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LONG-TERM RADIATION EFFECTS ON GaAs SOLAR CELL CHARACTERISTICS

. By _
J.H. Heinbockel! and ‘M.J. Doviak?

SUMMARY

This report investigates preliminary design considerations

"which should be considered for a space experimént involving
Gallium Arsénide (GaAs) solar cells. The glectron radiation

effects cn GaAs solar cells were conducted in a laboratory _
environment, and a statistical analysis of the data is presented.
In order to augment the limited labcratoty data, a thecoretical -
investigation of the effect of radiation on GaAs solar cells is

The results of this study are empirical prediction

also developed.

equations which can be used to estimate the actual damage of
The exparimental

electrical characteristics in a space environment.
and theoretical studies also indicate how GaAs solar cell parameters

should ke designed in order to withstand the effects of electron

radiation damage.

! professor of Mathematics and Comphting Sciences, School of Sciences
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INTRODUCTION AND STATEMENT OF THE PROBLEM

This study was initiated to investigate preliminary design

coasiderations for a space experiment on GaAs solar cells. The
first steps in the design of a space experiment on GaAs solar
~cells are to‘identify_the experiment goals and determine the need

for a space experiment. The actual feasibility of a space experi-
ment and the conceptual design of a flight package are not considered
in this study.-

In deveioping the goals of a space experiment consideration -

~should be given to the advantages which GaAs solar cells offer

over other types of solar cells. These advantages are (1) higher
AM-0 efficiency, (2) greater stability in a space radiation environ-
ment and (3) operating capability up to 300° C. ‘

The need for a space experiment arose from two needs. First,
laboratory measurements can be made which accurately compare
different solar cell types. However, reliable daté is neecded to
show how GaAs solar cells perform in a real space orbit rather than
in an environment imperfectly simulated in a labo:étory. Secondly,

a functioning demonstration is needed to convince spacecraft designers
that GaAs solar cells are ready for use in Space power systems.

The first‘experimehtél goal became the measurement of the power-
generating Capability of GaAs solar cells when exposed to a space
rédiation environment. Data on the effects of radiation on GaAs
solar cells was just becoming available when this study was initiated.
The data was generated through NASA/Langley Research Center and

contractual efforts. Some;limited.data was also available -through oo
. independent programs. '

The second experimental goal was the measurement of power
generation in GaAs solar cells at elevated témperéture and various
sun intensities in space. A review of the available data on elevated
temperature operations of GaAs solar cells indicated that insufficient
data existed to plan a 300°C space experiment. The need for such an
experiment was dermonstrated through intensive laboratory research.
Because data is just now bécoming available, the high temperature

study is not considered in this report.




s s - : . R
) . . . . .
—— -

s - e.w.._._..;__'-.._._‘f‘.\____

i;_is"r OF SYMBOLS
q - electron charge = 1. 602192(10"’) {Coulomb]
F - ,AdeﬂSlty of xncxdent photons per unit time per unit
° '~ bandwidth - .
R fraction of photons reflected from surface
c . S speed of llght = 2 997 (108 ) (msf’l
d .fluence [electrons/cm ]
N, " number o:_acceptors on p~side '
Ny ©° number of donors on n-side
n, L _fintrinsiC’ca:rier density
K ' Boltzman's comstant = 1.38(10-2%) ([JK™!]
h o Planck's constant = 6. 6262(10"“) [Js)
M;, MgiA E effectlve masses of hole and electrons [kgl
¥ - ) l .
4 M, ~ electron rest mass = 9. 109558(10-”) {kgl
S
% }f=f : Eg‘ - band gap energy [eV]
3 1g); T o temperaturc'[°K]
;. - o S : 'permitivity of GaAs I?/cm].
? ‘VD o ' w-ndow thlckness [cm)
; Moo ué‘ -Imobllltles of mlnorlty carriers [cm /volt sec]
\;“;Y" wmm““'*i,;“gi“'“"‘f"fjﬁﬂction'depth [um]
% W v ‘width cf'depletion region [cm]
k 5 H ° total cell thickness [cn]
;r, - S, Sg' sp_ ;ecombination velocities [cm/sec]
Té, rq. rp' lifetimes of minority carriers [sec™!]
'Q b o Dy¢ Dgs Dp diffusion coefficients [cm?/sec]
' A- : - ILMED
1 | e NK NOT F
:2 H : . .. weECEDING PAGE BLAM o
1 an . o o :




3»La, Lg.‘ij diffusion leegths [cm]) | | _f?f .
" &, 8 - - absorption eoeffieients-for GaAs and GaAlAs [em™Y) ' 'f
J . photocurrent density [mAmps/cm?] a
I .. short-circuit current density [mAmps/cm?) . :5'
SR . spectral response P
_ P (X)) : _'average spectral lrradlance at 1.A.U, [W cm™? um~'] §$
i - e ’ A :Bf‘
i E - photon energy [eV] ‘ 4
- . : VB -
CA : wavelength [um] " _ ‘ %i
Voo open circuit voltage [V] | | §¥.
Vo : theoretical maximum open circuit voltage (V] : §5
. g3
Yi : response of dependent variable i
; &
: By ' unknown parameters )
! €, | normally distributed random variable '
; Y, 8, & column vectors i
i . 3 standard deviation 9
i : ' - §
i ' STATISTICAL ANALVSIS OF GaAs SOLAR CELL DATA
i Introduction :
§ The next several sections will discuss the effects of 1 MeV ;
: "electron irradiation on the performing capabllltles of GaAs’ solar
;._ - cells. In the follow1ng analysis the cell junction depth X,
f' ' (2 levels) and fluence ¢ (4 levels) will be the 1ndependent .
?F variables. The ;atlos (Isc/Isco’ voc/voco) qf'short-c1rcg1t - v i
' current and open-circuit voltage after irradiation to that before
irradiation will be the measures of the solar cell degradation
and will be the dependent or'response variables. The analysis ,
consists of performing a multiple regression analysis to relate -~ = =/
4
f
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: ISC/Isco and Voc/v to both x; and 3. The resulting

prediction equationso:gen can be invoked together with estimates
of electron flux in appropriate orbits tn predict decreases in -
‘the short circuit-current and open-circuit voltages for various
orbital périodé. Residual analyses and tests for lack of fit
are_performéd to'check the adequacy 6f the models as well as
underlying aésumptions.

Due to the complex functional relationships existing between

the aforementioned variables, the models developed.are empirical

in nature. Many models were entertained before formulating the

firal models presented in this report. Many models were rejected

due to a poor fit or intractable analysis. When used properly,

the final models presented in this'report will provide gcod pre-
dictions for. the response variables. These models fit the
experimental data well and are also relatively concise.

Description of Experiment

The experimental units in the experiment consisted of 45

heterofaced p-~GaAlAs/p~GaAs/n-GaAs solar cells fabricated using

the etch back epitaxy process. A detailed account of the growing

process may be found in reference 1. Large area vacuum evaporated

Sn-Ag contacts were used for electrical connection to the N-GaAs.
The front finger contacts were spurted Pd-Ag.

"The solar cells were mounted on aluminum backing plates and

then irradiated with 1 MeV electrons. Groups of cells were

irradiated at fluences of 1C!®, 10!*, 10'% and 10!% electrons/cm®.
The short-circuit currents as well as the open-circuit voltages
were measured before and after irradiation. ‘

Due to lose connections during the measuring process, some

faulty data was obtainred. Thirty-four measvrements on cshort-

circuit current and 32 measurements on open-circuit voltage _
remained after the faulty data was discarded. Each cell had a
junction depth of either 1.5 or 4.0 microns and was subjected to

one of the 4 fluences of 1 MeV electrons as mentioned above.
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Experimental ‘error explains different values of the‘dependent
variable occurring at the same setting of the independent variables

"énd_occurs because of factors beyond'the control of the experimenter.

Some of these factors are the technigue of growing the cells,
heterogeneity of the experimental units, differences in the amount
of irradiation administered, mechanical failures and measurement

errnrs.

Results of’ Regressxon Analysxs

Let Y i="1, 2,..., n denote a response or dependent variable:
that is measurable. We assumeAtnat~a relatlonshlp of the following
form exists between the independent variahles and dependent variables:
Y, = go + BaXy, + .. +33k*ik + €., i= 1,2,...,.n

1 i

where. 3¢, 31,..., 8, are unknown parameters, xix;""xik are
known values of the k indépendent variables and € is a normally
distributed random variable with mean 0 an¢ unknown variance

0?  [written e, ~ N(0,c?)1.

The above model is a linear model, since it is linear in the’

. parameters, and it can be represented in the matrix notation

Y =X §A+ € o ' - - - (1)
where g. = (Y, Yz,eua) Yn]' él = [8q., 81':--.1 Sk]' E = [_l’:lr €2,
-++s €] and X' is an n x (k + 1) matrix with typical element

lj (xlo =1 for all i). The ei‘s are lndependent and lcentlcally

dlstrlbuted normal - varlabies with mean 0 and variance o?%. The

- i

varlancefcovarlance4matrlx-of € given by ¢°I where I 1is the

. h x n identity matrix.

Assuming that X'X is nonsingular, the least squares estimator

for 3 is given by (refs. 2,3):

b= (x'x)" %'y . . : (2

-~

?

