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ABSTRACT

Results of the third three months of an effort to prepare a
computer program for silicon solar cell performance in the space
envirenment are reported. The previous mathematical model has
been expanded to include additional constructional and environ-
mental parameters. A description of the computer program in its
present form is given. Numerical and graphical results of compu-

tations are also provided.
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INTRODUCT ION

Thiag ia the thirxd quaftefiy repatt on a one year program to
provide computational methods for prediction of solar cell per-
formance in & natural radiation enviromment. It covers &o:k per-
formed during the period 1 Deéembet 1969 through 28 Febrﬁ#ry 1970.
The model for the theoretical caleculation of solar cell performance
under space cdnditions, prepared under contfact 952246 with the Jet
Propulsion Laboratory, is the basis of thié work. ’

In previous quarters of this program, the model was refined
and used, with the aid of a computer, to. examine consequencea of
various enviromnmental factors. Numerical valuea of electric&l parau
meters as functions of cell dimensions ‘and environmental conditians

were presanted

The work reported_he:eiﬁ congists of preparation leading to -
the complete computer Rrogramlthﬁt.ingludes the final forms of -
thé\aﬁalytical gffurt diggussed previously. Section I presents
some of the receﬁt choices that were made leading to various
equatidna'uaed in the érbgram. Section II presents a detailed .
description of the modules of the program.



1. EXEENSIGNZ OF PREVIOUS ANALYSIS

A. . Summary

The camputer prﬁgram for selar ee?i performance, begun earlier
during the course of this centr&ct, and reported in the Secend :
Quarterly Repwrt, was expanded te include additional calculations.
These calculations permit a determination of the effects of combined
radiations. The effect of isotrepic fluences of protons and elec-

trons of assorted energies can be handled simultanesusly.

A gecond majer extension of the program permitted consideration
of the dapant prafile farming the junction. This extensive calcula-
tion was necessary for the determination of the surface contribution
to the electrical parametera, particularly the photovoltaic current
density. In erxder to simplify the program, values for the aurface
contribution Jn to the phﬁtevaltaic'curren;'dénsity wetre obtained
under varying conditions of junctiéh depth, temperature, illumina-
tion and radiation damage. An empirical equatisn was then obtained
which relataéﬂjn to those factors. The equatian is axplaiued in
Section I B.

More exact appraximatiéﬁs for the derivatives used in the
caleulation of minority carrier concentratiens were developed.
These changes are simpler to explain if only the base regfon is
considered. The argument is alsc valid in the surface region, but
there it is complicated by the fact that the ilmpurity concentration
and the diffusien coefficient are variables. The derivation can be
demonstrated with Figure 1 and the variable mesh scheme described

in the First Quarterly Report.



B

Figure 1. Censtruction ‘of variable mesh h.kvto approximate
the curve n(z) at pegints nk :

The slepe. ef the curve between a and b, and between b and ¢
are approximated ag constants., The first d-erivative of the curve,
evaluated at b, 18 taken as the average of the slopeom either»side
of b, f e , = ) : _ - .

a1 (%z"%z i “‘k)-

} "k+2 hy + “k+1 ("1&1 - hk)"’khm'l -
' 2hy by N




The gecond derivative ig derived as described previsusly.
It is then

An oy k2 Pk T e (h'k + ,hk-!-l) oo by (2)
&* hk,hxgi(hk + hk-i-l)

Using equation 1 and 2 in the centinuity equation with the
fleld terms eliminated, the minerity carrier cencentration can
be found from

[ 2 B [ S WA 2
“W[mx(hwmg ot Py )| (B Paer)
. . (3)

B, Surface Region ™

The surface region of a soldr @ﬂ, 'aﬁﬁ.@ii} only 0.2 to 0.5
‘microms thick, must cemtribute a minor amount te the pheteveltaic
current. Calculation of this contribution with the techniques used
for the base region is complicated by several factors. 7To¢ begin
with, the nermal process of junction formation by in-diffﬁsian of
n-~type impurity atoms is recognized to result in. a comp lemetary
error functien type of diséfibutian of donor atoms (1). The con-
centration N(x) 18 related to the surface concentration N(g) by
the temperature~dependent atom diffusion coefficient D amd the
process time t by

