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ABSTRACT

Results of a study of the parameters affecting silicon solar
cell performance in space are presented, Comparison of semiconductor
theory, radiation effects theory, and reported experimental data has per=-
mitted development of a mathematical model for predicting the performance
of a solar cell under combinations of radiation exposure, ambient temper=-
ature, and illumination spectrum. Limitations on the accuracy and applic-

ability of the model are discussed for future study,
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INTRODUCTION AND SUMMARY

A mathematical technique or model for quantitative prediction of the
electrical output of solar cells is an obvious asset in the design, selec-
tion, and performance prediction of a spacecraft power system. Laboratory
measurements can provide this information for solar cell assemblies from
the manufacturer, The technique described in this report permits an extra-
polation of these measurements to the future output when aboard a space-
craft in space. |

The model has been developed after study of the extensive literature
available. Insomuch as practicable, it adheres to basic physical theory,
since no empirical scheme has been presented so far which is capable of in-
cluding such diverse effects as nonuniform proton damage or the interaction

of a degraded solar cell with slant sunlight,

This report presents the equations of the model and a discussion of
their origin, meaning, and implications. A cbmplete calculation would fol-
low the flow chart outlined on the next page. In this chart, boxes repre-
sent major derived quantities, The input parameters necessary for each de-
rivation are listed alongside the arrows leading to the boxes; these para-
meters are defined in the Glossary. The numbers in parentheses refer to the
appropriate numbered equations in the text., (We are indebted to Mr. Paul

Berman for suggesting this display.)
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1. MODEL OF THE SOLAR CFELL
A. Solar Cell Equation

The physically ohservable parameters of a silicon solar cell
are its area S, its thickness b, and the fraction f of its front surface
arca which is not covered by the metallic contact grid and bus bar., A
transparent coverslide is generally placed over the cell, and its thick~
ness will be denoted as a.

The general optical and electrical properties of the solar cell
can be described by several other parameters, The transmission of light
of wavelength 3 through its surface, or the assembly when a coverslide is
present, will be denoted as t,. The absorption of the same light by an
incremental thickness dx of solar cell will be denoted as o,., Both trans-
mission and absorption depend not only on wavelength but also on the angle
of incidence. Electrically, the cell exhibits a junction depth xj which
separates a surface region, generally of n-type silicon, from a base region
of the opposite polarity. Some resistance Rs is observed between the

front and back connections,

Observing that a solar cell acts as a diode operating in op-

~ position to a current souvce, Prince and Wolf proposed the solar cell equa-
tion (ref. 1). Our only change to this equation is to replace the usual
expression AKT/q by the single parameter V . We propose calling v, the

"characteristic voltage" of the solar cell, and write the equation as

*

I=1 -1 [e’:(“u +R,) Moy ] (1)

A reasonable question is whether the solar cell equation can be
expected to reproduce the current-voltage curve of a solar cell that has
been heavily degraded by radiation, and perhaps degraded in a nonuniform
manner, To test the possibility of fit to such a cell, a series of expari-
mental curves by Lodi (ref. 2) and by Statler and Curtin (ref. 3) have been
analyzed., An iterative selection of RS, Vo’ the photovoltaic current I
and the reverse diode current Io,lbadé to the fits which are presented as

Figures 1 and 2. These fits seem adequate for engineering use, and indicate
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that indoed the solar cell equation can describe even highly damaged cells.
This could be anticlpated on theoretical grounds: the concepts of a dlode
junction and a current-producing reglon on each side are still present even
in a highly damaged cell. The absence of a shunt resistance®is not antic-
ipated in theory, but further analysis of these curves indicates it is ab-
sent here, Shunts have been invoked to analyze damage to solar cells with

coverslides that partially expose the silicon surface (ref. 4).

The paramcters of the solar cell equation used for these fits of
the measured solar cell outputs are presented in Figures 3 through 6, as
functions of exposure of the cell to low energy protons. Similar success
in use of the solar cell equation is ohtained for undamaged cells and for

cells that have been damaged more uniformly, as by electron exposure.

B. Photovoltalc Current IL

~

The photovoltaic current is that current across the junction due
to generation by light of minority charge carriers in the solar cell., The
total current from a solar 211 equals I, less that current that returns
across the junction due to its action as a diode. Thus, I is proportional

to light intensity but this does not follow for the total current,

The short~circuit current Isc approximates the photovoltaic cur~

rent I, for silicon solar cells with typically negligible resistance.

, The photovoltaic current is simply the photovoltaic current den-
sity j multiplied by the area of the solar cell that is exposed to the light
source, This is somewhat less than the actual front surface areca, inasmuch
as the front contact typically covers 10% of the total surface., The con-
tinuity equation implies that j is also proportional to the light intensity

+

U for a given spectrum,

The equations necessary for determination of j are the continuity

equation

1 dj = n(x)

q " jl,'('-}-{—)— + G(x) =0 (2)

*That is, an open-circuit in lieu of a resistance element across the
equivalent circuit (ref. 1) of a solar cell, Our model is in agreement
with that given in ref, '18,
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the current equation

dn ,
J=qDgr *+ qpEn (3.
the da ;e cquation
1 = 1
o e *
o
the diffusion relation
12 = 7D : (5)

and the Einstein relation

qD=pkTT ‘ (6)

Combining the continuity and current equations eliminates,j.
Furthermore, it may be assumed that D and I are constant through the reéion
being considered., The resulting expression may be written as a difference

equation

- N ‘ . . 2. 2
Dl_“k+1'2nk“’k~1] + L,,Eh[nk nk~1J m b moAGnE =0 (D)

wvhere the continous differential equation is approximated by using discrete
values of n for points of the independent variable x spaced a distance h

apart., (Thus, A is the magnitude of n at a distance k h from theé junction.)