P PR e TP e 1 O
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6% = ('Y = b'X'¥] + [n - (k+1). IRt

Although they will not be presented here, the estimators b _ahd
02 possess ‘many desirable prooert;es from a =tatlst1ca1 stand-

point. The egquation

Y = b'X 4

is called a predicticn equation and may be used to predict future
responses of the dependent variable at Y the desired setting

of the independent variables. A tl - a) 100 percent urmdxctlon S

interval for a future response Y at X5 is given by

1

v . T vty =} /2 o -
Yt e Y ofl + X ' {X'X) X1 | - (5)
where ti/,, v is obtained frcm a table containing probabilities
for students' -t distribution. ‘ ' R

e

In some instances the varlance-covarxance matrix of is not -
g1 but Lnstead GV where V may have nonzero off ciagonal '
elements (implying correlations between responses) or unequa1
di.agonal elements (implying some responses are more variable than
othérs). In these instances a welghted least square, analvsis is-
needed to determine eguations {2}, {3) and (5), end these formulas

rust be accordingly mcdified to read

b = (X'VIX)TIXIVTY - o o (€)
g = y'v=l ¥ ~ b'X'V°l Y A
and
o ' - LRV 1 ) -1 '. l”s _ 3 .
: . -~ . + 3 > - .- ‘. Y /- N i
Y tyyar VY elvy X' X \Y X) Xy B (‘_)

respectively, where ViJ; is the variance of Y- at xo.

(¢ /]
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i " For the short-circuit .current data the following model is
’ " assumed: ‘ '

Y= Bok Bk, B, e i=loo, 3 (sa)

. where Yi = logiy ('fcq - l), X4, = junction depth of cell i %
: C T sc . ' : : : : _
~and x;, = 1og1s [6/10'%] with ¢ the fluence. The matrix V~' g‘

TP TR I 0 e
DG PO MRS N
n.'{?::‘vbu}ﬁﬁua# RS NIR R WD

is assumed to be a diagonal'matrix with diagonal elements

0.0876 -

.dx; S= dja L
' 1.413

dss = dyy = d13,13

disrie

i

Cese = dlg,}g 0.3532

LR VS PRI FURF PPN SRR ST 39 SR

1
]

d20s20 = +.. = dz3,23 = 0.1554

and  dzisze = ... = dsu,ss = 1.413

L

The weighted least squares estimate of B8 is computed to be

1 0.8549

b =|0.19400 and o'= 0.138 }

1,

1.075

hia Tt v ad S D i AT TR R T T E Sl

which gives a prediction equation of

Y = 0.8649 + 0.194%, + 1.075x, - . (9b)

or

PG

peetigps ot tiofaniy

.I$co ='l + [100-8649 + 0.134X) d. \1.075 .
oo » e 101 4

gv- A plot'of'equations'9a to Qc‘is given in figure 1.
H . : ' S : ‘ _
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. .Prediction Iaterval

_ - Let x; ='Q;8'um and X, = =2 (6 = 10'*). Then a point predictor
~for a future response Y . is given by -1.1299 and thus a point
predictor for 1,0/1gco 1s calculated to be 0.931. A 95 percent

sco
predlctlon lnterval for Y is ngen by

~-1.,1299, * 2.041(0.138) [1.413 + x(x'v=10) =% ] %

where 2.041 is the tabulated t;value, 1.413 is an estimate of vy
and 0.138 is the computed estimate of o. The above reduces tc_

~1.1299 x 2.041(0.136) [1.413 + 0.112) K&
or -
(-1.478, -0.782)

which is the prediction interval for Y. This gives a 95 percent

prediction }nterval'for Isc/Isco of (0 858, 0.967).

The quantity Y. -y, 4= 1,2,...,34 is calied the ith residual
and gives the difference between the ith wvalue of the response
variable and the value of the prediction equation. Plotting the
‘residuals against various quantities provides a graphical method
of checking whether the prediction equation fits the data well and
also whether the- underlylng assumptions for the analysis are violated.
Figure 2 gives the weighted residuals for the short-circuit current
data. These residuals are plotted against Y “and, with the
exception of one point, the residuals tend to fall in a horizontal
‘band around the Y'aXl;.i If an unweighted analysis were performed,
the variance of the residuals would differ significantly and they
would not: have the horizontal band appearance which is desirable.
Also, because there is no curvature present in the re51duals, the
predlctlor equation fits the data well.

The analysis of variance for the regression analy51s is glven
in table 1.
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.. Table 1. Analysis of variance for regression analysis of I /1
‘ DF = degrees of freedom, SS = sum of squares of error,
MS = mean square ertor, and F = F-statistic.

‘Source . DF- - ss Ms F
7 _Regression 2 28.255 14.128  761.217 |
i Residuals . 31 ~0.575 " e.029 :
-1”:‘. ) . - ) = K .
¥ Total 33 28.830 S '
1 ‘In table 1 the F-statistic of 761.317 is highly significant,
ii meaning that the junction depth and fluence terms should be included
Ef in the model. A more extensive analysis of variance, which decomposes
’?? the residual sum of ‘squares intu sum of squares pure error and sum
%f ' of squares lack of fit, is given in table 2.
?? ' Table 2. More extensive analysis of variance; DF = degrees of
[ .
. freedom, SS = sum of squares of error, MS = mean square
§§ : error, and F = F-statistic. '
Source DF - ss MG F
‘ Regression 2 28.255 14.128 '761.317
i1 - Residual 31 0.575 0.019
: Lack of fit 5 0.071 0.014 0.74
o Pure error 26 . 0.504 0.019

The additional F-value in table 2 is a test statistic for
testing for a lack of fit in the model.
the tabulated value of Fq, g5

Had this value exceeded
,5,26 = 2.59 then lack of fit could be

concluded. However, since 0.74 < 2.59 there is ro evidence of

lack of fit.

Open-Circuit VOltage'Model.

A similar regression analysis was performed on the open-~circuit

voltage data. Several models were considered before a satisfactory
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fitiﬁo‘;he data was found. The model of equation (9} with

Y, = log;o(‘?co - 1) was fitted to the data; however, a plot of

. -\ Toc )
residuals versus fluence suggested that a quadratic term in the

. fluence be added to the model. The resulting model is

Y = B°’+ leil + leiz + Bax, + g,

i i {0 b= 1,..., 32 0 (10a)

L v - '
where Y, = 10910(\?c° - 1>, X,, = junction depth of cell i

“oC _
and Xiz2 = logip($/10%%). Again it was necessary to use least
sguares with weights given by

dijr = ... =ldss = 0,062, dy7 = ... =d11,11 = .0.25'
di2,12 =_i‘; dy7,17 = 1, di1g,18 = .. = da1,21 = 25

d22,22 = +.. = d25,25 = 0.64, dasszs = vu. = dage2s =1

and dso,s9.= ... = d3z,32 = 0.64. The least squares estimate

~0.6037 o -
0.098 ‘ '

0.609

0.060

o3

~

which gives a prediction equation of
Y = -0.6037 + 0.098%; + 0.609x, + 0.060X,° (10b)

The predicted values of ivoc/voco at the different junction
depth-fluence combinations is illustrated in figure 3. An
examination of the residuals in figure 4 shows no glaring

abnormalities.

The analysis of variance for the regression analysis is pre-
sented in table 3.
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Table 3. Anélysis of variance for regression analysis of V /Voco

——

R

DF = degrees of freedom, SS = sum of squares of error, _
MS = mean squaxe error, and F = F-statistic. i
Source ~ _DF_ 'S8 MS F
 Regression .' 3 2,988 0.996 571.219
Residuals - 28 | 0.049 0.002
Lack of f£it 3 ' - 0.007 0.0023 | 1.43
" Pure error 25 0.042 0.0016 »
Totai | 31 3.037

‘of fit.

‘the data analysis; and sample size conSLderatlons. Finally we will

' In table 3 the F-statistic of 571.219 is good and the F-statistic
testing for lack of fit is not significant at a = 0.05, which
indicates there is no lack of fit. When the model was fitted
without the quadratic term there was, at a = 0.05, evidence of lack

' SPACE EXPERIMENT CONSIDERATIONS

The following is an outline of statistical considerations
that must be incorporated into an in-space experiment for comparing
GaAs solar cells with other varieties of solar cells. in particular,
we will discuss in a rather general way such things as: the design
model and assumptions associated with an experiment; a discussion of

summarize the proposed techniques.

Let I_ /Iscc,'which denotes the ratio of the short-circuit current
after irrailatlon to that before irradiation, be a measure of the

solar cell degradation. (We could also use maximum power ratio or
open-circuit voltage ratio as a measure uf solar cell degradation.)
Let I_. denote the short-circuit current measured at some point
during or at the conclusion of a space flight. We let p denote

the number of. types of cells included in the‘experiment. The cells

17
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wiil be eithef GaAs'ofA‘Si,i and some may be chosen to be annealed.

In any case there will be p different types of solar cells under
consideration. o

Notatlonally we let ui, i;=‘l;2,...,fp be the average value
of /Isco for cell type i at the designated orbit where the
average is based on a hypothe-ical poculatxon of cells. Actual
responses of %sc/l
u

SCO

i due to experimental error whlch is composed of: measurement

error, cell heterqgenelty, faulty connections, and different amounts
or. typés of irradiation. - Even though experimental errors exist we
‘can Stlll make Lnferences about the ui's and mere specifically

about My T i# J.

i’

Previous seetions are“df a rather general nature, partially
hecause little is known concerning the proposed flight at this
time. More spebific recommendations could be made as the decisions
on the proposed flight beccme finaliie@. The following decisions
need to be made codcerning an experimental design:

-

' e . :
(a) what area is available for solar cells onboard the space

vehicle and the number of cells that can be mounted on this 2rea, and

‘(b) whether the experiment is to be a multi-factor experiment
(with three factors: (1) junction depth (2) type of cell, S; or
GaAs, and (3) whether cells are annealed or not annealed).