N(x) = N(0) erfec QxﬁféDt) (4)



The'parti;ulars of this process would generally be unavailable to
users of eur code, so that some estimates are ugeful. A typical
valﬁe of N apﬁéars te~be'102? atoms / em®. Thégﬁraduct Dt, if
unkunown from the procesg, can be:calcdiate&lif the junétian depth
iswknawn. At the junction, N(x) must equal the lmpurity concen-

tration of the base materiazl.

The code uses a polynomial approximation to the errer

function {??;
efgc (ﬁ) ;w(c * + e n® +¢ nf+e n) -2 eih yz (5
_ 4 3 2 AN ’
where: n = 1
: 1+ 0.381965 y

¢ = 0.12771538
¢ = 0.54107939
c = 0.53859539
¢ = 0.75602755

y = x /N 4Dt

The nonuﬁniferm impurity concentration vver ;héAnurface
region alse causes variation in the mingrity é&rr}e; diffusion
coefficient D,- The term né 18 the diffusion coefficient for
holes and should not be confused with D, the atomic diffusion
coefficient used above. Since D? does not change uniformly
with concentration, the variatien with impurity cenmcentration



shown by Conwell 3 ig used. Since no simple equation will fit
the entire curve, it was decided that the best appredch was a
series of empirical equations. These are: -

for K %'1615 lD?‘= 13.0 .“{33 ‘
10*° <w < 10%° D, = 52.0-2.6 log N (b)
10*® < n < 10'7 D, = 56.16-2.86 log N (c)-
\_ 10'7 <§ < 10*® D = 82.86-4.42 log N (&) (6)
10'% < § < 10%° D = 41.28-2.1 log N (e)
N < 10*® D= 1.0 (£)

For the surface vegion, where the field is not negligible,
the continuity equatien is

E
€w-Ptp p v g Bt D =0
where: P = concentration ¢f holes
Tpa lifetime of holes
«ﬁémfmabiiityuaf holes: ‘ ‘
E ? field éugﬁég.%é?uti?y gr&diegt "7 Y &

Using equatiems 4, 3, 6 and 7, we sslve the continuity . .
équatién,@n thg éam@uter by puttingvitlin_the ferm-ef a éiﬁfg:enge_
equation, in themannevr demonstrated in the previeus reports.



a1 dﬁp 1 2
Prs2 n Zhy,q 9% N, “) = Prag +
h&ﬂ-l(b'k h‘k-%-l) ‘k+1 Ppery PPt
N
( i hk+1) dx I‘kﬂ (dx ket L1
iy - ""T% o
B;H. % Dy et1)
' fap . G
2 1 oan 1 (%P 1 - G
- p - - F 1 [ = e (8)

k h‘k(h‘k + "‘k+1> e N\ Ppaey || Dplen

ay . db

In the base region, where T and —=— - vanigh, equatxan (8) is reduced

to equation (3): by substituting "n" (electron) for each "p" (hole) term.

The inclusieon of these equéticn& in the final program would
unnecessarily lengthen the computing time. The routines for the
surface reglon, therefore, were run separately, with varying
temperature, junction dépth, radiation and illumination intensity.
The variation of the surface ccﬁtribuﬁien'te the current density -
Jﬁ with tempetature'waa curve-fitted as | '

3, =9.89 % 107% T + 3.960 mA/cm® )

The maxiﬁpm deviation in the range 250° to 350K is 0.19% in
current density. |
Jn‘vg. the junction depth xj(in microns) at 300°% 1s plﬁtﬁﬁé

in Figure 2. A maximum deviation of 1.17 fer junction depths of
0.3 to 1.0 microns i{s obtained with use of the the expression

