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PREFACE TO THE SECOND EDITION

Since the first edition of the handbook in 1973, the solar cell
industry has improved the efficiency of solar cells by employing known
principles and new technologies. Thus the original edition has been
revised to include discussions on some of the newly developed solar cells
as well as to update radiation data.

As was true of the original edition, this revision was conceived and
supported by the Jet Propulsion Laboratory, California Institute of
Technology. The philosophy underlying the revision was to include
new materials of technological achievement, with a minimum amount of
alteration in the original contents. In this context, the initial intent
of this handbook is still intact; that is, this handbook should provide,
for the purpose of assisting solar array engineers, the background knowledge
and necessary tools and techniques for a proper evaluation of solar array
degradation in space radiation fields with a minimum amount of reading
in various related fields. In this respect, the aim of this handbook
is practical and concise. If he so desires, the reader can confer with
such a book as Solar CeHs1 for more general and extended solar cell
knowledge, or with Solar Array Design Handbook2 for organized massive
and detailed information for solar array design engineering.

In this edition will be found discussions on some high-efficiency cells,
temperature coefficient and radiation data, updated flight data, and a
computer program vor equivalent fluence calculation.

For support and technical direction, the author gratefully acknowledges
the efforts of Dr. Bruce E. Anspaugh, project technical director. Anspaugh
also provided the considerable amount of data essential to this revision
and a critical editorial review.

1. H.J. Hovel, Solar Cells, Semiconductors and Semimetals, 11, Academic
Press, London, 1975,

2. H.S. Rauschenbach, Solar Cell Array Design_Handbook, 1; TRW DSSG,
Redondo Beach, Calif., Juiy 1976.
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Particular thanks is also due the former principal author of this document.
Mr. J. R. Carter, Jr., for helpful discussions throughout the manuscript
preparation and critical review. Also thanks is due Mr. 0. Adams for
editorial review. The document was prepared at the Vulnerability and
Hardness Laboratory, TRW Defense and Space Systems Group.

H. Y. Tada

The work described in this report was performed by TRW Systems Group
under the cognizance of the Control and Energy Conversion Division of
the Jet Propulsion Laboratary.
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FOREWORD TO THE FIRST EDITION

The purpose of this document is to detail a method of predicting
the degradation of a solar array in a space radiation environment. The
text contains a discussion of solar cell technology which emphasizes
the cell parameters which degrade in a radiation environment. The
experimental techniques used in the evaluation of radiation effects
are discussed. In Chapter 3, the theoretical aspects of radiation
damage are discussed, and the experimental data, on which the concept
of damage equivalent 1-MeV electron fluence is based, are presented.
In Chapter 4, the methods of developing relative damage coefficients
from the experimental data are detailed. In this regard, it was found
necessary to institute two separate equivalent fluences to properly
describe the changes of solar cell parameters under space proton irra-
diation.

Chapter 5 concerns the nature of the space radiation environment
and contains predicted solar flare proton fluences for the twenty-first
solar cycle based on a proposed model. In Chapter 6, the method of
calculating equivalent fluence from electron and proton energy spectrums
and relative damage coefficients is detailed. In addition, computer-
calculated equivalent fluence contributions from trapped electrons and
protons are tabulated for an extensive series of circular earth orbits.
The estimated annual equivalent fluence contributions due to solar flare
protons are tabvlated for the remainder of the current solar cycle.

The estimation of degraded solar cell output characteristics from equi-
valent fluence values is discussed. In Chapter 7, flight data from
satellites is compared with estimated degradation.

J. R. CARTER, JR.
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ABSTRACT

This handbook is intended to furnish the reader with the necessary tools
to permit him to predict the degradation of solar cell electrical performance
in any given space radiation environment. It begins with an introduction
to solar cell theory, describing how cells are manufactured and how they
are modeled mathematically. The interaction of energetic charged particle
radiation with solar cells is discussed in detail and the concept of 1 MeV
equivalent electron fluence is introduced. The space radiation enviromment
is described and methods of calculating equivalent fluences for the space
environment are developed. A computer program was written to perform the
equivalent fluence calculations and a Fortran 1isting of the program is
included. Finally, an extensive body of data detailing the degradaticn
of solar cell electrical parameters as a function of 1 MeV electron fluence
is presented.
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CHAPTER 1

1.0 THEORY OF THE SILICON SOLAR CELL

In this chapter some elementary concepts of semiconductor theory,
which are useful in understanding solar cell operation, are described.
The operation of the siiicon solar cell is discussed in terms of an
equivalent circuit, and the electrical characteristics of the equivalent
circuit elements are explained in terms of physical quantities. In
addition, the physical structure of a silicon solar cell is detailed.

