050.050.6:0.0,0.0/
DQTAC?@F(I):I=1:S)/O_p;O 0s0.050.0,040/
DATACESE(I)51=6,510)/040:8.050.0:0.020.0/
DATACPHECT) 51215 5)/0.050.0504052.050. 207,
DATAC(PHUECIY s I=£5102/0.0-0:0,0.050.0:0.07
wzec

N=¥~

IMA= :g

CZV=1.0

=2D¥ (TEMP/300 ) #8(~-1.5)
LSV LE*IE-AY (TR /300, 3 uxl,
JU=XJthxl ,E-4

CT=CT*2.54E~3
5
oo
T

q;ﬁxaﬁj

7*2 54K-3

(CTNED.0FE0 T3 5

U= o o

=XJ

ne 10 i=t1.M

10 XL¢I)=XLE

CALL ABSCIS (M, TLoXJWND

CALL LIOHT (M, TEMP, U, THETA)
Ng 20 IN=t,10

RA=ESPC(IND

PHI=PHPCINDY
IF(ETGLE«.9E~-4300 T2 30
IFCE@WGE.20049C3 TC 30
IFC(PHI.EQ.0.0360 Ta@ 30

CALL COVER (E0,CT,PHI,XJUasCaVaINA)
NG 20 MM=1,INA

IFCES(MMY s LE++9E-43G8 TO 30
CALL PROTON (XJU>MsMMsCOW
CALL DAMAGE (M>MMsRHO)

20 CONTINUE Lo

30 CONTINUE

Do 60 IN=1:10

EO=ESECIND

PHI=PHECIN)

IFCEG.LE«.25)CGE TO 40
IF(EG.BE.A0.)CE T6 40
IF(PHILEQ:D.0YEGS TR &0

CALLL FLECT (E@,PHI,M:COV»XJU,CT,RHDD
60 CONTINUE -

CeN=XL(2)

faLL ROSTCNsMsDsXJU)

CaLL CURVE (DsTEMP, U, V0sR> CONS XLOSXJUs THETA)Y

3

-STOP

END
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http:IF(EO.LE
http:IF(EO.LE
http:0)/0,,.-O,.,O0.0O.0.,0.0Y
http:5)/0,.sO
http:5)/0.0,s0.0,O0.0,O.O0
http:10)/0.0,0.0OO,OJ0.0O
http:5)/O.0,0.0,0.0,0-0,0.01

690
700
710
720
730
740
750
7560
770
780
790
800
210
220
830
840
2350
860
870
880
520
900

-
&

kS

SUBRGUTINE ABSCIS (MsTsXJDH
DINMENSION DXC(Z200)HX(200)

CapvMeN ZABSC/DX/ZINTERV/HY
FLO=FLAOAT(M=-20)

PRELTA=(T- XJU)/CFL“*(VL@ “1)/72.%2043
KK=M=1

DX{1y=¥Ju

‘DB 10 I=1,20

HX(IY=DELTA

10 PXCI+13=DX(Id)+HXCLI)
DB 5 I=21,KK
HXCII=FLEBATC(I-20)%BELTA
5 DECI+1I=DXCII+HALL)
DX MI=T

FRETURN

END

*

¥

Lok



210 SUBRRSUTINE LIGHT (s TEMP>Us THETA)

920 DIMENSION A(lS);H(!S),Stl5);?(15);DX(?00):C(200)
930 CAMMEN/ABSC/DR/GABSO/C ’
940 DATACAC(IY»I= 1:15)/75000-i25809-:1iEDOa:7000-:4650»:3330-:2é20na
950"" 1696.:1120::79503380::180-:73')20 8!4 4/

960 DATACHCIX»I=1515)/+154548854198,41955:181516254+144,
70+ s1279-L197:01003300895310803:t0795:-0665;00606/
P80 IF(THETA.EQ.0.0)G% T3 20

990 [IN=3.8

1000 ARCG=THETA*.017453

1010 AC=CHBS{ARE)

1020 AS=SINCARG)

1030 AP= ATQﬂ(qq/(PIV*(l-*(QS/CTM)*$2¢)))

1040 AS=CES(AP) ’

1050 62 T@ 30

1060 20 AC=1.