3 = 4.182 @nxj + 9.88 mA/cm® H(10)



10 o ; ,

8 o
&
8
?3, A i
e L i
4 Y ’l § % ] § {
.2 ' b .6 8  1.¢
xﬁaniarwng)‘

_Figure 2. Variatien ef surface eurrent density with junétiaﬂ
depth. (theoreticall

In order to generalize the radiaﬁiﬁn effect, jn was plotted .
as a function of the diffusion length Ln (in microns) of electrons
in the first increment of the base region. The assumption here is
that Ln, mea&uged in the base region near the junction, measures fhe ampunt
of radiation expesure the surface reglon hags received. For the
thicknese of practical solar cell surface regions, the damage is .
uniform and this value of Lﬁ ig an indicater of the exposure.
The values calculated are shown in Figure 3. . - The empirical
equation, which has & maximum deviation of 2.2% for Lﬁ‘g?eétéf'than;
<12 microns, is ’

~B .33 L
In e =% . b mafem® (11)

where: Jnas the initial surface current density may be taken as
6.94 mi/en® for xy = 0.5 u, T = 300°K, and U = 140 uil/cm”.
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Since the light genérated
the 1lluminatien intensity

current is directly prapertienailto

5= Y0 (u/140) mA/ cm® (12)

These equatzans have been cambined into a. aingle»aﬁpirical

formula for. use in the program. The expression 1g
- (0.01408 + 0.005956 fnx; = 9.01411{5'353%) |

{Tﬂ'«é- 400) (Ufl&b} mA/émév _{13)

Use @f thia ﬁxpresaign to estimate the aurface‘ragian

eontribution to the pheteveltaic current permits us to bypase a

mpre invelved caleulatien guch as used for the majer contribution
by the base region.



C.. Temperature Effects

' The variation of the light generated current IL with

temperature was digcussed briefly in the Second Quarterly Report.
During this quartér,bghe theory behind this dependence was ex-

" amined 1in greaﬁe* depth. The theory shows that the change in I

is caused by chauges in three of its parameters: the light absorpﬂ
tion coefficiena @, the minority carrvier diffusion coefficlent

§D (ox D } and the lifetime 7. The firet term is showm by
(&)

_Macfarlane and Roberts ko be equal to
4

Z -
hy ~E_ =k8 hy - B «Hce\
4

1
<8 [T

1

- (14
ee/T-l

o= A
1=e

hy
where: A is a constent
T e =600%
hv = energy of incident light
Eg = energy gap of the semiconductor

ko= Baltzmann’s constant

Since E varies very slowly with temperature {- 0. QOOIBev/ C for

silicon 55 }) the guantities L(&m annkﬁ)fthJE and L(hv -~E i—kB)/th

can be considered constant fer eac& wavelength, making o proportional
to ii/(iweﬁﬁlT)+ 1/ (e o/t 1}1 At b o= 1.1 pswhere hy 18 very clese to

Eg, the value of o clianges only 7% between 250°K and 300°K. Since

light in this reglon of the spectrum contributes only a small nﬁxber of
carriers, the effect ﬁay be neglected. At lower wavelengths ﬁhe variation
- dg even smaller. If the ashove gquantity is degignated as

£, and (f~1) is plotted as s fumction of §/T, as in Figure 4, a straight
line results. The equation which fits this line with a maximﬂm

deviation of Ieas than IZQ is

fn (£ ~ 1) = 1.401 ;1,1?1% ’ (15)

10.



From equation (15), the relationship between « and T can be shown to be

" 3,323"/02:6/Ty
7315

(16)

¢ (,T) = o (\,300)

H T ’ 1 - L8 L

From Eq. (15) |

l i 1 i A 5 i ) pusierh ) —
1.6 1.8 2.0 2.2 2.4
e/t

Pigure &, Relationship of absotbtilon coefficient to témperati:re.