1.1 Semiconductor Theory

1.7.17 Thermal Equilibrium Relationships and Excess Densities. Semicon-
ductors are a class of materials which have electrical properties and
physical characteristics intermediate between metals and dielectrics.

An important characteristic of semiconductor materials is bipol.r con-
duction, where charge transport may accur by conduction band electrons
or through empty energy states in the valence band which behave electri-

cally 1ike positively-charged electrons and are referred to as holes.
The equilibrium concentrations of conduction electrons and holes in
silicon are determined from thermal considerations by the following

expression:
_1.21(eV)
= 33 T3 kT
NoPy 1.6 X 10%% T° e {(1.1.7)
= 2.2 % 10%° cm'e, for T = 300 K
where n, = the equilibrium concentration of conduction e]ectrons(cm-S)
p, = the equilibrium concentration of holes (cm"3)

T = temperature (K)
k = Boltzmann constant (0.8618 x 10™% eV/K)
For a highly purified semiconductor, the principal source of charge
carriers is thermal excitation of electrons from the valence band to the

conduction band, and the concentration of conduction electrons will equal
the concentration of holes. This state, in which the electrical properties
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of a semiconductor are not modified by impurities, may be referred
to as intrinsic. The electron and hole concentrations in in-
trinsic silicon, for example, are equal to 1.5 x 10'° en™3 at room
temperature.

When elements from Column III and V of the periodic table occur in
substitutional solid solution in silicon, they can be thermally ionized.
In the case of Column V elements, such as phosphorus or arsenic, the
ionization results in an electron in the conduction band and a positively-
charged donor impurity atom in the silicon lattice. Impurities from
Column III, such as boron, undergo fonization in silicon by accepting a
thermally-ionized electron from the valence band. This process creates
a hole in the valence band and a negatively-charged acceptor impurity
ion. The activation energies for these donor and acceptor atoms in
silicon are approximately 0.05 eV. For this reason, these equilibrium
processes go to completion at temperatures near 300 K (kT ~ 0.026 eV),
and the commonly-used Column III and V impurities in silicon can be
considered to be completely ionized at room temperature.

If significant quantities of conduction electrons or holes are pro-
duced by the addition of impurities, as described above, the semicon-
ductor may be classed as extrinsic. Extrinsic semiconductors are
referred to as n-type (ie., negative type) if the equilibrium concentra-
tion of conduction electrons exceeds the intrinsic carrier concentration.
When the equilibrium concentration of holes exceeds the intrinsic car-
rier concentration of a semiconductor, it is referred to as a p-type
(ie., positive type}. The product of the equilibrium conduction electron
and hole concentrations in extrinsic semiconductors remains constant as
described by equation (1.3.1). Thus, boron-doned, p-type, extrinsic
silicon with a resistivity of 10 ohm-cm and a hole concentration of
1.4 x 1615 cn™° must also have a conduction electron concentration
of 1.6 x 105 cm 3. In this case, the hole: are referred to as
majority carriers and the conduction electrons as minority carriers.

The concept of Fermi laevel may also be used to describe several
aspects of semiconductor theory. The Fermi level of a material is defined
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as that electron energy state at which the probability of occupancy is
equal to 1/2. The Fermi Jevel is at the center of the forbidden band
when silicon is intrinsic., In an n-type semiconductor, the Fermi level
is above the center of the forbidden band. In a p-type semiconductor
the Fermi level is below the center of the forbidden band.

Concentrations of conduction electrons and holes in excess of
thermal equilibrium values can be introduced in a semiconductor by
eTectrical processes, by the absorption of electromagnetic radiation,
or in the process of stopping high energy particulate radiation. The
total instantaneous concentration of carriers during an excitation
process can be expressed as follows:

p(t)
n{t)

p, * p'(t) (1.1.2)

ny +n'(t) (1.1.3)

n

where p'(t) and n'{t) are the instantaneous excess hole and electron
concentrations, which in the general case will be functions of time.
The absorption in a sample of silicon of electromagnetic radiation,
referred to as the optical injection of carriers, is fundamental to the
operation of the solar cell. In the absorption process, an electron-
hole pair is created for each photon of Tight absorbed. The densities
of excess electrons and holes created in this manner obey the following
equations:

dp(t) .

