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ABSTRACT

A theoxetical analysis of published data on silicon solar cells has heen
performed. Reasonable values of the photovoltaic curxent density at the cell
junction have been obtained as a function of the minorxity caxrrier diffusion length
L in the basc region, The calculation was performed on a computer with a numeri=
cal technique which appeaxs applicable to a nonuniform profile of L across the base

' region, as occurs after low-energy proton damage.
| The junction characteristics of the cells wexe also shown to be affected by

radiation, light and temperature in ways that can be described by simple mathema-
tical functions.
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L Introduction

In the previous quarterly xeport, the nesults of a suxrvey of published
efforts on proton radiation damage to solaxr cells were presented. During the
current reporting period, the effects of damage are studied further for the .
special case where it is uniform across the solax cell, Uniform damage, of

course, can be caused by fast protons ox by clectrons, To allow development of

a mathematical model that may be generalized to include nonuniform dainage, a

computer~oriented approach has been devised.

Equations which were introduced in the previous report will form the
basis of the model that is developed herein, "These equations describe the re-
duction in minority carrier diffusion length L due to radiation, the resulting de-
crease in short-circuit current, and the changes in the other parameters of the
solar ccll equation due to radiation,

The analysis of a decrease in short-circuit curreat, due to ¢ uniform
reduction in L, is presented as section II of this report, The study of the more
general behavior of the solar cell, and the further effects of radiation, is present-
ed as section III of this report, For the sake of completeness, the effects of

temperature and light intensity are included in the mathematical development.



2.

I, The Shoxrt=-Circuit Current
A. The Difference Equation

The short-circuit current Isc approximates the pliotovoltaic current I

1) L

for silicon solar cells with typically negligible resistance, ~” The photovoltaic
current is simply the photovoltaic current density j multiplied by the area of tie
solax cell that is exposed to the light source, This is somewhat less than the

. actual front surface area, inasmuch as the frount contact typically covers 109

- of the total suxface, The continuity equation implies that j is also propoxtional

to the light intensity U fox a given spectrum,

The equations necessary for determination of j are the continuity equation

q dx 7(x) &) )

the current equation

j=QD-gg—+QuEn @)
the damage equation

1 _ 1

Tt K ®

o X

the diffusion relation

L2 =D “)
and the Einstein relation

g D= wkT (5)

(The symbols axe defined in the Glossary)
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Combining the continuity and current equations cliniinates j. Further-
moxre, it may be assumed that D and I ave constant through the xeglon heing

considered, The resulting expression may be written as a difference equation
l)[n -2n_+n ]+ pthrn -1 . -n. h?/7r 4G h?=0 (0)
k+1 “Tk k-1d T ULk Tk-1d Tk k' "k

where the continous differential equation is approximated by using discrete
, values of n fox points of the independent variable x spaced a distance I apaxt.

- (Thus, n  is the magnitwle of n at a distance k h from the junction, )

k
Grouping the expressions gives a formula for progression in the solution

of n Aftex climination of y by the Einstein relation and by the diffusion re-

k.
lation, the formula becomes

& - P) ” " 2 ] " 7 - -‘ - a Y
Ny (2-qEh/kT+h /L) n A(qEh/kT=1)n, =G h*/D  (7)

k

Radiation damcge affects the solution to this formula principally by de-

creasing Lf’; according to the damage cquation

—
—

+ K @& (xk) (8)

.

1
T2

2]
k o

"where the particle fluence to which an incremental volume of the cell (at depth xk)
is exposed becomes an integ:n:ai over all particle energies., When there are severai
types of particles (electrons, protons, alpha particles, ete, ) there will be a sum
of several integrals.

The assumptions are made here that any change in D is negligible, and

-that the migraticn of the damage - induced recombination centers from their points
of formation is also a negligible effect, These assumptions allow a solution of

Eq. 8 to be applied directly to Eq, 7 and the carrier density n. to be developed.

k



The field B will be shown below to be proportionil to temperature T, As
a result, temperature enters into Fq. 7 only by ineveasing the diffusion cocfficient
in accordunce with the Einstein relation,  The inerease in D reduces the magnitude
of the negative texrm  and leads to an inerease in current with inercase in tempera-
ture, The trend is in agreement with the positive temperature coefficient normally
obscrved for the short circuit current. However, the .urrent of solaxr cells not
operated near short-circuit generally has a negative temperature coefficient
" because of diode characteristics discussed in the next section,