If a multl—factor experlment is desired the considerations
dlscussed earller should be changed accordingly. However, the
prevxous dlscuSSLOn»on sample size will still be applicable. 1In
any case, the goals of a proposed experiment must be spec1~1cally
stated p*lor to the: experlmental design stage.

_Experimental Design

The only apparent source of variation , other than those listed

_above, contrlbutlng to expexlmental error is due to solar cell

(trea‘ment) differences. Therefore a compietely randomized design
is a logical choice. This means that if n cells (assuming that
the same number of celis of each type will be included) should

may dlffer ccnsxderably from the corresponding

\‘\ \‘.
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be randomly chosen from all available cells of each type, there
"will result np experimental units in the experiment. A tablé
,of random numbers (or similar device) should be’ consulted to

‘,guarantee random samples.

The probabilistic model associated with a completely randomlzed

design is given by

Yij = uy + Eij i= 1,2(..-(p 3=1,2,..., n

where Yi' is the 3jth response (value of Isc/Iscu‘or some other

measure) at treatment i, the wu.,'s are the unkncwn treatment-

meahs, and Ei' is the random er;or associated with the'measuremént
Yij' It is assumed that for all i and j, eij is a normal
random variable with mean and variance o and 0%, respectively.
It is also assumed that any pair of ¢€'s are uncorrelated

random variables.

If it is suspected that the variance of the reépdnse changes
with treatments, then an appropriate transformation of the data
should be made in order to stabilize the variance. This technlque
was used in the regressxon analysis of the terrestial data. If
the data is transformed it is noted tbat the resulting confxdencé
intervals apply to the transformed and not to the original

parameters.

ANALYSIS OF DATA
The first step in the statistical analysis is to perform a
one-way analysis of variance on the data. This entails'decomposing

the total sum of squares of error'(total SS = iE(YlJ - 9)?) into
treatment sums of sqdaresA(SST = §n(§i - ?)2)'agd error sum of
sg:.ares (SSE = total SS minus tre;tmeﬁt sum of squareé), where

Y = =z v, Jln p and ?i _is the mean of the observations forv
celliiype i. The results are summarized in the following analysié

of variance (ANOVA) table:

N . . . ) i . ;y/‘,%/'. ) / ‘

L
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~ ANOVA

| Source , -+ DF | - sS MS ] F
‘Treatments - o p=l h SST MST 'MST/MSE
‘Error - .. np=p SSE  MSE '
| Total ’ np-l : Total SS

The abbreviation DF appearing in the table denotes "degrees of
freedom," the parameter of a x? random variable. The MS cclumn

is obtained by dividing SS by the appropriate DF. If F = MST/MSE

is "small" (smaller than a tabulated F value, based on p-1 and

v = np-p degrees of freedom) then it is concluded that no diZference
exists in the treatment means and the analysis is complete. If

the F-statistic is larger than the tabulated value it is concluded
that not all the pi's are equal.

When thé F-sﬁatistic_is significant (lafge) it is usually
desirable to detcrmine just where the differences lie in the y;'s.
The statistical technigues appropriate for this type of analysis
are collectively knocwn as multiple compaiison prdceduxes (see ref.
4). Some of the mul:iiple comparison methods in common use include:

the Least Sigdificant Difference, Scheffe's Method, Tukey's Method,

.the Student-Newman-Keuls Method, Duncan's Method, and Dunnett's

Method. The appropriate method in any situation depends upon the

overall goals of the experiment and should be chosen accordingly.

Although it is not obvious (see ref. S5) which procedure is appro-
priate in some experiments, the Tukey procedure is a likely choice
for the experiment under consideration. It. rarks high in controiling
the experimentwise errcr ﬁate (ref. S5) and is particularly good

if we wish | find confidence intervals for the differences in
treatment means. Briefly, the procedure may be outiined as follows:
set an appropriate confidence coefficient 1 - a. (This is the
probability that all the confidence intervals constructed will
contain the respective parameters.) Obtain the quantity‘Q(l - a,

p, v) from special stuéentized range tables (ref. 3). Compute

Q(L - o, P/ v) (MSE:/n)/2 = D. Construct a confidence interval of

any difference My o< “j by calculating

- 20
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Do this for any dif_zrences of interest. 'If a particular interval
does not contain .the point “zéro,",the”means are concluded to be
different. ‘ e '

Sample Slze ConSLderatlonb

Choosxng the optimum numner o~ cells of each tjpe to lnclude
in the experlment is an meortant consxderat101 in.the desxgn of
the experlment. If cost, welght,,and available space restrictions
did not exist, the more cells included in the experiment the

: better~the_inferances that could be made. Since thls is not the

case, the .sample sizes should be chosen to satisfy some ‘criterion

" (or criteria) specified by the experimenter. Oné_such criterion

is to choose the n;'s so.that the confidence interval widths

‘{or half~-widths) for the differences in the means is less than 7

some bound (Speﬂified by the experimenter) with probability 1 - a.
The choice of the aporOprla;e bound is important. -If chosen to be
too large, the confidence Lntcrvals wlll be tco wide and imprecise
inferences will result.. Too small a bound will yield inordinately

large sample sizes. Some cdmpromise-is needed. - For example, it

‘may be dnSLrable that the half-width of any confidence interval

for ui - uj not exceed J0.03 and that this will occur with

‘probability 1 - a=0.90. The optimum value for n can be
. obtained by solving '

C ' - : 1
10.03 = Q(0.90, p, v). (MSE/n) /%

for n. For illustrative purposes assume thaﬁ p = 8 and

$ =.10'" (or some eguivalert value when considering other types
of eradlatlon) Also assume a junction depth of 1.5. Then
approxlmatlng MSE’(» by 0. 0?2_(ba5§d on the terrestial data)

gives

-

0.03 = Q(0.90, 8, S(n - 1)) 92_2-




Consulting a studentized range table and solving for .n gives

‘the optimal n as approximately 8. Therefore if 8 cells of each’
tYpe are included in the experiment the probability is 0.90 ‘that
"all half-widths of the confidence intervals will not exceed 0.03.

! Actually, during the space flight a cell may incur ahy oﬁ a

O T a ST A e T S LT

number (say k) of types of malfuncticns which may render the

oY)

cell inoperable or make it impossible tc obtain a measurement on

e

Sl lws TR

the cell. In this case it would be reasonable to include n' cellé

of each type in the experiment where n' is some rumber larger than

the optimal number derived in the previous paragraphé. -A method

for approximating n' is now given. = B ' L
Notationally, let < i=1, 2,..., k. denote the probability ‘

thot any cell incurs malfunction 1 during f£flight. Assuming o o

that the types of malfuhctions are indeﬁendent events, the proba- '

bility that a cell incurs no malfunctions during flight is given .

by '

|~

(L -p,) -

N =

i=1

Let

i :' 1 if cell i has a defect free flight

Y. =
SR 0 otherwise.

Assuming the Yi's are mﬁtually independent~réndom variables,
. : ,

R

n : . :
; ‘T = X:Yi = number of cells cperating satisfactorily at the end:
; i=1 o

. of the flight, 2nd Y, is a binomial random variable with
? parameters n' and '‘gq. A conservative rule for calculating n'
: ‘would be to find the binomial distribution whose probability of-
being at least n (optimal -value determined previously) is 0.90.
i This woﬁld provide assurance-tﬁét a sufficient number of cells
will remain operable. The pi's can be estimated if results
from similar experiments are available. If not, the experimenter

may have to subjectively estimate the pi's. At least conservative

[ )

upper bounds for the p's can certainly pe given.

[ RPN
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Electron Irradiation In Space

. Alithough the data from radiéﬁion'effects.oh GaAs solar cells
 is limited, we will show how to predict degradation in-a space
environment due to elertron irradiatioﬁ; It must be emphasized
that the cells tested in the labl-atory ware not radlatlon hardened
.and so’ the predlctlons made here will be underestxmates for life
expectancy in an actual space flight. The prediction equations

are based upon de@p Junctlon cells whlch are expecﬁed to degrade
rapldly. '

From the laboratory data of solar cell degradation versus

fluence analyzed earlier, we have obtalned the predlctlon eguation

I : A o . S

log(cho - )_= J.8649 + 0.194x. + 1.075 log(¢/lols) (11)
sC. L J _

where ¢ is the fluence [l MeV e/cm®] and x,  is the junction

depth [um]. For a 25 percent reduction in the short-circuit

-current ISC/ISco = 0.75,_lequation (11), can be expressed

@ ;Vion-7su - h1soﬁ% o A (12)

We assume that ¢ = Qt where O.= Q(E > 0.5) is the integrated
flux of electrons with energies greater than 0.5 MeV, which has
the dimensions [electrons/cﬁz-sec]. Values of Q are obtained
from figure 5, (from ref. 7) foi varicus orbits. For synchronous
" orbits the altitude is between L = 5 and L. = 7 earth radi’ and the
flux Q varies between 5(10°) and 2(10°) electrons/cm’-sec.
Using.the~equation (12) with-xj = 0.5[um], table 4 gives estimates

for the predlcted time ¢t [days] for a solar cell to degrade by 25
percent. : B '
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Tébie 4. - Time (days)'for GaAs solar cell to degrade

by 25 percent for a junction depth of 0.5.