at " Jext T 9th " T (1.1.4)
dn(t) _ .

at oxt ¥ Igh = 1> (1.1.5)

where eyt represents the excitation rate per unit volume due to an
external cause, 9eh is the thermal generation rate, and r is the tctal
recombination rate. If a net rate of recombination, u, is defined,

Li=!"-gth, (].].6)

then for the case of holes, for example,
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dp{t)
dt " Fext T (1.1.7)
It has been found for semiconductors, for the case of small excess
carrier densities (or at "low injection level"), that is, p(t) << Py
that a good approximation for u is,

u = {pp = Ppol/ap = pr(t)/s, (1.1.8)

where p-{(t) is defined by equation 1.1.2 and T is the 1ifetime of a hole.
The implication of this can be seen if the above expression for the time
derivative of p(t) is integrated, for the case of g, , = 0, with the

initial condition pn(O) = Pro- The result is,

-t/T
pi{t) = p,(0)e P, t>o0, (1.1.9)

and the 1ifetime is now seen to be the decay time constant governing the
return of excess holes in n-material if the external source is removed
at t =0.

An explicit expression for the 1ifetime, rp, has been developed by
Hall and Shockiey and Read; it is given by the expression, for holes,

-1
Tpe oy Ve N0 s (1.1.10)

where o_ is the cross-section for capture of a hole by what Shockley and
Rcad have termed a recombination center, Vth is the thermal velocity of
an excess carrier and is about 107cm/sec, and Nt is the density of the
recombination centers. These centers, it has been determined, dre res-
ponsible for the recombination of excess carriers, whether injected
electrically or by electromagnetic, or particle radiation. The creatic.
of additional centers of this type resulting from the high energy radia-
tion in producing lattice displacements and vacancies severely shorten
the carrier lifetime as will be discussed in more detail below.

1.1.2 Carrier Transport. Current flow or charge transport can occur by

either of two mechanisms in semiconductors. The drift of charged
carriers in an electric fieid is observed in semiconductors as well &as
metals. The drift current for the case of holes in a p-type
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semiconductor can be described as follows:

Jp = a P Es (1.1.11)
where Jp = hole current density (amperes/cm?)

q = hole charge (coulomb)

p = hole concentration (cm_3)

“p = hole mobility (cm?/volt sec)

E = electric field (volts/cm)

The coefficients of the electric field (E) in the above expression are
related to the resistivity of the material in the following manner:
1

g {(shm-cm) = TP ”p . (1.1.12}

Similar expressions can be written to describe conduction electron flow
and combined expressions can be used if second carrier conduction is
significant,

The second mechanism for charge transport in semiconductors is
carrier diffusion. This process results from the random thermal move-
ment of particles which exist in a concentration gradient. Such dif-
fusion is analogous to flow of heat due to thermal gradients and the
diffusion of atoms and molecules, When a gradient in the concentration
of holes exists in a semiconductor, a hole flux will flow opposite
to the gradient. The hole current, for a one-dimensional geometry, is
shown in the following expression:

= . dp
Jp = -9 Dy ge s (1.1.13)
where Jp = hole current density (A/cm?)
Dp = hole diffusion constant {cm?/sec)
%E = gradient of hole concentration .
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When both mechanisms contribute to the hole flow, the following equation
describes the current:

d
J_ = -p_ B . 1.1.14
A similar expression can be written for the conduction electron current
as follows:

J =q(pw E+D 40 (1.1.15)

n n ndx’ -’ Y

In some situations, an expression summing the hole and conduction elec-
tron current components may be necessary ww describe the current.

The basic equation governing the behavior of charge carriers in
time and space is the time-dependent continuity equation. This equation
sums the effects of the divergence of cur. =nt, carrier recombination,

and carrier generation. For the non-equilibrium steady state case, the
total carrier concentrations (n and p) remain constant, and %%~and

g% equal zero. 1In this case the one~dimensional continuity equations
for electrons and holes are as follows:

‘-n'no-l
Jext T q

Jd =0 (1.1.16)

oo,
=1
=

p -p
9y - o _1d 4 .
ext T 3 & Jp 0, (1.1.17}

where Jaxt? introduced earlier, is the rate of generation of carriers per
unit volume. If current flow occurs only by diffusion, equation (1.1.13)
can be substituted into equation (1.1.17}, and a similar substitution
can be made in equation (1.1.16), leading to the following equations:

d2n "%

Dy & T, = 7 Gext (1.1.18)
d2p P " Py
Dp dx? = T = 7 Jext (1.1.19)
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1.2 The P-N Junction