Grouping the expressions gives a formula for progression in the
solution of m . After elimination of | by the Einstein relation and T by

the diffusion relation. the formula becomes

e (D T o 2 By " . _ 2 )
nk+1-(2 th/k.C—lh/Lk)nkF(th/kT 1)nk_l Gkh/D (8)



* ©

Radiation damage affects the solution to this formula principolly

by decreasing Lﬁ according to the damage equation

T ©

P

k o

where the particle fluence to which an incremental volume of the cell (at
depth xk) is exposcd becomes an integral over all particle energies. When

there are several types of particles (electrons, protons, alpha particles,

etc.) there will be a sum of several integrals.

The assumptions are made here that any change in D is negligiblé,
and that the migration of the damage-induced recombination centers from
their points of formation is also a negligible effect., These assumptions
allow a solution of Eq. 9 to be applied directly to lq. 8 and the carrier
density n, to be developed,

The field E will be shown below to be proportional to temperature
T. As a result, temperature enters into Eq. 8 only by increasing the dif-
fusion coefficient in accordance with the Einstein relation. The increase
in D reduces the magnitude of the negative term and leads to an increase in
‘current with increase in temperature., The trend is in agrcement with the
positive temperature coefficient normally observed for the short circuit
current, However, the current of solar cells not operated near short-circuit
generally has a negative temperature coefficiént because of diode character-

istics discussed in the next section.

To solve Eq. 8, it is necessary to have values for n and n,., We
assume the boundary conditions that the carrier density vanishes at the
junction and at the cell surface, This assumption was also made by Bullis
(16).

n and calculate all the higher values of . We iterate this guessing of

and Runyan, ut other boundary conditions have been assumed., We guess
n until we arrive at a satisfactory value for the carrier demsity at the

cell surface,

The accuracy of the initial guess for n, is of importance in

1
determining how often the calculation must be iterated before obtaining a

zero carrier density at the contact.surface of the cell. If the guess for



n, is too small, then the values of L determined via Eq. 8 will change
sign in the cell., If it is too large, the n at the back of the cell will

fail to be zero.

Iterating on n, leads to as close an estimate as is desired. One
possible technique for convergence is to compare each n with noLg and if
there 45 a sign change then stop, increase the estimate for n, by a nominal
10% and repeat., When there is no sign change, decrcase the estimate forn

n, by a nominal 5% and repeat until a sign change occurs, Then incrcase by
1% until there is no sign change. Such a convergence routine can obviously
be carried to any level of accuracy in the estimate of n, for the solar

"ecell in question, by taking advantage of this sign change.

The current equation relates n, to the current from the base into

1
the junction., Evaluating this as a difference equation at k equal zero, we

have
i=qDn;/h (10)

since the boundary condition requires that n vanishes, This j is the

calculated photovoltaic current I. in ampere per square centimeter, for the
4

I
solar cell., Tor a cell with negligible internal resistance, the short-
circuit current Isc is j times that portion of the surface area not covered

by the contact bar and grid,

Equation 8 is simplified in the base region since the electric
field B is negligible in a uniformly-doped crystal. The electric field is

dependent on the impurity concentration, N, through the relationship

1
E= N~ dx (11)

When there is no impurity concentration gradient in the base region, Eq. 8

reduces to

:- 2/ 2 - .0 he |
moLg =(2+h /Lk) ny nkn1 G]sh /D (12)



&he current density calculation so far has considered only the
solar cell base reglon contribution. In order to determine the contri-
bution by the surface region, the same procedure may be used. Since the
surface region is heavily doped, and, conscquently, has a relatively short
minority carrier lifetime, this coutribution to the total photovoltaic
current deunsity is small and often neglected. The electric field does not
vanish in this region because of the dopant gradient which is the result
of diffusing phosphorus into the crystal to form the p/n junction. The
magnitude of the photoveoltaic current contributed by the surface layer is
not significantly changed unless the electric ficld is on the order of 103

volts/cm,

The minority carrler concentration for a 10 mil n/p solar cell
was computed for various values of diffusion length. Figure 7 shows the
results of the calculations with the base divided into 300 increments.
Figure 8 shows a plot of the short-circuit current density versus diffusion

length for these calculations,
To calculate IL’ the sequence is

1. The carrier gencration rate G due to light absorp-
tion is obtained as a function of depth into the
cell.  The usual assumption is that one minority
carrier is raised to the conduction band for each
photon absorbed. Thus, for monochromatic light
traveling at an angle © through the silicon,
o(\/he) U o~%/cos®

eration in an increment dx at depth %, where & is

secd dx equals the rate of gen-

the absorption coefficient for the light of wave-
length A, and (A/hc) is the number of photons per

watt of light incident,

2, Prom G and tlie minority carrier diffusion length,
computed as functions of depth x into the cell, the -
carrier.distribution is computed, using the con-
tinuity equation and the condition that n vanishes

at’ front, back, and junction of the cell.