Electron Flux with Energies

e ' Times (Days) to
Earth Radii Above 0.5 Mev Degrade 25%
L | Q e
s C gety | 663
6 : ~ 5(10%) 1061
7 2009 . 2653

The values of t in table 4 are lower bounds on the expected

time to degrade 25 percent and are bhased upon the prediction

equation obtained from laboratory data on deep junction cells. This

prédiction equation dces not take into account the temperature
effects on the operating characteristics of the GaAs solar cell.

GaAs solar cells can operate up to 300°c, and laboratory data is

"just now being obtained (ref. 8) which demonstrates that radiation

damage caused by electrons can be removed with annealing. Thus,

the predicted times to degrade by 25 percent are probably way too

low. It is expected that with prOpe} annealirg of radiation

damage encountered in an orbit there can be imposed a significant

reduction in the expected radiation damage. However, further

research into this impoertant area is needed to verify this
conjecture.

Summary

The completely randomized design previously discussed (see

"Experimental Design") was chosen since only one source of variability

(difference in treatments) was obvious. A one-way analysis of

variance is then the appropriate first step in the analysis. If

the experimenter so desires, the experiment could be considered as

a two-factor experiment with factors (1)4type of cell and (2)

amount of annealing. A two-way analysis of variance would then be

the first step in the analysis (ref. 6). The sample size dis-
cussion would be similar, however, '
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,THEORE_TI,CAL CONSIbERATIONS

"In order o auqmen- the llmlted data on radiation damage to
GaAs solar cells, a mode11ng approach is presented in crder to com-
pare theory and exper.mental results.' Thls modeling approach con-
sists of developing a mathematlcal ‘model based upon the diffusion
. of holes and electrons within the various regions of the GaAs solar

cell. The resultlng mode contains various physical parameters such
as diffusion lengths, mObllltleS, recomblnatxon velocities, etc. It
is assumed that the degradatlon in the electrlcal properties of a

> S ryan s g v g v o I o 3
SR S, B e KR T AP S VTSN Ay PGk W\ LR
A P oA LY 2 Z 4
: |
. . o

Vo
S

solar cell that has been exposed to an electron irradiation can be
explalned by determining the effect of the radiation on these para-
meters {(i.e. degradatlon of dev1ce pararete s).

o iz o

Background: Mater1a1

The fol;owlng is a summary of existing models of semiconductor
behavxor (refs. 9 to 17).

'
-

Consider the separate regions of p- and
n-type semiconductor materials whlch are comblned to form a junction
as in figure 6.

]

e g
TIN RV N

The n-type material has a large densxty of electrons,
and the p-type material has a. large density of holes. In the n-type
material the electrons are referred to as majo.city carriers,

S TR SRR

and any
 holes created in the n-type material are refer: ‘ed to as minority

"carriers. In the p~type material the holes are the majority carriers
and any electrons that are freed from bonds are called minority

o £ BT

t

L RS
38 ! 5
g W< SR X Y

carriers. When the n- and p-type materials are combined there is a
diffusion of holes from the p-region to the n-re:ion,

ekl

ajd simul-
taneously there is a diffusion_of_electrons frcm the n- to the p-

L s e

region. This diffusion process continues until an eguilibriuvm
state has been achieved. As the electrons diffuse from n to

they leave behind donor ions N; in the n material, and holes

diffusing from p to .n .leave behind acceptor ions N;. Thus atoms
on-either side of the junction become ionized. The charge asscci~
ated with an jonized atom is not free to move about within the crystal
structure, and thus there is produced an electric field E which is

dlrected from the positive charge toward the negatlve charge. This

P

[N
. . o
R L

i Q| NSV SN TP Yy S

electrlc field E 'appears'ln some region W about the junction which
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Figure 6.

P‘?Ype

n-type

o, ©. o=
O, O, |e
e, 6.6
Q O.lo=

#
]
[}

OO ®
®O® O

+
}
|

’ B 0

. T E : .

®,© = Bound charges of impurity atoms in n-
~  and p-type material

+, - = Positive (holes), negative (electrons)

Pomm e ———
Ey : ‘ n E
p : \ q
R A
. . Ey_
E, = Conduction energy
E, = Valence energy
E, = Fermi level

(a) Depletion region, (b) electrostatic potential,

and (c) energy band diagram of p- or n~type material.
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" is célled‘the deplétidn or. space ¢harge region, and there is
an equilibfium‘potential'difference vo =V TV across the region

P
. . : dav _
W, where v is the electrostatic potential and - ax - E.

At equilibrium the drift and diffusion components of the hole
current become balanced. Thus, letting J denote the current

density, we have at equilibrium

Op(x) = T4 56 * Jaiffusion T

Jp(x)

'q'up p(X)E - g D, %ﬁ =0 : (13)

where p = p(x) = hole densitj {en™?)

- D
p

"p

'q = electron charge [coulomb]

diffusion coefficient [cm?/sec]

hole mobility [em?/ (volt-sec) ] \

The diffusion coefficient and mobility are related by the
Einstein relation.

£

D =

p = ¥p KT/gq - o (14)

! where K = Boltzman's constant. [J/°K] and T = temperature [°K].
From the equations (13) and (14) we obtain the integral

SENRUSTICIC - SRR G PR T T H W]

g Pn ) g | -
_-3 —\) =f - ..B :
KT dx dx p éx dx
v : ,
P Pp
which gives X1
. : g
i - = a1 = =g 15 . E -
KT v vp) 1n(pp> = Vo ( )‘ f
where Py pp, (nn- np)'are the equilibrium densities of holes
(electrons) on either side of the junction. At equilibrium fi

28
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‘Na4 n °“i = p, Ny S S (1e)

: whére"ni _ié.éélled'theiintrinsic carrier density. If there
ara 'Na acceptors on the p-side and_ Nd donors on the n-side

we can write equation (15) as

N o N_N

v°=‘%'2gn.__a._~=§§'11;n__a__d, _ ' 7y
: i z 2 . .

ThlS ls/the theoretical mawlmum ooen-cxrcult voltage that can
be achieved. From equations (15) and (16) we lec

=aVg o =Yg
e o e KT o4 - oo KT
oy = B T adny = nge T

[o] B <

where vé‘ is the theoretlcal maximum electrostatlc potential

dlfference across the depletlon reglon and P denotes the value
Ro
of P, at X =_-wp and hé ' denotes the value of . at x = =W
o B .
We then have in texms of the actual potentlal difference V -V

across the Junctlon that

=qiv, - V) o S
p_ = p_e KT 2p e /KT L4
n P n T
fq(Vo - V) _ o
n_ =ne KT =n_ e qV/KT . - . (18)
P n e, | .

The carrier density varies with_;emperature and band gap energy
according to the relation

. i - ’ - . -3' ’ N N ) .
B e\ 72 /v ~E./2KT :
n, =2 -2-&?-) (M*M*) e 3 (19)
1 ) hz . . np o . . .

-where M* .M; are the effactlve masses of holes and electrons’

in the semlconductor material. For M; = M#% Mb, H; = MR Mg
0.058, Mﬁ = 0.53 and M°,= the mass of an electron, equation

*
Me

" (19) can be written as




e P e e e g

T TR R R

5
1]

3' ‘,‘ - - _-_>
: = (M;ME"&(23.3172)(103°)T3e Eg/ KT

0.84(10%%)3e Eg/KT T (20)

where the band gap energy Eg’ in electron volis, can be approxi-
mated by o ‘ .

- _ 5.8(10°%)T?
Eg = 1.522 D

™
i

2 1.43 ev @ T = 300°K o ©(21)

wheré T = temperature (°K], K = Boltzman's constant [eV/°K].

_The width W of the depletion region is W = W_ + LR and
can be determined by examining the charge density within the
depletion region. (t equilibrium we have

gAW N

N = AW Ng B R (22)

where A 1is the cross-sectional area of the solar celi. Using
Gauss's law, the gradient of the electric field can be related
to the space charge at any point x about the center of the
space charge region and we can write (see fig. 7):

dE _ g '
ax ~ e Ngr 0 X<W,

dE _ =9 y  _y -
Gx = ¢ Nar " Wp X2 0 | S €5}

where = €
he € €

° is the permitivity of the material and

€ = 8.85(10"'%) F/cm is the permitivity of free space (for -
GaAs e_ = 10.9). : -

Integrating the equations.(23) gives

Eo € ydwn € NaWp (24)
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‘(a) Depleticn region and (b) symbolism.




v =[P prxyax = & =-149
Now, v, =f " E(x)dx = 5 EW = - 3 2 NgW W
: S=W, . “ , _
p -
-‘where W= w + wp and from equatxon (24) NW = Nawptso that these

d'n
equatlors can be combined to give :

; 2eV M.+ N T _
W= <_a d) | | - ~ (25)

T\ NN

>:In the case of noneguxllbr1um where there is a voltage V applied,
the altered value of the electrostatic potentlal is vV, -V and
equatlon (25) can be written

L 2e(V_ —_V) -+ N g - . B . :
Wi = — '(a’“ d) S R (26)

NaNd

Gal - Al Rs Solar Cell .

Wlth reference to flgure 8, a model of-a Ga -Ales solar

1-x
cell, the various processes of,lnterest are that:

l; Some photons are reflected from the surface.