The current-voltage characteristic of a p-n junction is one of the
factors which determine solar cell response. In this section, the
general factors which determine diode characteristics will be dis-
cussed. The carrier concentrations found in a solar cell diode are
shown graphically in Figure 1.1. The base or p-type region ofpthe device
has a majority carrier density (ppo) of approximately 105 e 9,

Because the product of the two carrier concentrations is roughly 102°cm“6,
the minority carrier concentration is 10° cm"3. The surface or diffused
Tayer has a majority carrier concentration apprasaching 10%° ean3,
Equilibrium considerations therefore require the minority carrier con-
centration of this region to be approximately unity. The concentratiuns
of holes and conduction electrons differ greatly on different sides of
the junction. This results in two effects. The minority carriers on
either side of the junction tend to diffuse across the junction (i.e.,

~ create a diffusion current). In addition, the very large concentrations
of conduction electrons existing in the n-type layer form an electro-
static potential barrier to oppose electron flow from this p-type region.
As a result, all of the mobile charge carriers {holes and conduction
electrons) are swept out of the interface region. The ionized impurity
atoms form a dipole layer in the interface region. This layer is also
referred to as a space charge layer. In a typical solar cell, the width
of the n-type diffused layer is roughly 0.4 um, and the width of the
space charge region is very roughly 0.5 um.

Equafion (1.1.17) can be used to determine the behavior of excess
carriers in the region of a junction. 1In the case of steady-state
illumination,

D p - p po_ :_go . x> 0 . (].2.1)

The solution of this equation for a semi-infinite semiconductor with the

houndary condition, that at x = 0, np = npo, is
- XD
np(x) =Moo 9 T(1-e nn) (1.2.2)
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The quantity vD T has the dimensions of length and is often referred to
as the diffusion length (L). The above result indicated that the steady
state concentration of conduction electrons in the p-type region will
approach zero at the junction and will increase exponentially with
distance from the space charge region. This behavior is shown in Figure
1.1. At a distance of one diffusion length from the junction, the minority
carrier concentration is 1/e that of the equilibrium bulk value. Actual
diffusion lengths found in solar cells can be as large as 200 um. This
parameter is of primary importance in the determination of the efficiency
of a solar cell.

The equation for the dark current as a function of bias is as follows
for a p-n junction:

3= 3y, (e WK ) (1.2.3)

qV/kT

In the case of a large forward bias (V»0), e is much larger than

1 and therefore,

3=, e VKT (1.2.4)

When V<0, J=-J01. For this reasan, JO1 is also known as the saturation
current. If the saturation current is assumed to be due to the diffusion
of minority carriers into the junction, then:

qbD_n D
Jg1 =-—jf1*£9:qupo\/;§ (1.2.5)
n

Based on diffusion 1imited current, the calculated saturation current
for an n-p 10 ohm-cm solar cell would be roughly 10_10 A/cm? at room
temperature. The measured values of saturation currents found in such
solar cells are considerably higher than the above value. The
diffusion theory thus does not adequately explain the current voltage
characteristics of a silicon junction diode.
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A second theory of the diode current voltage relationship involves
carrier generation and recombination through defect centers located in
the space charge region. The diode or rectifier egquation predicted by

this theory is as follows: 1.1

J = Jgale V2K ) (1.2.6)
The only difference between equations (1.2.3) and (1.2.6) is the factor

of 1/2 which appears in the exponent and the form of Jg,. The expression

for Jdg, is:

q W n,
Jg2 = L (1.2.7)
T
0
where W = width of space charge region
T = carrier lifetime in space charge region
n. = intrinsic carrier concentration {~ 1.5 x 1010 cm"3)

1

Experimental studies have shown that the generation-recombination model
and the diffusion mode]l are necessary to descrine the diode current flow
at all voltages. An expression summing the currents of both models can
be used to describe the current flow at all voTtages.T']

As a rcsult of manufacturing variations, a solar cell junction is
occasionally shunted by an ohmic resistance, When the value of this
shunt resistance is less than 10" ohms, the shunt current will dominate
the diode current at forward biases of slightly less than 0.2v. The
symbol for shunt resistance is Rsh' As a result of resistive volume
elements in current paths to the diode junction, the solar cell
also has a finite resistance which appears in series with the diode.
This series resistance (RS) is usually less than one ohm and will domi-
nate the current flow through the diode at large forward biases. A
model summing both of the above elements is necessary to describe the
forward voltage-current characteristic of a silicon solar cell in the
most general case. Such a model is shown in Figure 1.2. In Figure 1.3,
a generalized current-voltage characteristic is shown for a solar cell
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diode using the above model. Actual solar cells will have considerable
variation in the shunt and series resistances.