The effect of temperature on the diffusion coefficient in siliconm
may be determined from measured values of the i:emperatureumobiélity

- (6)

relﬁtionship. The measurements show that for electyons the mobility

varies as T ° 'E, and that for holes it varies as T ©°7. By use of the
N L7

Einstein relationship, D, varies as T+ and D# varies as

The effect 6f temperature on the minority carrier lifetime 7
has not been determined theoretically. It is‘cormposed of many factors,
most of which depend upon the specific processing that the cell has
been subjected to. Each of the process steps changes the mmber, type,
and energy level og the tfapping centers that detémme‘ tﬁé lifetime.

11.



The teﬁ#eratﬁre dependence of many types of traps has not been
desctibéd in the literature. It was therefore negessary to assume a
relationship that is consistent with experimental results. KXnowing
~ the temperature dependences of o and D, different functions for T
could be tried. If v is taken as propertional to Tﬁ’s, the temperature
coefficient of IL in the region sbout 300°K 1= 0.05%[06; which ié
consistent with the photovoltaic current measurements given by

Reynard (7 and others,

Figure 5 shows the variation of the open éurrent valtage voc
with temperature and compares the results with the experimental
data given by Reynard.(7)

| [ ¥ ¥ : ¥ H ¥ ¥ 1
—ialeulated Values

?Oﬁig ‘ xx From Ref. (7).
S
8
.
500 L
L2y 1 ) S W — Y RSO W WUEE
250 270 ‘ 290 310 330 ; 350‘

Figure 5. Variation of open édrcuit voltage with temperature
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Ds Illumination Effects

Information relating the diode saturation current to
i1lumination is not available from theory or direct measurements,
but can best be calculated from experimental data on the open circuit
voltage V o? eince the photovoltaic current is proportional to
illuminatfcn. According to Ritchie and Sandstrom ( Y Vac increases
at a rate of 0.2 mV/wi/cn® with iucreasing Illumination intensity o
g. Id'can be calculated from this using‘the gtandard solar cel} _
equation. If IQ is plotted against gn U, as in Figure 6, the curve

‘can be approximated by a straight line:

1‘0’ = 0.0627 0n U - .134 pA an

The maximum deviation in IG between the line and the caleculated
values 18 2.1% in the range of 90~190 mW/en®.

L ¥ 1
xxComputed Values

I, (wA)

'1&& ) ) 1 i 2 i
80 100 120 140 160 180

2
U (bl / e y 3.

Pigure 6. Variation of diode current
with {lluminstion intensity.



‘In Figure 7 a comparison is made between the I-V curves
g’enerafé& by the program and those reported by R,it‘chi_e and Saﬁdst'rom (8) .
Since only the cell thickness and rtem;ierature are known, aspumptions
had to be macfe aé ’”t:o the- junction vdept‘hi and .vv', .U'sing xj gqugl té
1 micron and v, équal to 4530V, mdde I, and Vﬁc comparable to the

measured values,

The variation of maximum power ?max with {1lumination was also
examined. The results, shown in Figure 8.,indicate that P .y Varies
linearly with U.

14.
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§
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Comparison of calculated I~V curves with experiment
(Experimental values of I reported fer a 4 cm® cell,

have been divided by 4.)

15.



1s.

, ()

' S L PEIEN ) 3 ‘::»:‘:..hr o, - i , X P rz, P R
U (/e )

Figure 8. Variation of maximum power with i{llumination intemsity.
(calculated via computer program)



E. Proton Irradiation

‘;{m, the Second Quarterly Report, the importance of the
surface reg:téﬁ in determining the rate of aegradaticn of Isc with
low=energy proton irradiation was discussed, but correlation between
the program resﬁlts and exfaefiniental data was not possible at that
time. The use of the program including the diffused surface regi«m,

produced an 1 va.@ curve closer to the experimental results than

any previousl;r; obtained. &s mentioned in earlier reports, the value
of the damage coefficient X for low énérgy protons is uncertain. If
K is taken to be %— of the preiricﬁs‘iy used value, the rate of degfé&a*
t:ion of I. is almost identical to the rate measureti by ‘Statler and
curtin O }up to & = 2x10'® p/cn®, as can be seen in Figure 9.