1070 AS=1.

1080 30 D¥ 10 I=1s15

1090 HOIY=HCII®IURAC/Z140.

1100 10 ACII=ACII®(3.323%EXP(~ 702 6/TEVP}+1.}KI 319
1110 P=6.625E~-34

1120 Y=2.998EE

1130 DEN=P=2Y

1140 W=0.4

1150 1=1

1160 CAR=0.05/3.

1170 SCII=CREXWHEHCIIHACT)

1180 COE=CGE%2.,

1190 35 W=W+0.05

1200 I=1+1

1210 S{I)=C@E*(Is*FLﬁQT(MQD(I+1JE)))*W*H(I)*A(I)

1220 IFCILT.143GF TO 3%

1230 ¥=1+0.05

1240 S{1S)=(0@E/2. )?U*HCIS)*QC!D)
1250 D6 45 J=1.¥M

1260 GG=0.0

1270 D 54 I=1,15

1280 -REINW=S{IIRLJE-EHEXPC-ACIIRDXCIY/AS)

1290 S4 GE=GE+R(IY

1300 45 G(JY=GG/DEN

1310 RETURN

1320 END

1330 =*

1340 =%

1350 *
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http:It=W+O.05

1360
1370
1380
1390
1400
1410
1420
1430
1440
1430
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1570
1680
1690
1700
1710
1720
1730
1740
1750
1760

T 1770

1780
1790
1800
1810
1820
1830

1840

SUBRGUTINE CaVER (Eﬁ»CT»PHI;XUU:CﬁV:INAf
DIMENSION F(S):Rl(4):FTICd):ES(SD):PI(SG}:Gﬁ(50)
DIMENSION FT(4}:ROCA>JR1C(4):RDC(4}
COMMON/ENER/ES/FLU/PI/ZANG/ZCA -
BATACELI a2 =1:250/0. G:e3:0832-3200 /-
DATACROCCIY 121243 /2.8153.945,4:.1153, A2/
DATACETCIY s I=1243/099551.277s 1, 45:1-726f
DATACRICLII»1=1540/2a.0723s 64;3 1832.857.
DATACET1CI)sT1=1,4)/1.05751.37551s 57651« 737"
IFCCOV.NE«Q0.0XCB TG 5

D@ 6 Izis4

RICII=ROC(IY/2+33E3

4 ETI{I)=ETC(1)

68 1@ 7

S DB 4T I=1,4

47 RICI)=RIC(I>/2.2E3

T DB 3 Izis4g . .
IFCECI+13.CT.EBXGE TG 4

3 CANTINUE

GO TG 14

4 RO=RI(II¥(EGHXETI(II?

IF(RO.LE.CTICGE TS 16
EC=CE@:#ETICI)-CT/RICII PR (1I/7ETICIY)
IFCECLE..9E~-43C0 T@ 16

FAC=E@&£ET1¢ID

AR=CT/{RICII*%{(FAC~.2E~ 4*¥ET1(I)))
TAN=SGRTC(1 . ~ARX2) /AR

AN=ATAN{TAN) .

STEP=AN/FLOATCINAZ

Xil=1l,.,/(FAC=- EC**ET!(I))

AR=0.0

D@ 18 K=1:INA

CA(KY=CABS(ARY .« S%ETEPD

ESCKI=(FAC~ CT/(RICI)*Cﬁ(K)))*h(IquTi(I))
XIZ=X1}

R11=FAC~- CTI(R?(I}*CGSféR*STEP))

LKIl=1./(FAC-XIT1>

PICKY=PHISCT*(KIB-XI1)/R1CIY
18 AR=AR+STEP
XI1=29F<A%KETE (1)

K112l s/ (FAC= X1ty

PI(INAY=PHI*CT#(XI2~ KII)/RI(I}

G T@ 19

16 ES(1)=040

192 RETURN

END

sk

# Hota: Inasxuatiaﬁ¢$§lo a@plié &ag;ssiar cailﬁ'aith
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http:IFCEC.LE
http:DATA(ETICI),I=I,4)/1.057sT.375.1.;576,1.73
http:DATACR1C(I)1I=14)/2,-07t3k04.TS

1850
1860
1870
1880
1830
1290
1210
1920
1020
1940
198D
1940
1970
1980
199¢
2000
2010
2020
2030¢
2040
29590

anan

O

2070
2080
2090
2100
2110
2120
2130

2140
o150

[rog -

2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270

2290~
2300
2310
2320
2330
2340
T2350
2360
2370
2380
2390
2400,
2410

SUBRGUTINE PR2TEN (AJUsMsMbsCOIV)
DIMENSIGN HXC(200):EP(200)sESC5035,CA¢50)
DIMENSION E(SIsROCAI-ETCAY:ROCCA) .
COMMEN/INTERV/HX /DAMPZEP/ENER/ES/ANC/TA
DATACECIY»I=125Y/0402:835«858.5200.7
DATACROCCIII=154)/2.815s3.945:4.1153.427.
DATACETCI)-1=1543/c9955 1027751465 1.T267
ER(1)=T8 (M)