The junction space charge region of a solar cell has an associated
capacitance. The capacitance of a conventional solar cell is related to
the width of the space charge region in the following manner:

C = -*{Iﬁ (1.2.8)

where C is the capacitance, A is area, ¢is the dielectric constant
and W is the width of the space charge region. The acceptor density in
the p-type region adjacent to the space charge region can be related to
the capacitance per unit area by:

2
i 2(Va + Vb)c

Na ge A?

(1.2.9)

where Va is the applied voltage, and Vb is the barrier volitage (0.6 to
0.8v depending on resistivity of cell base). The above expression assumes
an abrupt or step junction which is typical of conventional solar c2lis.

1.3 Silicon Solar Cell Theory

When a silicon p-n junction diode is exposed to ionizing radiation
or light with a photon energy equal to or greater than the band gap of
silicon, etectron-hole pairs are produced in the silicon. Because of
the gradient of conduction electrons (see Figure 1.1) which exists in
the p-type region near the space charge region, the conduction electrons
generated by the radiation diffuse to the junction. When these electrons
reach the space charge region, they drift in the space charge region
field to the opposite side of the junction. A similar behavior occurs
for holes generated in the n-type regions of a solar cell. The dif-
fusion flux of these generated carriers to the junction is the solar
cell generated current. Several investigators have developed genheral
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expressions for generation current.]'z']'8 These expressions are

solutions of the continuity equations (1.1.18) and (1.1.19).for the case
of optical carrier generation. The expression for electrons is as
follows:

D (n-n) —ax
p n M0 o ogN (1-R) e
dx2 Lﬁ

(1.3.1}

where o = absorption coefficient for light of wavelength )\,(cm'])T‘9
N0 = photon flux density
R = reflection loss
x = distance from the junction
d = distance from front surface

This equation can be solved to find the minority carrier concentration
gradient at the edge of the space charge region. The current of car-

riers into the space charge region can be calculated by evaluating

current at the edge of the space charge region by use of equation (1.1.15).
Separate evaluations must be made for the diffused or surface layer and
electron currents in the bulk response to monochromatic 1ight as

follows: 1.8

Surface Layer:

10
D ab a =ad _B
= 'ha—+(1+—£)cosh——:{e -(}+ )
5 (A)zq N, (1 - R) ol [GLD ¥ SLD) L 5 T, 3 (1.3.3)
P

1]
. a p a
1 - a2t2 sinh — + cosh
@ Lp SLp Lp
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Bulk Response: (assuming S = «» at d = b)

b -a

1 - R oL (si0h - ol cosh 5 g %4 e
s - e U8 ety [ oL (1.3.4)
1 - 47 L3 tosh T
n n
where a = junction depth {(cm)
b = cell thickness (cm)
S = surface recombination velocity (cm/sec) .

Total Response:

JL(;\) = ‘]n(” + Jp(A) {1.3.5)

The above equations are written for the case of an n-p solar cell.
It is also assumed that no significant drift fields are present. The
cell response in A/cm? may be normalized to the photon flux density (No)'
In this way, the above equations describe the response of the cell in
terms of amperes per photon/sec of incident light of a given wave length.
Solar cell spectral response curves are routinely measured. In these
experimental measurements, the response is usually normalized to the inci-
dent optical power density (watts cm-z) rather than photon density rate.
The calculated response of a typical solar cell in such terms is shown
in Figure 1.4.

The previous equations illustrated the role of the minority carrier
diffusion length in development of the 1ight-generated current of a solar
cell, These response equations can be folded with the solar spectral
irradiance and integrated to yield the light-generated solar-cell current
under solar iilumination (see Figure 1.4).
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The light generated current can be combined with previously dis-
cussed diode rectifier equations to determine the current-voltage
characteristic of an illuminated solar cell. The model for an i1lumi-
nated solar cell is the same as that shown in Figure 1.2 for a dark
diode, with the addition of a current sour'r:e.]']0 The current source
(shown dotted in Figure 1.2) represents the 1light generated current.