To solve Iig, 7, it is necessary to have values fox ng and nl. We assume
the boundary conditions that the carrier density vanishes at the junction and at the
cell suxface, This assumption was also made by Bullis and Runyan, & but othex
boundary conditions have been assumed, ®) We guess n - and calculate all the
higher values of n K’ We iterate this guessing of n1 unti’i we arrive at a satisfac~
tory value fox the carrier density at the cell surface,

The accuracy of the initial guess for n is of importance in determining
how often the calculation must be iterated bofolre obtaining a zero carrier density
at the contact surface of the cell, If the guess for n is too small, then the values

|

of n K deterimined via Eq. 7 will change sign in the cell, If it is too large, the n

at the back of the cell will {ail to be zero.

k

Iterating on n leads to as close an estimate as is desired. One possible
1

technique for convergence is to compare each n, with Ny and if there is a sign

change then stop, increase the estimate for n by a nominal 10% and repeat,
1

When there is no sign change, decrease the estimate for n by a nominal 5% and

1
repeat until a sign change occurs, Then increase 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 cell in question, by taking advantage of this sign change.



The current equation relates ny to the curyent from the base into the

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

j=qDny/h (9)

since the houndary cowcdition requires that n vanishes, This j  is the calculated

photovoltaic current I, in amperes per sguare centimeter, for the solar cell.

L

. Tox a cell with negligible internal resistance, the shoxt -~ ¢lrcuit current ISC

- is j times that portion of the suxface area not covered by the contact bar and grid,
Equation 7 is simplified in the base region since the electric ficld E is

negligible in a uniformly - doped cxystal. The eleetric ficld is dependent on

(4)

the impurity concentration, N, through the relationship

~~KkT 1 dN

b q N dx 10)

When there is no impuxity concentration gradient in the base region, Eq, 7
reduces to

=(z+h”/L§)nk-n -G, h®/D 1)

M1 k-1 "k

The current density calculation so far has considerd enly the solar cell
base region contribution, In order to determine the contribution by the surface
region, the same procedure may be used, Since the surface region is heavily
doped, and, consequently, has a relatively shoxrt minority carrier lifetime, (%)
this contribution to the total photovoltaic current density is small and often neglect-
ed, The clectric ficld 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 photovoltaic current contributed by the surface layer is not

significantly changed unless the clectric ficld is on the order of 10° volts /cm.

o hd bee
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Calculations by Tada (6) using penctrating radiation indicate that either the
field is gencrally small enough ox exists over a region of the suxface layer small

enough to he neglected,

B. Computer Calculations

In the solution of the difference equation the contribution to G (x) from

different parts of the incident light spectrum must be considered, The source

term is due to light within a range of wavelengths

A
G (x)= [ 2 G(x, M)A\ (12)
» Kl
where Ay and Az are the minimum and maximum wavelengths of sunlight to
which the solax cell responds. These are normally taken ag 0. 4 and 1,1 microns,
Since no simple, closcd form hae been reported for the integral, G(x)

may best be calculated using Simpscin's Rule, The integrand is given by

~a(l)x

G (x, V= (MHM) (53 )[1-R (M) e (13)

21mhce

Values of the absoxrption ceefficient o () (7) and the spectral irradiance
H(A )(8 ) for space sunlight® are given in Table 1. The spectral irradiances are

calculated for a sunlight intensity of 140 milliwatts per cin® The resultant

"G (x) is illustrated in Figure 1 for x up to . 025 cm of silicon, R (M), the fraction

of the incident light reflected at the surface, is usually on the oxdex of two ox

three percent for solar cell aszemblies,

oy

*Spectral irradiance may be defined as the differential of solar enexgy flux

per unit wavelength, This is frequently depicted by Johnson's curve,
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Table 1

Absoxption Coafficient of Silicon and Sunlight Intensity as a Function of Wavelength,

-1
Ain microns, o (A\)incm  (Ref. 7)

H () in watts/cm ® -y (Ref. 8)

A o(\) HQ®)
0. 40 7.50 x 10* 0.1540
0. 45 2. 58 x10* 0. 2200
0. 50 .18 x 10* 0.1980
0. 55 7.00 x 103 0. 1950
0. 60 4. 65 x 10°® 0.1810
‘0. 65 3.33 x10° 0.1620
0.70 2.42 x10° 0.1440
0.75 1,69 x10° 0.1270
0. 80 .12 x10°? 0.1127
0. 85 7.95 x10°% 0.1003
0. 90 3.80 x 107 | 0.0895
0. 95 1.80 x 102 +0,0803
1, 00 7.30 x10* 0. 0725
1. 05 2.08 x10* 0. 0665