DG A7 I=1,4

47 RDCII=ROCCII/2.33ES

Kl

DO 21 I=1,4

IFCECI=13.GT.EPC1YICE Tg 22

21 CeMNTINUE

22 RE=CACMMIABOCIIRCEDCIIXXETCIN).
IFCCOV.ER.0.0)EF TQ 50

IFC(RA.LT.XJNEE TO 16 :
EPC1)=CEPCI)#%ETCIY - ?JU/CFO(T}hCACMM})ﬁ**CI‘JET(I}>
50 !F(EPCI} LEs+9E-4)E0 T2 16

DE & K= .

RE= ”A(MM)*?O(I)%(EP{A 1)** TCI))
T}’.‘{HV(!(-‘l) r"r Df'\f"ﬂ' Tm 16

EP(X)= (rpcx 1)w*rTcz)—Hx<u-1>/cno<vascacmma))**c1 FETCIYY
IFCEP(KI JLE«.OF=-40C0 TO 156

IFCEPCKRY (GTECIX)EY TE 6

i=1-1

5 CENTIMUE

en TS 14

16 EPCKI=0.L0

14 RETURN

END

&

£

b3

SUBRRUTINE DAMAGE (MsMM»RHZ)

DIMENSION EP{200):XL{2003sPI(50)
COMMON/DIFF /XL /DAMP/EP/FLUZPL
GME=RHA%%{~.75)

DG 19 I=1,M

IFCEPCIY«LT3.2G0 T@ 20

19 EPCIY=1.2E-5k@MERC(EP (I %%k (=a9))

GG TE 14

.20 DEASEXP(=1.04)
. 2280

EME“GME%1”92E“3‘ : —

El

DOA2T, JEI.MY ® ’ Tors

IFRCERPCIY LT 1. 000 Ts ‘92,

21 EP(J)*@ME%DEA*C(EP(J)! 962)**(-n855)

GO TH 14 : IS

22 D@ 23 I=JdsM

IFCERCII eLE«+9E~A)GF TO 14

23 EPCII=OMEXEXP(~1 08%EPLI))

14 D8 5 I=1.M

IFCEPCIT«EQ.0.00C0 TG 24

AmXL CII=XLCId ) .

5 XLC(I¥=SORTCA/(A*PI(MMI*EP(IY+1.0)) ]
24 RETURN &7
END -


http:F(EP(I).LE
http:EP(J)/.962)**(-.85
http:OME=RHO**(-.75
http:IF(EP(K).LE
http:DATA(ROC(I)l=1.4)/2.81s3.945s4.11

2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2420
2630
2640
2650
2660

2670,

E

SUBRGUTINE ELECT (E@sPHI-HsCHV2XJU2CT,RHE)
DIMENSION EPC200):HXC(200Y,RL200)
COMMBNZDAMPZEP/ZINTERV/ZHR/DIFF/XL
BUME=(C10+/RESIEE.SIFIE~10
EXN=~10./CEf#%1..5)

IFCEHS L. «3G0 Td 10
DC=OME®C T «2XALBGC2. 1 THEDG) Y548,

Gg T® 20

10 DC=OMERC 4 7HALBGC A #EF) 35%2,
20 TH=COVHCTH2 «2+XJU%2.33
EPCYY=DOHEXPCEXN®TH?

A=XL T kS, ‘

KL Y=S0RTCA/ CAS%PHI%EP(1)+1))

D@ 40 I=2,M .
TH=TH+HX(I=13%2.33
EP(I)=DCHEXP(EXN®TH)

AzXLCI Y%,

40 KLCID=SORT(ASCASPHINREPCId+143)
RETURN : ‘

END

.-

Eie

e

Ll )

Wote: Eaﬁtructian 2340 applies ﬁauselazfgﬁﬁfs with

o

& 7940

coverslides, For sapphire, with o denbityifi3:98 gn/ca’, chie

b
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http:TH=TH+HXI-1)*2.33

2680
2690
2700
2710
n720
=730
2740
2750
2760
2770
2730
2790
2800
2810
2E20
2830
2540
2850
2850
2870
2%90
2290
900
2910
OQOO

i A

2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
5030
3040
3050
2060
3070
3080
3090
3100
3110
" 3120
3130
3140
3150
3160
3170
3180
3190