On the basis of the above model, an equation can be written to describe
the cell current into an external Toad:

I[=1 -1

L D] ~ Iy = 1 (1.3.6)

D2 sh

1l

where I = cell current in external load

IL 1ight generated current

ID] = current in solar cell diode DI

ID2 = current in solar cell diode D2

Ish = current in internal solar cell shunt (Rsh)

Several observations can be made regarding the form of the above equation.
The Tight generated current is independent of applied voltage and propor-
tional to the intensity of the incident i1lumination. The development

of the light generated current produces a forward bias on the solar cell
diodes (D1 and D2). The Tight generated current (IL) will divide between
the parallel branches containing D1, D2, RSh and RS + RL‘ The behavior
of the illuminated solar cell current {I) and voltage (V) as RL varies
from zero to infinity is referred to as the I-V¥ characteristic. This
characteristic is the primary engineering tool used in evaluating solar
cells. A general expression for the cell current to an external load

can be obtained by substitution of equations (1.2.4) and (1.2.6) into
equation (1.3.6). In the case of a good cell under 135 mW/cm? solar
illumination, the current in Rsh can be neglected. It has been the prac-
tice to simplify the two diode currents with the following expression:

q(V+IR_}/nkT
Ig=1, [e 5 —1] (1.3.7)
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where IO is an apparent saturation current, and n is a constant, between
1 and 2 in value. The resulting expression is often used to describe
solar cell I-V characteristics:
1=1 -1, [eq”*ms)/"”-l] - _V._%_E._Rs. (1.3.8)
sh

The development of a solar cell I-V characteristic from the 1ight
generated current and dark diode characteristic is shown graphically in
Figure 1.5. An IL value of 35 mf/cm? is typical of solar cells under
solar illumination of 135 mi/cm?. This I, value is shown in Figure 1.5.
In addition, the dark diode or rectifier characteristics shown in Figure
1.3 are replotted in Figure 1.5. The diode characteristics are shown
with and without the series resistance. The illuminated solar cell I-V
characteristic for a hypothetical cell with Ry = 0 is obtained by sub-
tracting the forward current flowing in D1, D2, and RSh from the Tight

generated current I, . When Rs is some significant quantity, the dark

L
diode characteristic is displaced an amount AV before subtraction from
IL. The quantity aV is the voltage drop across R when the solar cell

diode conducts a forward current equal to +IL'

It should be understood that this analysis is for a solar cell at
27°C under solar illumination of 135 mW/cm2. The quantity I is propor-
tional to the 1ight intensity, a function of temperature, and also a
function of the spectral content of the illumination. The dark diode
currents Im and IDZ are strong functions of temperature. Under the
assumed conditions of temperature and illumination, ID1 and Rs dominate
the I-V characteristic of the solar cell. Under other conditions of
temperature and illumination, the solar ce.1 I-V characteristic may be
influenced by other factors such as Rsh and IDZ’

A different set of parameters is used to describe the solar cell
characteristic for engineering purposes. These are (a) short circuit cur-
rent Isc’(b) open circuit voltage V., and (c) maximum power Prax"

The short circuit current is that current produced by the cell when the
load resistance (RL) approaches zero. In good solar cells, this
quanrtity is equal to the 1ight generated current IL or JL-A. in cells
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Figure 1.5 Development of a Current-Voltage Characteristic
for an ITTuminated Silicon Solar Cell
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with high or excessive internal series resistance, or in good cells at
higher itlumination intensities, ISC will be less than the light
generated current. The open circuit voltage is the voltage produced
by the cell when RL is infinite. In this load condition, all of the
Tight generated current is consumed in forward conduction of diodes

D1 and D2.
v :D.k_T'[n.I_L +] (]3.9)
oc q I

0
A maximum in the power delivered to the Toad resistance occurs at some
point of the soiar cell I-V characteristic. The power developed under
such a load is called the maximum power (Pmax)' A method of determining
an analytical expression for the I-V characteristic from parameters such

as IS ¥ P , and Vrnax has been described in the 1iterature.1']]