10
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Figure 8, A comparison of computed values of photovoltaic

current, versus L, with reported data from
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3. The photovoltaic current dengity j is obtained
from the derivatives of the minority carrier
distributions on cither side of the junction,
Most of the contribution to j comecs from the base
veglon,

4, j 1s multiplied by £S to obtain IL. This conven~
tional step neglects edge effects in the cell,
but appears to be a good approximation in our
caleulations so far,

When radiation reduces the minority carrier diffusion length in
the base, IL is decreased. Thus, radiation that does not penetrate far be-

yond the junction will affect T. very little., This is verified by Figure

T
3, where IL decreases with exposure to protons that do penetrate (270 keV),
but not with exposuvre to the lower encrgy protons (100 keV) that do not penew-

trate greatly into the base regilon,

C. Diode Characteristics

Shockley's analysis (ref. 5) for diode junctions provides a the-
oretical expression for the diode saturation current I, that is

pD npD '
I = qs(] Pt o ) . (13)
P n

where thu fractions are the product of the minority carrier concentration
on eilther side of the junction and its dififusion coefficient, divided by its
diffusion length, In an n/p solar cell, where the surface region in heavily
doped, the fraction pr/Lp can be neglected and Io becomes inversely pro-
portional to the base minority carrier diffusion length near the junction.
Since Lp changes with radiation exposure in a predictable manncr, a measure
of the accuracy of this expression can be taken from radiation experiments.
Figure 9 shows a plot of Io calculated from various published mecasurements.
With Downing's (ref. 6) and Luft's data (ref, 7) which did not include com-
plete curves we have used the approximation.
e—Voc/Vo

Yo = Lse

(14)

13
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which jmplies neplipible resistance Ra‘ ith statler's and Todi's ]~V
curves, fits vere made which included smnll values of RB that inerease vwith
inercasinz exposuvre to radiation.

A similar analysls vas made of data taken under variable 1ight
intensity, That To appears to vary as the logarithm of the light inten-
sity U appears in Figuwie 10 as a result of this analysis, An equation to
combhine these effects with the noted dependence on L is

1, = (1 #2.21000/00)e® 30, /1) (15)

The expression for lo ia glven in terms of its value Too in the initial
solar cell at room temperature, illuminated at one sun intensity.

8 ] 1 ey i iy e i’ e A | = =r=rTr

; 6 |
o
(micro-

amperes) °

v
3

Ref, 17
Ref, 18

. I} [ | JN 0 T O T { i | | T I N |
10 100 ' 1000
Tllumination U (mw/cm®)

Figure 10,  Plots of reverse saturation current I = versus
illumination intensity U. Laboratory data

(refs. 17 and 18) were analyzed using Yq. 14.
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The characterinatie voltage VO of the diode vas explored in our
previous report and appears Lo be dindependent of temperature, radfatfon
exposure, and possibly illumination, For this renson, the expreasion
AkT/q normally found in the solar cell efquation, iIs replaced by a counstant

Vd in the mathematical model, 7This implies that A 48 dnversely proportional

to temperature, and measurements by Kennerund (ref, 8), replotted in Tigure
11, sliow this. The lack of any clear dependence on radiation exposure is
demonstrated in Figure 5,

l‘ R sr'n--~-"r v.d-s.;u..mrr z—suzsm:;g,rﬂqw =y !'::z;».n'msm-'”.-nvm‘-ﬂ-
6
3 o -~
o
A2 o R
654
A o
1 . ot 1 i SR WOUTY R N .
100 200 300 500 700 1000
T (OF)

Figure 11, Reported values of A, versus temp-
erature T, for typical n/p silicon
solar cells. After reference 8.

D. Cell Resistance

The series resistance of a cell is seen from Iigure 6 to in-
crease with radiation exposure, Since this resistance Rs is a combination
of many component resistances in series and parallel (ref., 9), quantitative

prediction of the increase is difficult,

A significant portion of RS is due to the sheet resistance of
the surface region of the solar cell. Currents traveling from the junction
along this thin layer to the grid lines are greatly affected by any change
in Jits conductivity. Consequently, the major cffect of radiation in in-
creasing RS appears to be through a decrease of the conductivity of the

surface region.

16



A fit to the data in Figuye 6 io

»fe -3 « :é}"
Y 141,5%10 " “Re (16)

© 1.1.4%1079 <pke

wvhere <K¥#> ds the damige intepral, to be darived in Seetion ITT, and Roo
is the inltial resistance of the solar cell., This fiL sugpects that the
initial resistance of the cell 18 entirely due to surface layer resistivs
ity; the 100 keV protons could not have signiflcant cffect on the base
reglon which they do not penetrate, nor on the metallic contacts,

1T, OPTTCAT, BFFECTS
A Coverslide Transmission

When sunlight strikes a solar cell assembly al an angle © with
the normnl, it ds partially transmitted through coverslide and into solar
cell, and partially reflected at each of the interfaces, The transmitited
light of wavelength A moves through the coverslide at an angle ?A witl the
normal; Snell's law gilves this angle as