3200

2810

SUBROUTINE RAGT (NaMsDsXHD
DIMENSIFN HX{200),DXC2005,XL(200)
DIMENSIGN £C2003+C(200),EP(20D)
COMMONZASSO /DX /INTRERYV /UK /DIFT A XL,
COMMEN/GASST/E/DAVYR/RRZAMT/O

DO 119 H=lsn

HSUM=HX CHI+UX (K1) o
DXCKIZ1 o 7 CXLCK+ 10020 342, ACHE (K41 IXHXL{KD)
KLCKI=2 . /CHECK Y RHS U
EP(KY=2./ (HX K+ 1 I%HSIM)
DRKI=DXCKY /ER (KD
KL{KI=XLCKI/EP LK)

FP{HI=2CI{X+1 2/ (DEEP (KD

119 CoNTINUE

£e1d=5n.0

CC2)=1.0E8

C2H=0.0

C2L=0.D

=0

5 CONTINUE

CALL TRAP (Ns¥)
IF(OCKE23210520530

20 IF(M=-K310:40,10

10 C2L=0C{2)

0C2Y=0C2)¥x10.
IFCC2LAC2HISHS 55 50

30 CouU=CLe)

CC2¥=C(2)/10.
IFCC2L#C2HY 502 5550

50 CC23=(02L+C2HY /2.
TEST=(C2H~C2LY /C2H
IFCTEST.LT-10E~62C9 TG 40

CALL TRAP (NLK)

IFC(CCK+2) 60,7080

70 IF{M-KY60s, 40,60

60 C2L=C(2)

£g T8 50

80 C2M=C(2)

t2 T8 S0

.40 RETURN

END
"
=

LT3

SUBRIUTINE TRAP (NsK?

DIMENSION C{200),DX(200)FP(2001,XLL{200)
COMMBN/ABSC/DR/DIFF/XL/DAMP/EP/AMT/C -
b@ 99 K=1,N

CLAK+2I=0 K+ 13 32DXCKI~CCKIEXL (K -EP (KD
IF(CCK+2)Y BT.1.E30¥GE T3 30
IF(CCK+2)WLT.0.0)68 TQ 50

99 EENTINUE

50 RETURM

END

45.


http:IFCTEST.LT

2220 *

3230

3240

2250
3260
3270
2230
3290
3300
3310
3320
2330
3340
2350
3340
3370
3380
3390
3400
3410
3420
2430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
2540
" 3550
3540
2570
3580
2590
2400

%

K

SUBRGUTINE CURVE (D, TEMP» s VOsRICONSs XL XJUs THETA)
DIMENSION £C€200),HX(200)

CEMMOBN/AMT /C/INTERVAHX .

10 FURMAT(AHIL=-F4.2:3H MAL10%:2HU=:F6&.1,9H MW/ OMu%2)
20 FARMAT(IHVO=sF6.2,3H MU:iDX:SHTEMP=;FSaO;7H.DEG. K3l
30 FORMAT(2HR=,F6:3s 4H @HMs 10X SHTHETA=,F6.255H NDEG.)
50 FERMAT(3HIO=sEIG.3-3H MA,r//)

70 FORMATI(S8X:5HI (MAY, X;SHU(%U);QX:S%F{VW):/)

B0 FORMATCTRsF 62534 sF6123%sF 823 ’

G81=1.502E~19

UN=ICGS(THETA® .01 74532

CU=01%DHCC2 IR JER/HN(L)

CS=,42543A QEIXIUIHIELI+T1,0057~1 . Q0 TOEEXP{~-53530.%0HN)
CS=CS{TEMP+400 .. YHIN*IE~ 4

CU=CU+CS )

Clg=(XLA/C0NI®* (1 . 5T2kALCG(UNY - JuBS)VI
CIE=CIOREXPL{=-6492. 73/2TEMP)

WRITE(S,103CUsU

WRITECS:20)Y0, TEMP

WRITE(9,302%, THETA

WRITE(Z,503CI0

URITE(9, 702

STEP=CU/10.

DO 40 I=1.10

RI=STEP#FLOAT(I-1)

.U=UO*ALBG((CU+CTE—XI)fCIﬁ§-XI*R

PeXI®Vk1E-3

40 BRITEC95B0IXIsVsP
STEP=(LU-XI>710.

D2 60 I=1,10

XI=XI+STEP

V=UO#ALBEC CCU+CIE-XI Y /0I0Y-XI¥R
P=XI%Us1E~2

60 WRITE(9,B0IXIsY,F

RETURN

END

50.