2. Photons with short wavelengthSrgenerate hole-electron
pairs close to the surface of the cell. Some of these pairs
quickly recombine, and others. are 1njected into the p GaAs region.

3. Photcns generate hole-electron pairs in the p-GaAs.
. Here electrons move toward the depletion region and contribute
to the short-circuit: current at the junction edge. .

4. Holes generated in the n-GaAs region diffuse toward
junction and contribute to the short-circuit current.

Proceeding as in references 9 and 10, the following-equations
for t:he photocurrent can be developed When incident photons '
have an -energy greater than the band gap energy, ansorption of
the. photons causes electrons to be raised in energy from the
valence band E, to the conduct;on band E. creating hole-
electron pairs. We will be concerned with excess minority
carriers (holes on the n-side and electrons of the p-side) which’

diffuse to the edges of the depletion region before they recombine.

3
)
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It is these minority carriers thch‘produce a photocurrent,
photovoltage and consequently solar cell power. Let P, - P

_ : )
denote the excess hole density in the n-GaAs material and let

np - np denote the excess electron density in the p-GaAs

material. At a surface, the minority carrier current density

s given by"Jsm:face' where Jsu.tface = qSP(pn - pno) nftype
material - [amp/cm?] = qsn(np - np ) p-type material
. ' : . . [} .
with q = electron (hole) charge [coulombs]
' S_ = surface recombination velocity of holes
P {cm/sec]

Sn = surface recombination velo”lty of electrons

{em/sec]
g7 Py T hole density (')
S 'n_ - n_ = electron density [cm™?]
L | P P

Consider the hole flux per unit volume entering and leaving a
volume element of the solar cell. We have

- 3 : - lim [J(x) = J({x +7ax) | _ - - :
i a_t'(pn - pn)- 3x -~ 0[ qix ] Ir * S . ’
i (rate of (increase {reccmbination + (generation rate).
hole = in hole - rate)
build-up) = density
o per unit
time)

Qi Where J is the current density of the holes. This gives the
I - continuity equation for holes as

é

apn = 4+ 1 qu ‘ ’ - é
: Tt E T %t S (27 !
{%3  Similarly, the continuity equation for elecﬁrons is
It g dx r r {
3
B
34
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Let B8, a denote the absorptlon coeff1c1ents for the GaAlAs
and GaAs reglons respectlvely, then the generatlon rate for hole-
Jelectron pairs can be expressed as

n

‘ - —8x - -
G, SFo(l- :R)_e3 K 0 <x <D
. G_ = aFo(i - R) e-BDe’a(XFD);YD < %X <D+ xj

‘D + xJ <X < H (29)

G
. P

where R .= fraction ef light reflected from the surface of the solar

" cell and F, = number of photons_incidént per square centimeter.

. The recombination rates in the various regions are expressed as

: n n
- P~ P ) : : .
ga'= = 0 ' Ty = l;fetime of an electron in GaAlas
a. , . :
n__n ' ST : .
P = Py - . . : : .
g, = » = lifetime of an electron in p-GaAs
e T g - : . . ,
g - : .
Ph - pno o . ;
g, . =\———], 1 = lifetime of a hole in n-GaAs (30)
P : Ip : p o _

A For steady- state condlt‘ons, the contlnultv equatlons for the
'dlfferent reglons become:

For electrons in the p-type GaAlAs material

. : n_
1"dJa np' p . » e
g dx  Ca T : (3ia)

For électrons in the'petype‘GaAs,material

aJ np' - np : : .
- _9.,.¢ - ol - 5 . .
§ ax +.Gg Tg = 0 - ‘ . {(3ib)
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For holes in. the n-type GaAs material E
1 W Pn - pno I ' é:f
el =0 (310) §
q dx P T . B 1
. P ' : ]
where - é %% = divergence of current = increase in electron il
(hc.e) density per unit volume per unit time, and G = generation :
rate. . ) . ' : ' _ . i
The hole and electron diffusion currents in these regioﬁs are E
- d [n n , : A .
Ja = q>Da dx( P po) ' ' : o - (32a) R
L i(ﬂ _n | | :
Jg = - a P\ ? pc) ' | o B .
= 4a(p, _p > " : e :
_ : .
where Da’ Dg, D, are the diffusion coefficients for the GaAlas, i
p-GaAs and n-GaAs regions, dencted by che subscripts a, g ana 5
p- | ‘
- From equations (3la) and (32a) we obtain the d;ﬁ:usioniequation. !
for the GaAlAs region as ' ‘ ' i
' (np n, ) <np n, ) o t
2 - . - - -2 - . i 4
p. & —2L - . 9/ ., 31 -RFe F=0,0<x<0D
a 2 T o - - i
d a H
X :
) which is subject to ‘the boundary conditions ;

- . - = o 4a - . w
; q Sa(np .np ) q Da dx(‘p nD ) at x
A o .

and




After solv1ng equatlon (33) +the photocurrent contrlbutlon at X =D
_is glven by ' : '

T T 9P (e T ) ke B €LY

.whiéh is injected into the p-GaAs region at the interface.
Solvxng equation (33) and calculat;ng equatlon (34) glves this
current ‘in the form

“qFotl - R) BL,

a gD S ' SN
J. = BL e P+ £, . (35)

"where

- T8 -': o T_S ’
—BD{. <D) aa . (D)] ‘aa
‘e sinh{— + ——= cosh{— - BL -
_ L »La La a La
T .
a’a . D D
Slﬂh(——> + cosh(——)
La o La S \La

. and L, = V@ T, = diffusion leﬁgth'in GaAlAs.

(36)

For the p-GaAs recion, we have- from equatlonv (31b) and (32b)
the diffusion equation ' ‘

RN I
D a:\ P Po/ \ P Po -B8D_-a (x-D)

g axz T, Moll m Rle e mT T = 0.

D<x<D+x B . " 6

; which is subject to the boundary conditions

e e b Bt
N

S Iy g ‘
- : S {n_=-n - — =0 ==(n_ - _ =D
- g( P . po) q _.9,dX< P “po) at x

FRG LTSS SN R B MR S AR TR TR W SRR
o i T

hx¥$

S
|
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From the solutlon of equat*on (37) the pnotocurrent at
X =D+ XJ is glven by

J : :_
by = qu T(p “p )l X,

Solv;ng equatlon (37) and calculatlng equatlon (38) glves

-8D '
-aF - £ o J
5 _ qr (1 _E)ane [_z_+ oL ‘e-cxj] + D
. D+xj ) alLi - LT3 g £s
g”’ :
where
: : x.\ S.t_  /x.\) . 15
f2 = e %%y {sinh(il) + 44 cosh(fl>} - aL_ - —%—3
\"g g g/l 9 g
S rv X. . X,
£s = —%—g_sinh<f;> + COSh(f%)
, g g/ \"g
- and

Lg =-ﬂDng = diffusion length in p-GaAs

For the base reglon, equations (31lc) and (32c) glve the
~diffusion equation

P _P _(p-p,)
D dz( n no) _\n no

P dx? )

=0, D+ xj'+ W< x<H
which is svbhject to the boundary conditions

P, = P =0 at x=1D + xj + W

_ a4 ) i )
Sp(pn . pno> = Dp dx(pn pno) at X = H.

(38) -

(39)

(40)

- (a1)

+ aF_(1 - R)e-BDe-axjefa(xf(D+Xj»

' (42)

38
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_Solution of,equation (42) gives the photocurrent at x = D + x. + W

- to

: ) .. d V . v ° _’
J, + X, + W= gD —p-p)l= 43
“p 3 T Pp gx( n 'no  x”D+xj+w ( ):
We calculate this current to be
. gF (1 - R)aL e PPe 8Xje™oW .
Ipex sw = R ., - £u] (44)
xj ) «?L? - 1 P
p .
where
H* —amx | S H* -aH*
sinh(E-) + aLpe + —g—E {cosh(E—) - e :
£, = P - \ P
s L % o
—E—E sinh(%e> + cosh(%—)
P p P
= 1D and H* = H - (D + . +W.. 45
Lp | oTp (D Xy ) (45)
For large sp we have ;}f; f. = 1 -and. equation (45) reduce-
qF (1 - R)aL e~ BDg x5 maW
Iy + X, + W= P (46)
J oL + 1
p, .
Equations (35) and (39) have removable singularities where
: i
B2L2 = 1 and a?L? = 1 :respectively. Introducing the functions
a g .
' l-y/Z r X =1
fix,y) = : (47)
%% esinh(u), x # 1, u = Xilél:il
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qF (l R)x

{(y+l)‘— (x,2) +x1/2 ]

Ty sxnh z + cosh <
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Equations (35) andt(39) can be fepresented in the alternate forms

a - a D :
J., = F|BL, —:——:.——) S A (49)

and

. . . ;/r S ]x. . ' .‘ x" . )
= _2_3 , i 1 -1
Ip+x. - .F<°‘Lg L 4) f-JD/(’%ﬂ-smh<L ) * _°°-.Sh< g) (30)

L
-3 .9 g9 g g

Some éhotocurreht,collection also occurs in the depletion
region. 1If the electric field.iﬁ this region is high enough,
then the mlnorlty carriers will be accelerated out of the reglon
before they can recombine. The photocurrent contribution from this
type of excitation is Smely-the‘numberiof photons absorbed and is
given by . v

e

ol

- J

W photon density entering - photon density leaving

Jw

The total photocurrent is the sum of the photocurrtnts glven by
equatlons (46), (50), and_(Sl} and is denoted by Jp. We have