1.10 4,40 x 10° 0. 0606




G(x) (carriers /cm® - sec )

8, : |
10 80 ?
i :

.
10 5
101 8 5 :

{ 1 | [}
0 . 005 .010 . 015 .020 . 025
x (cm)

Figure 1.  Computed values of the number of minority carriexs/ cm? - sec
produced in silicon by space sunlight as a function of depth x of
penetration, Values from Table 1 were used in equation 11 and

reflection was neglected.
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The difference equation yiclds a solution that usually depends on the mesh
interval h. When h is made smaller and smaller, the solutions tend to the solu-
tion of the corresponding differential equation. Thus, the calculated value of j
depends on the selection of h,  We have performed several czalc:ulations, with

6)

different mesh sizes, of the sample cell described by Tada * . The results, seen

in Figure 2, should extrapolate to his result fox h going to zexo.
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Figure 2. Calculated values of short-circuit current density versus mesh interval

h, for three cells with different base minority carrier diffusion lengths I..

The minority carrier concentration for a 10 mil n/p solar cell was computed
for various values of diffusion length. Figure 3 shows the results of the calculations
with the base divided into 500 increments. Figure 4 shows a plot of the short-circuit
current density versus diffusion length for these calculations.

The mathematical technique developed here has only been applied to solar
cells where the minority carrier diffusion length is uniform across the base. As is
obvious from Eq. 7, the technique is applicable to a situation where L is not constant

across the base. This situation will be explored further in future work.

4
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Figure 4.

g Tl ety e v o et

100
L (p)
A comparison of computed values of photovoltaic
current, versus L, with reported data from
Refexence 6, For the computation, the base region

of a 10 mil cell was divided into 500 intervals,
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IIL Junction Charactexistics

A solar cell is frequently regarded as a current source coupled with a

diode, and thie solax cell equation may be dexrived in this manner, The back-

saturation current Io is given theoxetically as

10=[q Dppo / Lp+q D n_/ Ln] (14)
. and the characteristic voltage Vo is frequently written as
Vo = AkT/q (15)

(The terms have their usual meanings, as listed in the Glossaxy),

These expressions are misleading as to the dependences of I0 and Vo
on the radiation exposure, temperature and light intensity on a solax cell, For
example, Eq. (14) suggests that Io can be computed from the diffusion length fos
an irradiated cell, hut the computation does not agree with experiment. Likewise,
the inference of Eq. (15) that Vo is propoxtional to temperature is not horne out
by experiment,

When the I~V curve is determined experimentally for a silicon solar cell,
+ the parameters IO and V0 can be estimated by a simple technique. This is seen

from the solax cell equation,

1=1, -1, [o(VFIR)/ Vo 41 (16)

with the observation that the series resistance R is small and can be neglected

for a first approximation. Then, for short~circuit conditions (Vequal zero ), IL

approximately equals the short-circuit current ISC.




13.

Now, when I is measured for voltages close to open - circuit conditions, the
expression in the brackets approaches eV/ Vo . Thus, a plot of Isc- I vexsus
V has a slope, on a semilogarithmic graph, that tends to 1/ Vo as the open~
circuit voltage is approached,

A series of such plots is shown in Figures 5 and 6, The data axe

(9)

those repoxted by Reynaxd for 10 ohm ~cmn/ p cells undex various tempera=
tures, with a solar simulator as the light source, and before and after exposure

" to 5, 2x10 %® electrons (at 1 MeV ) per square centimeter, It is apparent from
these plots that Vo is independent both of temperature and penetrating radiation
exposure, The surprising lack of temperaturce dependence within normal operating
;00)

limits is borne out by Kennexru » Whose measurements show A to vary as the

reciprocal of T.

Plots of Isc- I are not useful in determining Io to any degree of accuracy.
A straight - line extrapolation of the plot from Voc back to the abscissa should
yield an intexcept that is Io but only a slight exrxor in slope will result in a large
error in the intercept. Rather, it is convenient to solve the solar cell equation
directly. Given the short - circuit current ISc and the open ~ circuit voltage Voc'
the solution is

ot - V/Vo
Io ISc e a7)

when the internal resistance of the cell can be neglected.
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Figure 5. FPlots of (ISC" ) versus voltage V, from Reynard's
laboratory data, using a sun simulator ( Ref. 9).
Note the slopes of the curves, for various temperatures,

are essentially identical near open - circuit,
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The same presentation as Figure 5, after the cells had
been exposed to 5. 2 x 10 15 clectrons /em®, The
slopes of the curves near open -circuit voltage again
appear independent of temperature and are essentially

unchanged from the slopes of Figure 5,
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and of Wolf and Rauschenbach