5 2 1. .
cos vy, = (mS+cos 01 */m, (1.7)

where m, is the index of refraction of the coverslide. The angle GA for
transmission through the solar cell 48 likewise given by

cos 0, = (nf'}«cosae—l)%/nA (18)

vhere n, is the index of refraction of silicon forx wavelength X, Further,
for the components of unpolarized light, Presnel's lawe of wveflection give

the intensity of the reflected portion at each surface of the coverslide as

~sin (0 - ¥, ) \2
A))

Ba(ll) = ( sin (0 F 4, (19)

17



S tan (O"‘;’z))z

Ba(L) = \""Eg,;g’"(g:;:"q,:j' (20)
-gd ) ..E! . |

() = (St )’ (21)
tan (¥, ~6,) g

Ba (L) = ( tan (ﬁ; +'Q:) )8 (22)

The transmitted light intensity through a coverslide with negligitile absorp~-
tion is then

Jrpl-genl f-gean] o [1-8 (0] [1-By(0)] 23
i 1 =B (D Ba(D 1= B (D) By () b

Figure 12 presents caleulated values of t, as a function of inci-
dent angle, for three representative values of n, , with the index of re~
fraction m, of the coverslide equal 1.56. The tvo components of the un-
polarized light are not transmitted equally at all angles, but the polari-
zatlon of the transmitted light is of no importance to the present discussion,
Furthermore, the magnitude of L, can be controlled to a considerable extent
by the addition of so-called antireflective coatings. Bq. 21 shows the
angular dependence of the light transmission probabllaty, but underestimates
the magnitude of t, when a proprietary optical coating is used. Ixperi-

mental measurements of t, appear warranted fer such a coverslide,

» 100
90 11, =

LI DT Ao~
L J
Wi Ln

80 -

i

Wt

| -

70

60 |- | .

50 I ) i N L. oo !
0 10 20 30 40 50 60 70 80 90
, v (degrecs) ,
Figure 12, Ratio &, of the intensity of light entering
the solar cell to licht incident on the cover-
glide as a function of incidence angle 0.
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Fq. 23 Deeomes indeterminate in the important case of perpen-
dicular Llight incidence. Vor this case, the limlting form of t, is

2
. . — (24)

B. Absorption in Silicon -

+

In the solution of the difference equation (X¢q. 8), the con-
tribution to G(x) from different parts of the incident light spectrum must

be considered, The source term is due to light within a wxange of wavelengths,

A

66 = ] 7 e, Mar e
1 .

where Ay and Ay are the minimum and maximum wavelengths of sunlight to
which the solar cell responds. These are normally taken as 0.4 and 1.1

mi.crons.

Since no simple, closed form has been reported for the integral,

G(x) may best be calculated using Simpson's Rule. The integrand is given by

RN PR (26)

G(x, M) = a(MHQ) (g )

Values of the absorption coefficient o(l) and the spectral ir-
radiance H(A) for space sunlight® are given in Table 1. The spectral
irradiances arc calculated for a sunlight intensit; of 140 millivatts per
cm®, The resultant G(x) is illustrated in Figure 13 for % up to .025 cm of

silicon.

C. Coverslide Darkening

Absorption of light in a semitransparent material reduces the

-yt /cos®

transmitted intensity to a fraction e where | is an absorption co-

efficient, t is the slab thickness and © is the angle of the slal perpendic~

ular with the light ray in the material. Solar cell coverslides az=o

“Spectral irradiance may be defined as the differential of solar energy
flux per unit vavelensth. This is frequently depicted by Johnson's curve.
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Table 1

Absorption Cocfficient of Silicon and Sunlight Intensity as a Function of Wavelength.

0.40
0.45
0.50
0,55
0.60
0.65
0.70

0.75

0.80

0.85
0.90
0.95
1.00
1.05

1.10

A in microns, @ (M) in cm *
H(\) in watts/em® -

o (A)

7.50
2,58
1.18
7.00

4 a65

X

X

X

X

b8

X

P

X

%X

X

10%

10*
10*
10°
10°
10°

108

10®

107
107
10%
102
10*
10*

10°

H(N)

. 0.,1540

0.2200
0.1980
0.1950
0.1810
0.1620
0.1440
0.1270
0.1127
0.1003
0.0895
0.0803
0.0725
0.0665

0.0606
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sufficiently clear and thin so that iniftially the absorption coefficient

is essentially zero., Furthermore, measurements indicate for silica cover-
16

slides that extremely large electron fluences, on the onder of 107 or

more, arc required to reduce the transmission by about 27 (ref., 14).

Rarkening due to radiation degradation of any antireflective
coatings on the coverslide, and of adbesive between coverslide and solar
cell may be more severe, A quantitative evaluation of this darkcning de-
pends on measurements of the specified coverslide assembly before and after
irradiation in vacuum. Protons, electrons, and ultravieolet radiation should.

be considered,

ILI, RADIATION ETTFECTS
' A. Proton Shieclding

The thickness of a solar cell is comparable to the distance a
proton can travel in silicon when its energy is typilcal of protons found

in space., Shielding by a coverslide and sclfi-shielding by the solar cell

are conseruently important, This is especially significant when one considers

the proton energy~dependence of damage,

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

dent proton energy Eo by formulas of the form

— ,n
R = RE | | (27)

The equation is not exact, but good fits can be provided over limited ranges

of Eo' Table 2 is such a fit to tabulated data. :

Table 2

Values of RO and n for proton range-encrgy relationships and
corresponding energy intervalg.w

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

0.0 = E <0.3 2,81 0.995
0.3 <=E <0.8 3.945 1.277
0.8 sE <2,0 4,11 1.460
2,0 £ E <200 3.42 1.726

“computed from data in ref. 10

22



'

The range foremla duplies that the canrey of a proton along its
track can be caleulated frow the residual distance it is to travel before
stopplnr.  The relation is net cmact, for there is some stragpling of the
individual tracks of protous of the s »ue energy, but it is gnuerally quite
smrll, The average strazzling, as a fraction of R, decreases with proton
cueryy E0 and it is less than 4% for 100 keV protonsg (ref, 10), Thus, we

treat the range equation as being exact and compute a proton energy

n x \L/n s .