¢’ “oc’  max

1.4 Solar Cell Ceatings and Contacts

A silicon solar cell is a composite of several Tayers of material.
The layers of n and p-type silicon form the basic ceill structure in which
the current is generated. Additional practical probiems are involved 1in
maximizing the light entering the silicon and providing a Tow
resistance path for collection of the generated current from the solar
cell, When the light passes from one medium to another medijum which has
a different index of refraction, some light is reflected. The amount of

light reflected can be determined from the following relationship when

the second medium is absorbing.1'31

(ny - n2)2 + kzz
R = —— (1.4.1)
(ng + np)° + ks

1}

reflectivity (fraction of normal incidence light intensity
reflected)

n, = index of refraction, medium 1

where R

n, = index of refraction, medium 2
ko = extinction coefficient, medium 2

The extinction coefficient, k, is the imaginary part of the index of
refraction, where k = §$= and « is the absorption coefficient and X is the

wavelength. The above relationship holds only for normal incidence light.
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The more general case of light incident at an arbitrary angle & from the
normal is determined by Fresnel's equation.]“!2 Silicon has a high index

of refraction (between 3.5 to 6.9 in the optical region)]']3’1']4 (See Appen-
dix B.) Reflection Tosses of incident 1ight at an air-silicon interface

are quite significant (about 30% in the long wavelength region, 71% at

0.275 um, and 62% at 0.3 ym). The use of an antireflection (AR) coating,

a surface layer with an intermediate index of refraction, will reduce tne
reflection loss.

The reflectivity in the presence of intermediate layers has an
optimum effect at film thicknesses of one quarter wavelength, (10/4),
where the thickness of a nonabsorbing coating d1 satisfies n]d1 =
(25 + 1)-(A0/4) and j 1s an integer.1‘]5’ 1.16
when the index of refraction for the intermediate layer is

2 _
Ny SNy Ny (1.4.2)

where ng = ambient index of refraction

The reflectivity is minimum

Since g is equal to 1 for air, the optimum index of refraction for an
antireflection coating at an air-silicon interface is approximately 1.9.
Silicon monoxide (Si0), with an index of refraction in the range of 1.3

to 1.9 was therefore most often used in the past as ar AR coating on solar
cells to minimize refiectance. The Si0 has some absorption loss in the
visible region.

Lower average reflectivity can be obtained by using two AR coatings

instead of one.l']s’ 1.17-18

In a practical space environment appli-
cation, the solar cell is always covered by glass to shield against radi-
atjon and to raise the effective emissivity for better thermal control.

This constitutes the double-layer system. It turns out that the reflection
for a two-layer system has eicher a minimum or a local maximum for a quarter

1.15 The reflectance

wavelength optical coating; i.e., n1d1 = n2d2 = A0/4.
approaches zero if (nz/n1)2 = n3/n0’ where ns is the index of refraction of
the third optical layer, and the average refiectance is lower gver a Lroader
wavelength range than for a single-layer coating. Thus, the cover glass

and the adhesive can be used in this context as a part of an AR coating
system. Since the adhesives have n values of approximately 1.4, the
previous equation reveals that an AR coating with n = 2.2 - 2,4 would be

optimum for a solar cell to be used with a cover glass.]']7’]']g']'21
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Titanium oxide (TiOX, n = 2.20) has both a higher refraction in-
dex and less absorption than silicon monoxide (n = 1.90), and is a
better choice for this double-layer system."zz"'26 Both of these
materials, however, exhibit stronger absorption in the shorter wavelength

region (0.4 um), and are thus not suitable to a cell with high spectral

response in this wavelength region. Tantalum oxide!-27-1-30 (Ta

a high refractive index (n = 2.15 - 2.26) with les> absorption in the

205) has

shorter wavelength region than the above two, and is suitable for a violet
cell application with quartz cover g]asses!'zq Tantalum oxide coating was
exclusively used for a recently developed CNR {Comsat Non-Reflective)

cell and the reflectance was reduced to a few percent in a wide spectral

region (0.5 ~ 1.0 um).1’29

Many properties of AR coatings vary greatly with the fabrication
technique and conditions. The transparency, refractive index, and ab-
sorption are all related to the concentration of materials, and film
thickness, as well as defects formed during the processes. Chemical vapor
deposition of Ta,0¢ AR film on the violet cell, adopted at Comsat Labora-
tory, for example, shows far better optical properties than sputtered Ta205

fi]ms.1'27

The contacts of current commercial solar cells are formed by evapo-
rating titanium and silver metal on the entire back surface and in a con-
tact pattern on the front surface. The total thickness of this evaporated
metallization is approximately 5 um. After the metallization, the cells
are usually solder dipped if not passivated with palladium. The solder
thickness may vary between 10 ym and 80 um (0.4 - 3 mils). One of
the primary considerations in the selection of the contact is the elec-
trical behavior of the metal-semiconductor interface. In general, such
interfaces should be ohmic with 1ittie or no contact resistance or Schottky
barriers. A Schottky barrier has a current voltage characteristic of the
same form as that for a p-n junction. The saturation current for a
Schottky barrier is as fo]lows:]'32