(\) + 3

Ip () = D+xJ+W

Toux, )+ 3,0 | (52)

Spectral Response-Short-Circuit Current

The spectral response of the solar cell is a functlon of wave-
length and is glven by

MR (s1)




[whére infeﬁuatién (52) the absorption coefficients a and B8
are functicns of wavelength X[microns] and p the percentage
-of Al in Ga;_,

AlpAs; These absorption coefficients are
‘approxima*ed by the relations: ‘

0 ., E<1.38°

‘@ = { 5.5074(10) yE - 1.3779/E, 1.28 < E < 1.50
{ 1.2824(10%) (E - 0.5)%*° , 1.50 < E . (54)
and
0 . E<E; = 1.38 + 0.9535p A . Ny
g8 =1{ £1(E), E; < E < E2 = 1.5 + 1.4535p N (55)
£2(E), E2 < E
where E = 1.2402/A is the photon energy [eV] at wavelength

Almicrons] and

(8,;.) (p) (E2) s : _

£, (E) = (1 - 11’“E - >(1.2824(10")(E - 0.5)%%  (56a)

and
. . . . (E - Ex)" o

£1(E) = 10 exp’{Kx'(E.— E1)}} + 523p sin ~Ez——:—é~l~ - ‘ (S_Gb)
with

" - (fz(zn)

Ky — (Ez = El) Ln i - /° .

The zbsorption coefficients -a and B8 are illustrated in
figure (9) for various values of the percentage of aluminum p.

The parameter Blim raises (Slim near 1) and lowers (Slim near 0.25)

the GaAlAs absorption curve. For this study Blim = Q.?S.
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"~ The photodﬁ;rent‘at each wavelength ‘A [microns) is given by

,JP(A) ='gF_ (1 = R)SR(}) | A'- B o .}-. (57)

and the. total photocurrent contrlbqted frem all wavelungths
greater than or equal to x, is the continuous. sum given by

‘o

oo = q-j._ Fo(l - R)SR(})da‘-, » . _ .(58)
s . L .
which may also be ekpressed.in theifdrm
= L [ (1 -R)p(A) -+ SR : S
Jsc e | (l R}p(A) A SR(})dA S _ _ ‘59)

1

" where h = Planck's constant,»q'=.speed'of lighi, and p(A)

[Wem™%um~!) -is the average solar spectral irradiance at 1.A.U.

- which has a solar constant of 135.3 [mw- cm T2). values of p(})

can be found in references 10 and ll.»

The magnitude of the short-circuit-éurrent density at wave-

length A is given by equation (58) and is

Tgc M) = Jp_='JD+xj_+‘JD+xj‘+w Iy | | (60)

If there. were no losses by reflectlon or recombination the

' maximum current den51ty would be
Jsc' max - ¥Fo . : ' A - (81

Hence, the collectlon eff1c1ency or quantum efficiency 0Q(})
" is given by ’

g Yoex. +Ipex. + W+ T *

. . sc _ I i) W

Q) = 3 = L (62)
‘ sc’ max RS ‘ '

"The short-circuit current density can be expressed in terms
of the guantum efficiency by the relation
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Injected Currents and Recombination Currents
For the dark current associated with the solar cell we have.

(1) Electrons from the n- s;de injected to the p- ide

_ _l dLTn - ( . p) . (64)
T . A
7 & T T | o ’
(ii) Holes from the p-side injected to.the n-side
aJ '(pn-pno) : S . '
L_p._ - R ~ | o (65)
q dx T : .
We also have the current equations
J =A-qD Sm -n . L ' : (66;
n ' ng(p po) _ ,
J =qb_ Sfp -p - - (67)
P P dx( n no) ' : o
Equations (64) ahd (66) produce'the dii;;sion.equatiqn
( P - po) ' - '
-n =.0’ D (x < D+x.
‘3<iX(p P) | =T = 3.
which is subject to the boundary conditions
- _ : g_v- . _
n_=n ed= at X =D + X._
p P, KT . J
( .and
S (n_=-n =D il(n - n ) at X =D | : "‘(68)
g\ P Po) 9 &X\'P Po) _ o

VRIS
5
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Sourenn




S ITHITM Ve novEievsan sy e o
3

e e

o dz - pn-pn\
13-——(p"--p)---T °=0,D+xj+W_<_x_<__H
P ogy2\TR ng ‘ p
which is subject to the boundary conditions
p. = e /KT v x =D+ x, + W
n n 3
» o
and
S(p - p ):-D a?(—(pn.“Pn-) at X = H ‘. B (69)
P\"n o) P o

From equations (68) and (69) the injection current is gi?en

by
J = gD .Ei__o -p | + gb —d"" - n | (70)
inj P dx(*n n ) x =D+x +W g dx(:p P ) X=D4x .
- _ (o} "5 o 3j
Solving equations (68) and (69) produces the injection current
L ‘ =1 [e GV/KT _ B .
| Jiny = Jole 7707 - 1 - o (71)
| where
2 2 .
D L Dnf H- (D+x. +W S L
N "o R § Sq%q P ( 5 ) Sphp -
Jo =G\t oy o)t CS\TN, T * D (72)
ga 79 g pd P p

with G = G(§,n,1) given by

sinh(n) :+ t cosh(n)

G(&/n,1) tlr sinh(n) + cosh(n) (73)
The recombination current in the depletion region has the
maximum value given by (ref. 10):
. v )
™, WKT sinh (=)
= i 2KT (74)
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where Vo is given by equatlon (17) and W is obtained from
equation (26). . |

The tota;,eurrent'is then~§iven‘by_

Jo=Jge - Jinj = Jrec e T o - A{7§)
The open-cxrcuxt voltage is obtalned from >quations (59), (71),

(74) and (75) by setting J = 0 in. equatlon (75) and solv1ng

for the voltage V = = Voo The'power output of the solar cell is
given by I '

p=av (76)
where - J ‘is obtained from equation (75) and at maximum power
vV = Vnax J = Jmax p = pmax' The voltage at maximum power <an
be obtalned by solv1ng the equatlon :
.3§-J+vdv-_o : S R (77)
for the»vol;age, V= Voaxe _ L
The efficiency of the solar cell is given by
 p,. A Prax Pa . _
EFF = n = vmaxA a _ max - a (78)
Pi_n £ (135'3”‘1;
where A _is the total area of the solar cell and A is the
actual area which equals the’ total area minus the flnger area.
The fill factor is calculated from the relation
F'FA .;__ Jmax Vmax

(79)
. sc Voc :




ANALYSIS OF DEVICE EQUATIONS AND COMPARISON WITH EXPERIMENTAL DATA -

A computer progiam was written which incorporates the equatibns
describing the solar cell behavior. 1In this prOgrém the spectral
respohse as determined by equation (53) was treated as a function
of variables . La’ Sa' Lg' Sg, Mn and Lp. In addition, the

mbbility B Hp of the minority carriers in the p-region and

n-region are related to the diffusion constants of these regions by
the Einstein relations

KT - KT .
-D_ = =~ and D_ = e 80
g~ YnTgq p - Ypq (80) \
The diffusion 1éngths L, Lg, Lp, the diffusion constants D,/
Dg’- Dp, and lifetimes - Ty Tg, Tp in the respect;ve regiqps '

GaAlAs, p-GaAs, and n-GaAs are related by

R 2 A ] V A ) ’
A i D; T4 (i a,g or p) ' - (8})
The "cther" parameters occurring in the equations which model

the solar cell response were assigned the nominal values which-

are given in table 5.

fv The measured values_of the spectral responses for each céll i | %
: were normalized and compared with normalized values of the predicted é
i spectral responses. Measured values of the open-circuit voltage i

‘and short-circuit current were also compared with the predicted ' ,ﬁ

values from the model.  In particular, a Margquardt optimization ' ﬁ

-algorithm was employed and the computer was asked to choose .
T 3 N . i

values of the parameters L, S,/ Sg, My e Yo which wouldv

minimize the sums of squares errors as well as minimizing the

- absolute valués of the following percent errors:

SR(Xi) measured - SR(Ai) predicted

fi(xi) = Error (i) =
" SR(\,) predicted

=N (100), i =1, ..., 9 o
e , _ o : (82)

(éontfd)
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_Table 5. Nominal. values aSéigned to GaAs solar cell
~ parameters (before irradiation values).

FR S BRI

e fh

2.4(107°%) cm

3(107%) cm

: Codmda sy

3
3
3

1
1
R

3(10™%) em

1.3(10'7)

0.4(10""%) cm

1.5(10") cm and 4.0(107*) cm

10* cm/sec
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0.83% aluminum

1.0(10°%)
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where Ai
¢f 0.0%5 microns,

'usually 1, where A\

. » I*‘ B
; : SR Voé-méésu:éd - Voo predicted
f;o(xi? = Error (10)'= V. predicted (100)
- - 3
T . Do Jgso measured -.J_  predicted
fi1(x;) = Error (1l1) = . J_ predicted (100) (82)
- . - < (concl'd)

(i=1,...,9) were the anélehgths 0.45 to 0.85 in éteps
In the computer program, the variables xi(i =1,
cee, 6) = (L S"S ,un,Lp) were restricted to lie within certain

. g
regions X < X

imin £ %¥; 2 This was accomplished by introducing

imax”

- the dummy variables ug (1 ='l,..:}>6) Whicb were related to Xi by

the relations’

f % X, . - '
+ ( X lml“) tanh(u;) i = 1,..., 6 (83)

o ’ X . X. .
X = Jmax + imin

The va;iabies ui(i = l,;.., 6) wé:e thén'allowed to vary ovef the

range -w'<’ui < o,

The Marguardt procedure utilized can be represented by the vec-
tor equation’ '

{x }K+l x" } [JT(xK)J(xK) +"XKI]7I J?(XK)F(XK)

"where

F (x®) ={(Col(f1(xi), f#(xi))..‘,-fxz(xi)}x

‘J(xK) is the Jacobian evaluated at {x}K, and xx-iq-a parameter,

K <"1 represerts a. Newton type of iteration and

AK > 1 represents a gradlent type of iteration,

The device equations describing the behavior of a GaAlAs solar .

cell were able to fit ;he'uniradiated data, And typical results

are illustrated.in table 6.
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Table 6. Typical results frcm device equations.