(Eo "R > for protons of initial energy Eo which have traveled a
()

distance X in silicon. When monoencrgetic protons of an omaidirectional

fluence strike the solar cell surface, the cffects of slant penetration

cause a spectrum at depths X,

A coverslide of thickness a will remove protons of cunerpgy EO and
incident angle © with the normal if their range R 1s less than the path
length a/cos0 through the coverslide. It will also reduce the energy of a

(13)

transmitted proton to E given by
(28)

where R may be taken as 2,72 ms/em® when n is 1.75.

The proton spectrum striking the solar cell due to a monoenergetic,

unit flux inecident isotropically on the coverslide can be obtaincd,

The result is

N=1
alk
§(R) = 225 For I < I , 29
(E) 1‘{0(131.‘}»1311)2 . O (29)

Superposition of this result yields the proton spectrum $(E) in-
cident on the solar cell due to an isotropic fluence @(EO) in space pene-
trating a shield of thickness t, expressed in mess per unit area. The pro-
ton fluence at depth z in the solar cell assembly is related to the proton

fluence Qp(Eo) in- space by

. ¢ @)E""
. ¢ (B,z) = nz > =T (30)
P - R [z Pep® 2

E>F \ oi.o0 )
0 C
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Sufficlently small cucrgy inerements for the tabular input of the incre-
mental flvences in space shovld be chosca so that the svralior approaches
an integral,

The shielding effect by a coverslide and by the silicon is pro-
portional to the product of density and thickness. Therefore, X should be

2

given in mass per em” in calculations of shielding.

B, Proton Damage

The proton damage coefficient Kp is the measure of decreases in
minority carrier diffusion length due to a fluence ¥ of protons (Kp equals
the incremental increase in the quantity 1/1% with incremental increase in
$). The damaze is due to Rutherford scattering of protons, which dislodges
silicon atoms from thein lattice position. Nence, the proton enerpgy depend-
ence of Kp is approximately given by 1/E, which is the cnergy dependence of
the Rutherford scatterinz eross scction. The threshold for dislodging atoms

corresponds to a minimum proton energy of about 0,0001 MeV.

Crowther et al (ref., 11) have found a flattening of the energy
dependence of Kp below about 0.5 MeV. This effect, seen in Figure 14, may
correspond to an annealing mechanism whereby a dislodged atom has not been
pushed far from its site, and has a high probability of return. The fol~
lowing equations fit these measurements for 1 olm-cm p~silicon and provide
a ratio for higher resistivity p-silicon that agrees with measurements by

Denney and Downing (ref, 12),

KP(E‘) = 1,20Q70t78 500 5 107" [L >3 HeVJ (31)
K (E) = 1.92 Q7078 ¢1+0%(R/,962)70" 8% x 107° [3 >E>1] (32)
K (B) = 1.92 Q=0e7B =1.08F 348 {1 >E>1o"ﬂ (33)

Because proton encrgy chanses rapidly with depth of penetration
into the cell, and because the damage coefficient Kp is so dependent on
proton enerny, damase by protons of less than about 5 MeV results in a

highly nonuniform minority carrier diffusion length across the cell.
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Through the contiunitf eqiation, this renwlts in a larye fluctunlion du
minority ecarrler distribotion, As an ezawple, we have vsed these valves of
K and protou range I to ealeulate the wminority carricr distribution in the
bare cells Statler and Curtin ifrradiated with 270 keV protons. The mivority
carrier distribution is shom in Pisure 15 for various cxpogurves to the

proton flucnee 2,

C. JElectron Shielding

The spectrum of clectrons at various depths from an irradiated
surface has been studied by numerous workexs, The problem 1s complicated
by Rutherford scattering: electrons collide with atomic nuelel and miy make
a sharp change of direction and energy. As a result, a beam of electrons
that was initially monocnergetic assumes a speetrum of energies thet chrnges
with depth of penetration. UYhere is no unique ronge for clectrong such as

there 1s for protons,

To determine the portion of the drmage interral due to electrons,
it is nccessary to kiow a function y (B, Eo, X) which gives the probability
that an clcctron of cnergy Eo striking the coverslide will penetrate to a
depth given by X and have an encrgy E at that depth., 7his fuvction, when
multiplied with the spectrum of the incideat electrons, will theu provide
the spectrum of the electroms as they penetrate the coverslide anrd the solar
cell, "o be applied to calculations of irradiation in space, the function

should be appropriate to an omnidircctional eleetron flux,

Some characteristics the function y (E, EO, X) must have are
rqadily seen., Since y (E, Eo, X) times the incident flux equals the flux
at depth X, tion it must bLecome a delta funection in (EMEO) for limit of X'
equal zero. The second obvious characteristic required of our function is
that it should vanish not only for E greater than Eo, but for E greatey than
Eo less the ener:y loss for an electron penctrating directly to the depth X
without a single Rutherford collision, TFinally, the function should approach

zero as X approaches the range of the electrons.