Since space applications are seldom concerned with fluences greater'
than 10'° p/ma‘, no further attempt was made to fit the data at
higher fluenées. More éxperimental effort in ﬁhis. area is clearly

warranted.

AIO:O A

8]

.6

i/ Te

44

2

102 102 10'* 10-8
2
‘?p (p/em”)

Figure 9. Degradation of fo with 0.27 Mev grotons
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I1. PROGRAM MODULE DESCRIPTIONS

_'Thé fupction of the solar cell program is twaoid: 1) the
determinaticn;of the solar cell parameters IL and Io; and 2) the
associated -V curve under various envirommental conditions, in-
cludiﬁg radiation damage by electron and pféton spectra. The .
prdgraﬁAis moduiar,yi.e}, a main program accompanied by severai
subtoutinas. The main yrograﬁ provides the data necessary to de-
scribe the solar cell and its enﬁiranmenﬁ, and calls the aﬁprepfiate
subroutine when. ﬁeedé&; Eath subroutine performe a épecific task
and 15'discussed individually below.

The envirommental input consists of the temperature, the
illumiﬁatieu intensity, and up to tem each of. protom and electrom
energies with thelr assocliated fluences. Fach Ffluence is considered
to be incident”isotropically. By suitable cholces of energies and
fluences,continuous particle spectra can be approximated. Particle
energles are restricted to values below 200 MeV for protonms and
below 40 MeV for electrons. Particles with emergies above these.
limits are ignored by the program because of lack of data on high

energy damage coefficients.

A liet of necessary input variables and their assumed values
is given as Table 1. The values may be changed as desired, but
care mast be taken to retain the specified dimensions. More de-

- talled discussions follow in the subroutine descriptinﬁs.

18.



Table 1{, Input Variables for the Computer Program

Variable

RHO
Vo

XJu
TEMP

EOP (I)
PHP (1)
EOE (1)
PHE ()
AL

H(T)

Definitien
initial base region minerity
carrier diffusion length

base reglon minority carrier
diffusion coefficient

base reglon resistivity

solar cell characteristic velt~
age

solar cell series resistance

splar cell thickness

junctien depth

coverglide thickness

temperature

- illumination intensity

preton energies
proton fluences
electron energles

electren fluences

absofptisn coefficients of light

in sili¢on .

spectral irradiahces obtained from

the Johnson spectrum

Stored Value

150 micraﬁs
35 em?/sec

10 ehm-cun.
43 mv

0.1 ohm

14 mils

0.5 microns

6 mils

300 %

140 mﬂ/cmz

0.0 MevV

0;0 prétanﬁ/cma
0.0 MeV

0.0 electrons/cm®

vartable: cm *

variable: wW/cm™ |,

19-



A. Subroutine ABSCIS

| Subroutine ABSCIS _comﬁltes the increment thicknesses
HX(K) necessary for the difference equation caleculation, and the
depth into the cell DR(X) of each corresponding point. The first
20 increments are of equal width &elta;;theremaiﬂiug values of Hx(X)
are given by(K=20) delta. Therefare any error induced by the un~
equal-increméﬂt technique occurs away from the junetion. Such a
compromise between equal and unequal increments reduces the degree
of approximation in the eritical region near thé junction, resulting
in a more accurate evaluation of the minority carrier concentration

and, consequently, the photoveltaie current demsity.

The number of points is set at 200. Testing the program with
a greater number of points (amalier increments)'shsws an ingignificant

change in_the sutput.