16,

Given the I~V curve for a solar cell, Vo and Io may be computed by
these methods,  Analyzing publishe. data, we find that Io tends to inc(:lni?ase
with radiation exposure (as wag shown in our fixst quarterly xepoxt = ), with
temrorature, and with light intensity, The temperature dependence, seen in
Figure 7 for the data ol Reynaxd, is exponential and independent of radiation

(12)

history. The light intensity dependence, seen in Iigure 8 fox the data of Brown

1)

In conclusion, it appears that the junction characterigtics of a solar cell

, 18 logarithmic,

for an axbitrary radiation exposure, light intensity, and temperature can be
evaluated if the junction characteristics were given fox the ccll under specified

values of these parameters,
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Figure 7. Plots of the reverse saturation current I, versus temperature.

Fq. 17 was used with the laboratory data of Reynard (Ref. 9).
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1V. Conclusions and Recommen.lations

While the reduction in minority caryicr diffusion length in the base of the
solax cell is the most signilicant permanent effect to solax cells in space, effc -
to the diode propertics should also he considered, It appears that the solax cell
equation (Eq. 16) is the most appropriate basis for an analysis of these effects.

Lifonts to understand solax cell operation therefore should he concentrated on the

‘specific problems of how radiation (), light(U), and temperature (T) affect the

photovoltaic current (IL) and the diode propertics (Io and VO ), and the internal
resistance (R) of the solax cell,
Our analysis of some of these relations hias been described in this report,
The conclusions we have reached which appear to have the most significance ave:
(1) Changes in the photovoltaic current may be calculated from the
change in minority carrier diffusion length induced by radiation,
Sample calculations axe in fair agreement with previous work

(Figurc4 ).

2) The photovoltaic current is propoxtional to the light intensity.

This follows from the continuity equation,

3) The diode characteristic V0 is unaffected hoth by temperature and

by radiation exposure,

(4) The logarithim of the diode characteristic I‘o is proportional to
\
the temperature, and the constant of proportionality is unaffected

by radiation exposure (Iigure 7).

(5) The diode characteristic I0 is also affected by the light intensity,
In the range around an intensity of one sun, Io is proportional to

the logarithm of the light intensity ( Figure 8).
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These conclusions can be fitted into a theoretical framework for solar
cell periformance in space. While this is heing done under continuance of
this project, it is recoimended that some effort be made to dotcrinine if
there are undexlying physical explanations for the xelations discovered, ox

if they axre merely useful approximations.

20,



V.

Glossary

A

-

11

2L

An empirical parameter in the solax cell equation (sce
Eqs, 15 andd 16)

Speed of light ( cimylsec)

Diffusion coeflicient of carricrs in silicon (cm */sec. )
Elcctric field (volts / cm)

Rate of production of minority carricrs pexr cin? at
depth x in silicon due to space sunlight |
Spectral irradiance at wavelength A (watts / cm -p)
Planck's constant (joule-sec)

Increment thickness (cm)

Current through the load (amperes)

Photovoltaic current across the junction (amperes)
Diode reverse~saturation current (amperes)
Short=circuit current (amperes)

Photovoltaic current density (amp/cin ®)

Damage cocfficient for radiation in silicon (dimeusionless)

Boltymann's constant (joule/molecule~ °K) Also used
as a subscript to denote a parameter measured at a

depth k h into a cell, whexe k is an integer,

Minority carrier diffusion length (cm)

Minority carrier diffusion length hefore irradiation (cm)
Concentration of impurity atoms in a silicon lattice
(atoms/cim® ) |
Minority carrier concentration (in p~type material,

electrons/cm®)
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n (subscript)
p (subscript)
q

R

R(\)

R < <
~ O
>4'

>
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Referring to clectrons or n-type silicon

Referying to holes ox p-type silicon

Flectronic chaxge (coulombg)

Solax cell internal resistance (ohms)

Fraction of incident photons of wavelenyth A reflected
by cell suxface,

Absolute temperature (°K)

Voltage across a load

Characteristic voltage of a solax cell (defined by Eq. 15)
Absorption coefficient in silicon for light of wavelength A
(cm "1)

Wavelength of light (cm ox microns)

Miuority carrier mobility (cm ?/ volt - sec)

Mean lifetime of minority carriers in the conduction
band (sec)

Radiation fluence to which the solar cell has been

exposed (particles /cm?)
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VII. New Technology

No reportable items of new technology have been identified during performnance

of this work,
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