A function with these characteristics was derived by a graphical

analysis of Monte Carlo data (ref. 13) for woncencrgetic, isotropic electron
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fleeners, Thege data had beca pecerated in teros of the path leagth P
(which 18 the slowing dowan ivtesral). Thercfore, Bo was related to ¥ by
an empirical fit,

The fit to P, with errox less than 37 for electron cunerglcs up

to 6 MeV is NNN\\\\\

0.7 E 1'93
L T EO (34)

kS

With the dimeisionless depth t

t = (a- ka)/P (35)

the functional dependence of the electron flusnce at depth t on the elees
tron fluence incident on the solar cell asseably is

&, (E) (1,047,008 (cy/t) ol€1/tFe) (ErLo)

8 (B, X, ) =), e ; -~ (36)
(] k , " E (24 Lad ?l ""!
o
Where the parameters are given by
cy = 0.65 ~ .OBEO 1+ 3.6¢ (37)
ca =1+ (2./+ta/ /"';“) (38)
- oy .6 Y,
ca = (6.7 fi /it )e s . (39)
cg = cg (L.04 = ,0120mE) (Lut) (40)
cg = 30t + 0,7 (41)
cg.® 0.3 ~ (.02/t%) | (42)

D. FRlectron Damapge

The damaze ccefficlent ¥, for electron damage in p-type silicon

has been fitted empirically by a formula shown in Firure 16, We neglect



},

10k (=

Bigure 16,

SRR S S il SN B f[ I e TO1 g} f, Ut Y T T
P B N TN NN bk oo dd ol ]
1 10
Fe(MeV)

A plot of the square veot of the electron damage cocfficient
versus electron eneryy. (Data poirt: for p-type silicon,

having a resistivity of 10.6 ohm em, from ref., 19.)
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to study fits fox n-type silicen sinee eleclrou dernipe is negligible din

the surface rerion, compared to that in the bare region, We plotted the
square root of measured values of K, versus electron euerny. For cruciblew
prown p-type silicon of resistivity 1C.6 ohw-cm, the points, shown in

Figure 14, can be commected by two straight line eepmweunts., That a straight
line results over the encrgy mange 1~40 MeV indica*cs that a reconbination
center pequiring two defects may be invelved(ref. 20). Below 1 MeV, sufficlent
data are not available fur such a conclusion, but a straight line curve

fit can be presented,

This fitting of the data, and the dependence on electwrical resis~

tivity discussed above, give the damage coefficlent as

K (B) = (10/0F"° (L20m2.170)% x 107 Lr:>1 MoV ! (4:3)
K (E) = (10/a*° (0.074E)? x 1070 L].>E »025|  (44)
K, (E) =0 [.25>1«:J ‘4 5)

wvhere Q is the resistivity in olim-centimeters and E is the electron enexgy
in heV. The expression to fit measurements between 1 and 40 MeV will under-
estimate the damage for lower cnergies. Below 1 MeV, the sccond factor in
the equation can be replaced by (0.67 0n4E)?, This fits the measurement ak
0.6 MeV and the generally observed "apparvent' threshold of 250 keV, The

damage integral can now be evaluated at each depth Xk'

. o
<K & i = /‘A‘ Kp(E) q?p (B ’Xk) -+ Z.' Ke (E) QG(E,XR) (46)

IV, RECOYMMENDED FUTURE WORK
A. Tow Energy Proton Damage

The parameter IL has repeatedly been shown to be strongly de~
pendent on the minority carrier diffusion length in the base of solar cells,
While this relationship has become a textbook cxercise (ref, 4), surpris-

ingly little work has been done on the case where the diffusion length varies



with depth dnto the ecll, This, however, would be norel when celle are
czposed low energy protons such as predomdunste in bigh orlits and do
some solar flares., We have presented a mathematical techulque to evaluate

I. under uniform or nonuniform damage, basced on the cuxisting theory,

I.O
For solar cells that have been uniformly damaged, the technique
works quite well, as evidenced in Figure 17. WNo normalization factor was
ncecessary for the excellent agrecwment showa between the model caleulations
and the reported measurements. This would indicate that the wodel equa-
tions correctly reproduce the effects of cell thickness, the nonlincarity
of absorption of space sunlight, the magnitude of the degraded minority
carrier diffusion length, and the relation between photovoltaic current

and minority carrier concentration,

& i I i
- ""‘“mv_\\ -

{ ..
10*° 10™* 10*°
Qe(electrons/cmz)

Figure 17. Photovoltaic current (milliamperes/em®) versus
fluence of 1 MeV electrons (Ixp. by Denney A and
by Carterv) :

At present, diffiéulty is being encountered in relating for colar
cells which have been damaged by protons which do not penctrate the cell
completely. The accepted relationships found in the literature do not gen-
erate correct solutions for this préblem. We can avoid the difficulty by
postulating a very low value for damage effectiveness of low energy protons.
However, the value to be chosen is in disagreement with theoretical eval-
uations of the energy dependence of proton damage. An extended analysis of
proton damage appears warranted, to insure that the predictions of the

model are acceptable when large amounts of low energy proton damage occur.
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In the past, damege to solar cells by low enerpy protons has
been trcated it a leoose manner., The decrvease in a cell parameter, often
the short-circult current, has been measured agninal the fluence of protons
cauning it. Knowing these, one can develop an efficctive domage coeffdi-
clent, to relate the two and use this parameter in equations of uniform
damage relationships., Since the effective parameter ils sclected to force
the correct value of the short-circuilt current, the wmathematics generally
work., The situation to be investigated must not differ greatly from the
experiment usced to generate the parameters. Otherwisce, there is no guar-

K4

antee of accuracy since the procedure is obviously of the ad hoe type.