CELL = 358 FLU = 0

XG =0 KP = 0 |
 SA = 1488265 SG = 16047.07
D = 4.000000000E"S DL = 0.0004
MUP = 300 MUN = 3373.184
ND = 1.300000000E17 WA = 1.000000000E19 ,
LA = 9.000000000E" 6 LG = 0.0002764919 LP = 0.0005366502
XP = 0.8341  Blim = 0.75

s 3 DT PR LS SRR R R O R TR = 3

S

TA = 1.000000000E"9 TG = £.775881867E 10 TP = 4.594987145E 8 Sl ?
DA = 0.081L DG = 87.11121221 DP = 7.747387532 o A R
W = 1.118912755E 5 NI = 4246987.371. o . - N
, _ . ; ,
i
SF1 = 0.645F2 = 0.4751846961 Ao
WAVELENGTH MEAS RESP PRED RESP . PERCENT ERROR o
0.4500 0.1700 0.1879 ~9.5059 .
0.5000 0.5100 0.5518" 2:1438 D P
0.5300 - 0.5700 0.5751 0.8938 T
) ) ’ o I
0.6000 0.5800 . .0.5821 0.3565 S
0.6500 0.5700 0.5864 2.8010 Pl
0.7000 : 0.5900 0.5932 | 0.5351 - BN
0.7500 0.6100 0.6035  -1.0755° SR
0.8000 ©0.6100 0.6188 S 1.4211 R
0.8500 - 0.6400 0.6400 10.0000 - :
SUM OF ERRORS SQUARED =.107.1916172 o . - i -
© VOPEN2 g o o
. JSC = 14.1531103 S L
VOC = 0.9859651972 ‘ | S
i
|
i
I
e 50 - I
! \\\ \ / 4 \ ':‘ ‘



'~ When the computer was asked to minimize errors between the
:p;edicted and measured values for the irradiated solar cell data,
usuélly one or more of thg variables Xy moved to a boundary
imi X, X. .
limit imax °F *imin

» and so a separate analysis was performed
‘on the data by letting only one variable change at a time.

Figures 10, 11, and 12 iliustraté'the‘typical spectral response.

. curves before irradiation and after irradiating the solar celis

with 10'® electrons/cm?. Note that the after irradiation spectral

i
mmj <..' 3 e !‘ 5 A'\_ o .,.“.‘, 5
e A et et Nt
S S A A

_response'has been greatly reduced in the blue regiodn (i.e. reduced

mqre than that at the band edge). This reduction can be partially §}
explained by a reduction of the minority carrier diffusicn length _%g‘
_ "Lg ih thé”p—GaAs_region. Figures 5, 6, and 7 illustrate'fhe g;;
— curves which result by changing the diffusiqn length parameter L é k
' and holding all the cther parameter values fixed. The‘effect ' gl
that the changing of the diffusion length Lg has on the spectral é‘

%

SEAA L et

2t AT *
> g.‘uv.«mn,
SN e e g
Ry b s

.1
St

response at a fixed wavelength is illustrated in figure 13.

Note that the éhange in the diffusion length parameter L explains
the reduced. spactral response in the red region, but a change in

at least one additional pérameter will be needed té'explain the

v

oo

reduced Spectral'responsé in the blue region.

Candidates for the additional-parametér change to explain

~the reduced blue response are the parameters Sg = recombination

velocity and vy = mobility.»_Theée parameter changes and their % _
effects on the spectral response curve are illustrated in figures é i
vi4,'15,'and 16. Figure 16 shows the change in the spectral. % -
response at a fixed wavelength as %he mobility chances from 3300 ?
cm?/volt-sec tc 5 cﬁz/voltégec with the diffusion lergth held § R
_ constant.4 This type of a feauCtion in the mobility is not %:
o realistic, and the change in the spectral response is not large %
,enodgh to'explain ﬁhe overall reduced blue response. Conseguently, %
the mobility pérametef was ruled out. ' 'g,y_”<
The recorhbination'velocity.4Sg ‘at the p-GaAlAs, p-GaAs inter- g?é;
face was varied, and the corresponding spectral response curves . gsgﬁi
at a fixed Wavelength are illustrated in figures 14 and 15. % ﬂ}
Those curves'ére fdr various fixed values qf‘ Lg’ Computed %
51 3
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vs. diffusion length.

55.

e

S

FRNEANTG

FRPIHE IR

A A A RBTE

- b e e .

o ayia it s el

)

Ffmha




1ot — -
. E o
.E ;
: E =9 -
101.°‘—‘ WY . e .
7] Y O - —_
== ‘e . Y
: = o ©
b , i voon -
§ ° e Jm ;Fvgm
f 10° e . .
l ~
E N
|2
B o
: )
i
g - 10° |-
i =
i § . o N
; =)
s >
Z , :
i — 107 |— 3
i = ’
Iy <
i < - _
3 ~
a A = 5000 A°
, o] B
: . g . Y
' i ™ 105 —
i 1
i
105 -
i ‘ “
. lO" LJLLJ J 1 y 4 | J \
4 : 2 98 726 5 & ) 2 98748 § 4 8 2 ’
3 0.01 ! : 0.001 0.0001
o
i
i
4

Figure 14. Spectral response SR(A) at wavelength
X =-5000 A° for various values of dif-

fusion length.




!

Sl A i kb et bansict B 0 i ubar ey o T

i P

B L L e g e TR0 e TG BRSSP IS U o D et S Sosink AR

*o¥ 0008 Pue 0005 30O sylzbuaysaem je L3TOOTSA UOTIBUTQUWODISI °SA dsuodsax Tex3zdoads  °GT aanbrg

b

[095/wD) TS - ALIDOTIA NOILUNISWOOIN , “

(0T I 0T - 0T . 40T ¢0T ) 0T
rrrvror T farrTr T T R T oy T TN B I S 100°0

1

el N

~e

10°0

‘ALLLII i1

300 A boriat et

LX) 9S ISNOASR TwiLOddS

8943 3o

b

N3 SR B

R

IR B

o
A




. \ /
~ : ° . . . v N
- - B I T e m—w—m———y —— ELate ot Waatlidts R T e Y L T T ey
g — it - 0 U U | R . £

- b » TR R L R

*o¥ 0005 3® xuﬁHﬂQOE *sA @suodsax Tex3odads °97 aanbra

58

’ Umm u OA
- H ] ALITIEOW

. . .«

_ 0000T. _ 000T 00T - 0T , 1

R R 1 TFT P Ui T T Ty T e Tl g nmryrr v -1 1 TTT T 71 T 1
{ , R L A . i , | |’ ,

1

[0

10000

Ill'!ll

|
(X) 3SNOJSIY TVM1DIdS

100°0

000S = X : -]




speérral response curves usiﬁg values of S. highér thah'the
- before irradiation values are also illustrated in figures.
10, 11 angd 12. Note that these changes in «sg will reduce the

blue response and not greatly effect the spectral response in
- the red reglon. :

_' The COmputer analys;s of these parameter changes affected
by 1 Mev electron irradiation resulted in the paper (ref. 18).
A summary of the results in that paper is that the changes in _
" the interface recombination velocity have been shown to be related
to changes in the diffusion length produced by electron irradiation.
These changes can be expressed |

o Lgo) | » - . R
Sg = ng T . o (84)
: g . _ :

where the subscript o denotes initial values of the parameters

before electron.irradiation'and S, L are values of the

- recombination velocity and diffusion'length respectively after
‘irradiation.

. Model for Radiation Damage

Using the device équations developed in the previous sections;
the computed spectral response curves can be made to agree with
the experiméntal data by assuming a change in the minority carrier
‘@iffusion length given by (ref. 12):

—1-2-=—%—+x 6 - (85)
L2 L |
9 9%

.where Lgo is thg_initial‘diffusion length {(cm), Lg is the final
diffusion length (cm), ¢ is the electron fluence (e/cm®}, and

Kg is a damage coefficient. This type of change in the minority
carrier diffusion length will account for the reduced spectral
~response in the red region of the spectrum. In addition to the

- mirority carrier diffusion length change there is also a change




Cger . s AT Tma e sl sned sl e eseemr e v 4, e

in the interface recombinaﬁion veloéity given by equation (84).
This change can be related to the damage constant Kg by using
equation (85) . - . . ‘
S =58 (-29) =S G.+'K L? ';> R k (86)
g g.\ L g g S .

o' g’ o 9 9%

" where - sg is the initiél‘value of the interface recombination.

o . .
velocity and Sg. is the value after irradiation with a fluerce

¢. Using the above model for radiation damage togekher with the

device equations yields the theofetical curves-dﬁ figures 17 and

18. These cur§es have the same chafécte#fas the experimantal

daﬁa'obtained'frOm irradiating GaAlAs/GaAs heteroface‘solaf cells
with fluences of 10!'3, 10'*, 10!% and 10'® 1 MeV electrons.