B. Subroutine L.JJ

The rate of producticm of minerity carriers per e pef

second due to light absorption is computed for each point provided
by subroutime ABSCIS. A Simpson's rule integratiom over the
Johngon spectrum from 0.4 to 1.1 microms in 0.05 micron steps is
employed. Other spectraz, e.g., the tungsten spectrum, may be used‘
by changing the spectral irradiances H(I) In the swbroutine's input
dgta.to those pﬁ the deaired spectrum for the wavelengths 0.4,0.45,

ceeevyl.l microns.

C. Subroutine COVER

COVER appreximafea each monoenergstie isotropic proton
fluence by a set of 50 beams Inecident at sugles ranging from zero,
with reapect to normal incidence, to the maximum augle a proton of
the ‘given emergy can have and still penetrate the coverslide and

surface region. For ecach angle the proton energy after penetration

20.



and the ineremental fluence over the associated mngular increment
are determined. Computation terminates 1f the initial protom
energy is insufficient to pénetraﬁe at nﬁrmal incidence, or if

the emergy after penetraiion ig insufficient to cause damage.

D. Subroutines PRGTQN and BAMAGE

Associated with each of the 50 beams determined by COVER
is an angle dependent proton energy profile through the solar cell
thigknegs. FROTON determines the energy at eaeﬁ point in the cell
until such time ss: 1) imsufficient emergy remains at a point
DX(K) to penétrate thé next increment HX(K); 2) the energy is
below the damage threshold; or 3) the cell has been completely
penetrated. It is assumed that tﬁe proton follows s straight path
until one of the abeve conditions ié‘ﬁﬁt‘ Te each of these energies
subroutine DAMAGE associates a damage ‘coefficient. These, in turnm,
are usged with the'ihérementai fluénce to determine the degraded
minority carrier diffusion length. A damaged diffusion lemgth
profile as a funetion of position in the cell results. Simce the
process 1s repeated f£or each besm of each energy the final
diffusion length profile represents the total damage dome by the

i

approxzimated proton spectrum.

o

E. Subroutins ELECT

BLECT is the eclectron counterpart to subreutines COVER,
PROTON, and DAMAGE. Here, however, the assumption of a non-déflected
pét&’caﬁﬁﬁs be‘m&éﬁ. We indtead use a weighted damage coefficient to
represent the damage at a-given depth DX(K) im the cell, as described
in the last quarterly report. The damege cséfficient of the incident
monoenergetic electron fluence ie conputed first, The effective
damage coefficient at depth DX(R) is then deterﬁiu@d as a function of
the areal dengity in gm]cma of dmterial penetrated; f.e., DAEY . -

21-



"plus the coversiide thickness. The coverslide and silicon densities
are 2.2 and 2.38 gmfcﬁ?sifesp&ctively.

As in subroutine DAMAGE the minority carrier diffusion length
profile is updated using the asspeiated slectron fluence and the
weighted damage coefficilents. The process is repeated for each

electron energy given as input.

¥. Subroutine ROOT

Subroutine ROOT contains the iteration techmique to solve
the difference equation. The value of the minority carrier concen=
tration at the junetiom, €(1), is set equal to zeroc and an approxi=
mation of 10° made for its value at the second point ¢(2). The
approximation of 6 (2) is then inecreased or decreased by an order of
magnitude depeﬁding on the sign of the carrler concentration as
computed for the baék surface of the cell with the differemce
‘equation (Eq. 3). A positive sign results when ¢(2) is too large
and 2 negative sign when it is too small. The process continues -
until the eigns differ for two successive approximations, indicating
that the correct value of €(2Z) lles between them. The bisection
technique is thea'emplayad until either the carrier concentration
at the back of the cell becomes zero, or two successive values of
€(2) differ by less than 107 percent. ‘ "

G. Sobroutine TRAT

‘. TRAP cemtains the actual difference equation approximation
of the continuity equation. It is called by subroutine ROOT and
control 1s returnmed {f: 1) for a particular G(2), the minority
carrier conceﬁtra:ion anywhere in the cell emceeds 10%° carriers/ea’ ;
2y the minority carrier concentration becomes negative; or 3) the-

computation for every incremental point is completed.
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H. Subroutine CURVE