The development of a technique to relate low encrgy proton damage
to short-circuit current has allowed a more precise analysis, Instecad of
an effective damage coefficient, a true damage coefficient can be repro-
duced in the mathematics, Doing this, we have found that the theoretical
expressions overestimate the actual damage in the cases we have analyzed,
The results we have obtained are shown in Figure 18, Several possibilities

exist to explain why low encrgy protons are not as damaging as predicted,

@p (protons/cm®)

Figure 18. Photovoltaic current (milliamperes/cmz) versus

fluence of 270 keV protons (Exp. by Statler and

Curtin)
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The firut poasibility that one wmight counslder heve ig the inter-
ference betaeen defects at the end of the traclh of the proten. Fach pro-
ton produces about 5 x 10° digplacements/cem as it is slowed devm from an
wnergy of 10 keV to 1 keV. Concedvably, in a large fluence of protens,
meny of the collisions that occur could be with sillcon atems thal bave al-
ready been displaced. These can not be counted as additional defeets,
Assuming that all silicon atoms, whether displaced or in lattice positions,
are equally likely to be struck by a proton, we estimate that this intev-
ferenen should be significant when the proton fluence is of the order of
107 /en®,

The deviation between theory and measurement occurs much lower,
around fluences of the order of 10*%/em®. However, the assunption made may
be in error; the displaced silicon atoms could be more likely to be struck
than are the lattice atoms, This would be a channcling elfcct, whereby:
lattice atoms, particularily those at the end of the proton track, shadow
each other to reduce a collisfon probability. This needs a more detailed

theoretical investigation,

Another possibility is that displacenents occur and interferc
with each other., A lattiéc vacancy, according to theory, diffuses through
the lattice until it finds a stable configuration. Oue such confliguration
is a recorhination center, which is electricalls active in reducing the
ity. Another configuration, of course, would be a vacancy
Lrsted with a silicon that had been interstitial., This would be electrically

inactive, and be readily evaluat~d in terms of thcory.

.

A third possibility for investligation takes into account the
proton, or hydrogen atom, that js left at the end of the track. The proton
could combine either with a vacancy or with a recombination center to reduce
its damage effectiveness, This would be a form of a:nealing, perhaps simi-
lar to that noted with lithium. (These atoms arc siidlar, having the same
valence, and similar size.) That anncaling of up tc 90% of the defocts does

occur has already been noted (ref. 6).

Finally, the recombination center may persist but be incorrectly

evaluated. The current study does not include evaluation of f£ill factors,



whieh are Locwn Lo be gicnifleantly affeeted by {1lvainoblon dntepsity.
This topic has veeently beca of concern aud ig Lhe subjeet of current in-
vestigations elsewhere, The results should be ipcorporated dn the mathes
matical model and computer progsrasi. Lt de koowa thot £ill factor for
proton-induced recembination centers is a fumetion of lirht inlensity
(ref. 1), Yven if we restrict ourselves to a onc-sun-intepsity model,
suitable only for near-larth orbits, this function ean be important. This
is beeause licht is strongly attenuated in silicem, The Light intensity
at the recombination center is therefore o function of its distance from

the surface of the cell.

B, :Resigtance Effcets

nadlation damage reduces both the charge carrier concentration
and mobility. These reduction combine to increase the resistivity of n and
p silicon with exposure to radiation. Future work is necded to estabyish
the quantitative nature of this inerease. Whether the nature of the dopant
affects the change, whether it is linear with exposure, whether temperature
plays a sigmificant role, and whother the nature of the damage depends on

the bombarding particle, are questions to be answered by such work.

The series resistance of a solar cell is a composite of resistance

"terms duc to current flow across the bulk region, along the surface region
to the contacts, and across from «ilicon to front and back contacts. Hach
of these terms logically would behave differently under radiation exposunc.
As a conscquence, careful analysis of resistance cffects would require one
first to partition RS among its components, and then scale thesefcomponents
as they change with radiation exposure. Some uncertainty is obvious in this
scheme (even if the effect of radiation on silicon resistivity were known),
since manufacturing tolerances would vary the compénents from cell to cell.
Finally, catastrophic events such as the lifting of a contact would be
difficult to predict. This would lecad to a value of Ry much greater than

normally expected; Figure 6 shows such a value.

Fortunately, cell resistance pliys a small part in the behavior
of a solar cell. An empirical formula such as Eq. 16 for an estimate may be

_generally satisfactory. More cxperimental measurements would be useful in
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jmproving the estivate avd fL s punzling that such seranrecents bave rol

been reportod,

V.