For shallow junction cells there will also be some damage in
the base region, and we assume ' . ’

Y

re
H

where Kp is a damace constant for the base region.

The radiation damage model was applied to GaAlAs7GaAs solar

léells that had been exposed to 1 MeV electron fluences of 10!3,

10'*, 10'® and 10'%® electrons/cm’. Estimates of the initial values

of the solar cell parameters were obtained 'from the computer
minimization discussed earlier. These estimates in the initial

- values were not very accurate, as can be seern from figure 19 which
- is a numerical error analysis on the computed initial values of

Lg and Sg. Despite the errors in the initial values an attempt

was made to estimate a range of values for the damage coefficient

Kga For the cells that were tested the average damage constant
was K = 7.51(107%) with a standard deviation of +6.93(10°°%).
This large standard deviation is due to_the errors in the initial
fitting of the solar'cell‘parameters.
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" Figure 17. Theoretical spectral reSponse curves ftrom the

radiation damage model and device equations.

QI XA LE T o g N P Ak

(X5

—.

g7

(24

N ——— et = e At s
<.

o
!

AT

b
i

et mmntons n st

A

el et b e
Rt R SV TR

e
w
=
=
=
)

RSy SO R,

—oesa



. . . v - . .
e ’ - . \

e e - v v 0 B S AT O Y T TROT W Ha et an

RIS

SN LAY T AL, D B AR ST PN KRR O AR T AR R e o T T TIAIE  nd

&

” “., T __ : : *sy3jdap uotjoung
; wﬁ_ IR R m:oﬂum>,u0m gbewep uoT3lPIPEI JIOZ SIAIND [EOTIDIOLYYL °*87 2InbTg
m . _ : . . . ,

W [,wo/2@] AONIANTA

Vﬂ Lo 10T 40T . s10T v n10T 101 . 2101

T T T

3

| aa— 1_..__._. T AR R LAARLIBLE m 0

et iice W i IR i

= .
: T1v0
1
1 IR
A A

. . v . I I

S R curd geQ b @

g oo  HLd4Q NOILONAL - o I?
w.mw imm o 80

|

| m R o
—1¢°T
- lv-H




e R it 1 A A A A SN S Lra ks S

ey

Jee {mAmp/cm?]) |

32

291

23

27

loyes -
Sa‘— 10° A S
D=10.4 um, x. = 1.5 um

=.300, p_ = 3373
n

Ch

u .
34— : - A S
TNy = 1.3(10'7), N, = 10%%

= 0.25 yum, L, =3 um

= 0.80, 8,, = 0.75
= 10-? -

t
L= 3.5 um. o
- Ig AT

2 ]
w T o O

REGION OF 2% ERROR
IN MEASUREMENTS FROM
_ J__ = 27.5 .
SC
V.. = 0.99
28 '

25 5. = 10° [cm/sec]

10°

D oo
wn m
[} 1]

, = 10°%
25— -

24(—

0.97 0.975 0.98° 0.985. - 0.99 0.995 1.0  1.05 1.
. B . . A 'jVoc {(volts) )
"Figure 19. Error analysis on computed initial values of L

"'l'«'1.~1-'1'-1 1 | J

RIDA LT EVE

R e SR S B 2P P

Y

o

i

BRSNS ST i

#isrcs RN

+ ALY RNTCRR L TR & AR CAT ST a T Y U TR LA 4 £ 4

-3
=
B
114

3




TETIE TSN

= )

R Nt

v

5

RTEL RN

Serem v e yamey ey
7 LIS A
5 5

2y o
RAFE-AR

o e
L T

- The effect of the damage constant -K? on the spectral -
response curves is to lower the spectral response near the band .-

edge. Since we were primarily trying to model deep junction cells

‘which were not the kind one would use in an actual space experiment,

the damage coefficient Kp was kept at zero.

Degradation of Electrical Propertieé

For GaAlAs/GaAs heteroface junction cells_the'quantuh efficiency
Q(A) given by equation (62) is the ratio of the photocurrent
collected at waQelength A to the number of photons incident
upon the surface of the cell at wavelength A. To a first approx-
imation we will neglect the terms JD+ .

xj and Jw occurring in

equation (62). Also in equaticn (40) we will negleét the term ’JD'H
~aX C '

‘and assume e j is wvery small. - Then the collection efficiency

before irradiation can be approximated by:

x | (8N

(the zero subscript denoting initial value) _ _
The collection efficiency after irradiation with fluence o is
then '

Q. = Q,(a,L ,x.,S_,7) I (88)

where Lg and Sg after irradiation are given by equaticns (83)

and (86). Further, since Ly is related to lifetime f. by
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; -~ - - - i — T e
- - H [

1 _ 1 L I o -
R o | o (89)
g tg, 979 | - ,

we make the additional_assumption‘that the change in short-circuit
current rates is_equal to. the quantum'efficiency ratio before and

afterx irradiation. Then for a 1arge absorptxon coefficient o we

have the approxlmatlon

T_ S .
- E . 9% % 7 X X,
- ’ ‘ T 'sinh EfL- + cosh(£4L
. I Q \ o
£38 = ts o 2 % ol (90)
sco o . TS XL\ X.
_ : —%-s'sinh(il) + cosh(fl
' g A g
- Using equations (85), (86), (89), and (9C) we assign the
nominal values ' K_ = 3.5{107%), t_ = 1.22(107%), s_ = 10*,
' , g : 9- ; o
Lg = 3.25(10_".),._Dg = 86. We can then.vary the flﬁénce' ¢ and
o . _ - ' .
obtain figure 20. o . 3
This figure shows that the short—circuit current ratio is
a function of fluence and Junctlon depth ‘The curves in flgure
20 are only approxlmate values, but they have the same general
shape 1na1rated by the experlmental oata.
The Open crrcult voltage is related to the short -circuit
current by relatlon
v __AKTR.Isc_,_l' 91
oc T Tq ™\TI (91)
. o
where A 'is” the perfection factor and I

. : _ . ° is the dark current.
. We may write’ ' ' ' '
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Cown)=E +1} tnfn =2 4+ 21} .
v, i I | _ : _
. o€ o) - o : :
oco ﬁn[ ?co + 1] '..tn[ ico + 1] : | :
wher: n' /I cé' E\pandxng tne numerator in equatlon (82)

as a Taylor serzes about n = 1 we obtain

Y - ' L ' . |
7 = 1+ Ki(n = 1) + Kaln = 1) + ... + K (n - DT+ ... (93)
[eTe{o] . .

~where K;, Ki,... are constants. We can also express eguation
(93) in the form ' ’

. .
v I Ia\:

oc _ . sC - s : : .
7 g + o, I + o> T ) + ... | (9!)

QcCo SCO SCO

where g, a;, a2,... are constants. This later equatioh also
suggests a gquadratic term in the statistical wmodel for VOC/V '

) co
as was developed earlier.

CONCLUSIONS

From the experimental and theoretical studies of GaAs solar

cell behavior when axposed to 1 MeV electron fluences the follewing
conclusions can be arrived at:

V 3 / ' 7 ' o S
1. The models for ISC,Isco and voc"oco’ developed for

predictions of degradation due to effects of 1 MeV electron fluences,
providé excellent fits to the data and will most likely provide

geod predictions within the ‘experimental regioéon (1.5 < X, x 4.0)

and (10%* < & < 10'%). as cell production procedures improve the
experimental error will undoubtedly decrease and the derive d

predlctxon ﬂquatlonb may be updatcd at that tlmg, as the more

~improved data will reduce the prediction interwvals and also the

residual sum of squares of error will be reduced.
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2. It must be emphasized;that the limited number of cells
uéed in this study were only_test-cells which were not radiation
hardened, Hence, in the uSe:of the prediction egquations to
estimate degradation-effects‘in a Space environment, thé.predictions

will tend to overestimate the actual damage. Also effects of
annealing are not incorpoxated!into the pPrediction equations.

3. The thedretical studiés and expérimental results indicate
that radiation hardened cells will be those cells with small
junction depths (in the range~frdm‘0.2 to 0.5 um). .

4. Tbe theoretical studies and experimental studies on damage to

the test cells indicate that 1 MeV electron fluences decrease the @if-

fusion length Lg in the p-GaAs reéion while simultaneously increas- -
ing the recombination velocity - Sg at the GaAlAs/GaAs interface.

S. In the design of a spé¢e'experiménﬁ to actually test GaAs
Solar in a radiation environment the following items should be con-
sidered: . C '

(a) Goals of experiment;

(b) Effects of'éhielding‘on electrical performance of solar
-+ cells in space; o ' |

(c) Effects of annealing on radiation damage and eventual
electrical performance in space; '

(d) sample size to be tested in order to achieve significant
~statistical results; ’ '

(e) Accurate measurement of the parameters which affect
" results (i.e., measurements of equivalent 1 Mev electrons,
temperature and annealing time); and

(£f) EBffects of annealidg on electrical contacts and determin:tidn
- of ptobability of solar cell failure due to external causes.
' _as this probability'will affect sample size on future
v.:experments in spacg;, ' '
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