CURVE utilizes the previously determined data along with

the input data to generate the photovoltaic current density ;L”
the dicde saturation current L peints on the resultant I-V curve,
and their associated power P. The bage region contribution to the
photovoltaie current density is determined from the miﬁority carrier
concentration gradient at the junctiom, C(2)/EX(1). The surface
region contribution is calculated from the junction depth,
illumination intensity, temperature, amd degraded minority carrier
diffusion length at the junction (Eq. 13). Addition of the two
current components yields the total photoveltaic current &énsity.
Temyerature, ilivmination intensity, and degraded minority carrier
dif?ﬁﬁionzlength at the junction are used to approiimate the diode
saturation current.

A set of the four selar cell parameters is now available.
- The program is co&ﬁlete& with the output of these parameters and points

on the resultant I-V curve computed ffa@ the solar cell equatiom,
end the power assoclated with each point. An examplesf the sutput is

given dn Table 2.
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Table 2. Sample Printomt of Solar Cell Performance

1L = 40.45
Vo = 43.00
R = (0.100
10 = 0,176E=03

I=0,00
1=4,04
I=8,09
T =12.13
I =16.18 "
1 =20,22.
1T »24.27
1 =28.31
1 32,36
1 =36.40
I =36.81
1 =37.21
I =37.62
I =38.02
I =38.43
T =38.83
I =39.23

. 1.239.64
I =40, 04

I =40.45

v = 530.9
¥ o= 5259
Vv = 520.5

v = 514.3

v = 507.3
V = 499.0
Vv = 489.0
V = 476.3
V= 458.4
V = 428.2
V= 4237
v = 418.6
V= 412.8
V= 406.1
Vv = 398,2
vV = 388.6
V= 376.2
Vv = 358.7
v = 328.9
Ve 4,3

P= (.00
P 2,13
P=4.21

P = 6.24

P = 8.21
P =10.09
P =11.87
P =13,48
P =14.83
P =15.59
P =15.59
p =15,58
P =15.53
P =15.44
P =15.30
P =15.09
P =14.76
P =14,22
P =13.17
P = 0.17



IIY. CONCLUSIONS AND RECOMMENDATIONS

Althaugh the primary objective during this.qéatﬁer was to have
the computer program operational (and this objective was reagcl;\ed'},
it is apparent from the preceding presentation that additioﬁél analysis
was undertaken. Thie study was neceééary for rhe model to take into
proper account those significant variables discussed in Sectiom I.
The 1ist of variables now considered, given by Table 1, is a measure

of the present versatility of the program.

Even with additional amalysis, there remain a2 mnumber of
varisble factors affecting solar cell performance but not considered
explicitly ip the computer program. For example, we do not consider
the surface and interface reflections of light, and overestimate photo=-
volgéic current as a result. Partly, this is due to the lack of de-
tailed reports on the commonly-used antireflective coatings; partly
it is due to recognition that reflection is usually small. The
same caﬂaes-paﬁeiqy-nf data and low priority = have postponed our
treatment of several factors. However, these may total to produce

a significant effect.

To wglidate the program, it is fhérefore advigable to compare
its output with epecifically designed experiments. Such a validaﬁfoﬁ
effort would not only establish confidence in the caﬁputer results;

_ but alse would generate newer amd more accurate measurements of
‘those parameters now imperfectly measured, asuch as low energy proton
damage coefficients, light absorption coefficients with varying
temperature, ete. Meanwhile,the reasonable agréement of the computer
results with published experiments, as shown in this and previous
reports, warrants its use to evaluate existipg and proposed aclax

cells,
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IV, NEW TECENOLOGY
After a diligent review of the work performed under this

contract, it was determined that no new innovaticn,'disco?ery,

lmprovement or invention was developed.
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