GLOSSARY

English lotters

a

b

thickness of coverslide (rms/em®)

thickness of the solar cell (em)

diffusion coefficient for minority carricrs (on)

darkening coeflficient (to be weagured crparinmentally
for coverslide with antireflective cootings and

adhesive)

electric fiecld in cell, due to impurity gradient
(volts/em)

coerpy of a particle in a solar cell (Mév)

energy of a proton which has a ranse X (MeV)
encrgy of a particle incident on a solar cell‘(MaV)
base of natural logarithms: 2,72

fraction of front surface of solar cell not covered by
contact

rate of production of minority cargiers pexr em® at
depth X in silicon (carricrs/em -~gsec)
]

spectral irradiance outsgde solar cell assembly, at
wavelensth A (watts-em”~micron)

current from a solar cell (amperes)

diode reverse~saturation current of a solar cell
(amperes)

initial diode reverse -~ saturation current (amperes)
photovoltaic current induced in a solar cell (amperes)
current from a short~circuited solar cell (amperxcs)

photovoltaic current deasity (amps/cm®)
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T

domnee coclficicnt relating proten or clectron
fluonce and deereose da L (dimeasionless)

damage integral, evaluated at X

3

Stefan~Boltzmann constant: 1,38 x 10" joule/
molecule K

base minority carvier diffusion length before
irradiation (cm)

minority carricr diffusion length (ewm) at Xy

surface minority carrier diflfusion leonsth before
irradiation (em)

index of refraction of glass for light of wave~
Light A

parametey from Table 1 for proton range

minority carvicr concentration at depth X

f X
(carricrs/cn®)

index of refraction of silicon for Light of wava-
length A

clectron slowing down integral: length of track
traveled by an eleetron in silicon befoie it
loses its initial energy

unit electrical charge: 1.6 x 107 coulonbe

resistance of load across solar cell (ohms)

parameter from Table 1 for proton range

series resistance of seclar cell (ohms)

series resistance of cell before radiation ex-
posure (ohms)

front surface area of the solar cell (cmz)
absolute temperature (degrees Kelvin)

depth X, in unlis of electron slowing down in-
tegral P t = (a+Xp)/P

dn



ratio of inteusily of light entering solar
cell to light incident on coverslide, for
wavelength A

light intensity incident on solar cell assoemlly
(milliwatts/em®)

diffcrentia% caerpy spectrum of light source
(watts/em”-micron)

characteristic voltage of solar cell (volts)
(Vo = AKT/q)

potential across an open-eirenited solar cell (volts)
1y,
V. =V P/n(l + '1*“)
oc o o
depth of junction below surface of solar cell (cw)

distance from outer surface of coverslide (em)

depth of penctration (yms/cm®) Z = a-FXIp

Greek Letters

o

absorption coefficient in silicon for light of
wavelength A (em %)

Bl(H}Bl(L) ratio of amplitude of reflected lisht to incident

light at space/coverslide interface for polarized.
light

Bz(ﬂzﬁi(L)same as above, bul at coverslide/silicon interface

p

AN

probability of reflection from the solar cell~
coverslide assembly for light of wavelensth A

mesh interval: distance between X, and kaﬁcm)
increment of wavelength (microns)

angle between a perpendicular to the solar cell
surface and the direction of the sun (desrees)

angle of light ray in silicon, having anple ©
in space with respect to normal and wavelength A(degrees)

wisvelength of light (microns)

Planck’'s constant times the speed of light
£ = 1.99 x 107°% vatt-cm~sec
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g, (5,)

@e(ﬂo)

mean Lifetime of a mivority carrier in Lthe
conduction band (scc)

minority ecarzier mobility (em®/volt-sce)
density of silicon (2.33 grams/em®)

protons/cm®-MeV about an energy E to which the
golar cell assemdly has been exposcd

clectrons/em®-HaV about an enerpy E to which the
soiar ccll assembly has been exposcd

angle of light way in glass, having incident
angle © (degrees)

registivity of solar cell base reglon (ohm~cm)
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VIiI. NEW TECHROLOGY

After a dilizent review of the work performed wuler this contract,

no new innovation, discovery, iaprovement or meuntion was made,

APPENDIX : COVERSLIDE TRAMNSHMISSION AT NORMAL INCIDENCE

The transmitted light intensity through a coverslide with negligible
absorption is given by equation 23 where By (1), B (1), Bi(s), and Bz (1)
are given by equations 19 throaugh 22, 1In the case of normal incidence where
e, @&, and 9, all equal zevo, direct substitution yields an indeterminate
solution. However, siuce the tangent approaches the sine at small angles

we have

~5in(0 - 2 ~gin€ cos{, + cos Bsiny 2
B (1) =By (1) = [ A "")] =[ ‘ SR

sin(0+v,) sinG cosy, +cosbsiny,
and
3

gin(y, -0
B (1) = Ba (1) = [legijwi;] -

-siny, cosb + cosy, sinb,
siny, cos® - cosy, sinfy

]2 (48)

Dividing numerator and dinominator of the first equation by sin "*'A and of the

second equation by sin€, , and replacing sin ¢sin '#A by m, and sin ¥,/sin 0,

by n, /w, from Snell's law the equations reduce to

/em, + 1
) = ) 49
B(i) = 81 (0 A\h ) (49)
and
~m, -+
i) =2 () = ()’ (50)

Substitution of these quantities into equation 23 and simplification yield

equation 24.
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