I, = A T2 exp - (¢B/kT) (1.4.3)
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2

1

-2)

effective Richardson constant {A.cm <+K

¢g = effective barrier height {eV)

where A
The quantity A is approximately 100 A-cm'% K'2 and ¢g is approximately
0.50 (eV) for most metals in contact with p-type silicon. The satura-
tion current (IO) at room temperature (T = 300 K) will be between 1072
and 107 A.cm2. The effect that the Schottky barrier has on the solar

cell will be related to the forward resistance of the barrier. Since
the form of the barrier current-voltage characteristic is:

[ = Io(eqwkT - 1) (1.4.4)

The dynamic impedance of the junction is as follows:

dv _ kT/q _-qV/kT
i Ie 8 (1.4.5)

It can be seen that the impedance of this barrier is irversely proportional to
the saturation current. Since the saturation current at room temperature

is very high, the impedance of a Schottky barrier is very low. If the bar-
rier potential (¢B) for a particular metal on silicon is low enough, the
barrier I-V characteristic will approach low resistance ohmic behavior.

This is the case for a titanium layer on p-type silicon at room tempera-

ture. At Tow temperatures the saturation current of such a Schottky bar-

rier is reduced and the diode characteristics become more significunt. In
this case, the Schottky barrier adds a nonlinear voltage drop to the solar
cell model in series with R_. This problem has rece’ved considerable

s
attention in the literature. 357138

The problem associated with non-
~hmic contacts can be reduced by producing a heavily doped (p+) layer on
the silicon interface. In such cases, the space charge region associated
with the Schottky barrier is generally reduced. Quantum mechanical
tunneling of the space charge region dominates the behavior of such thin
barriers, and provides a highly conductive metal semiconductor interface.
Since the soTar cell front ccntact is applied to a silicon inter ~ce which
is very heavily doped due to phosphorous diffusion, the tunneling mechanism

assures a low resistance ohmic contact.
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1.5 Improvement of Solar Cell Efficiency

For the improvement of solar cell efficiency, certain variables
affecting the output must be considered: {a) physical properties inherently
associated with materials such as band gap and absorption coefficient,

(b} geometry, or configuration such as junction depth and vertical
junction, and (c¢) physical parameters or properties such as impurity con-
centration that can be manipulated after the first two items are decided.

The choice of material is important in that the physical properties,
such as absorption coefficient or energy gap, are suitable for the ef-
ficient photovoltaic action. Junction depth (thickness of diffused layer)
and cell thickness alsoc affect the solar cell output as expressed in the
equation (1.3.3) and (1.3.4). A recently developed cell with tetrahedral
surface structure, called "textured surface", "black” cell, or nonreflect-
ing cell belongs to the second category. Bulk {base) resistivity and
base material type (n or p type) can be manipulated by the amount and
type of dopant. Fabrication technique and configuration at the front
and back contacts change not only the series resistance but also surface
recombination velocity. Recently mass-produced was a new technology cell,
the "back surface field" (BSF) or p+ ce]l,* which was produced by intro-
ducing an impurity gradient near the back contact. These variables,
together with AR coatings are exampies of improvements that can be made
with new materials, and belong to the third category.

These aspects are briefly discussed in the following sections with
particular emphasis on three types of new technology cells, namely the
violet cell, the BSF cell, and the textured surface (or black) cell.

1.5.1 Considerations for Photovoltaic Materials' 3> 1-3

For a photovoltaic effect, the material has to absorb a photon or
ionizing radiation energy to create excess carriers. Suitable materials
for achieving a photovoltaic effect are tharefore inherently Timited to
those with an energy gap slightly less than the energy of the photon

The p+ is a symbol tu jdentify a much higher than normal conce ration
of p-type impurity in the base region, approx1mate1y 10' ~ 107 cm-3
as compared to the normal concentration of 1015 ~ 1016
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radiation under consideration. The material thickness required for com-
plete photon absorption is governed by the magnitude of the absorption
coefficient and its change as a function of increasing photon energy.
Those materials with a large o{A) and a steep increase in absorption
coefficient with respect to photon energy do not require a thick base
material for complete absorption of sunlight, and hence are suitable

for use in a thin-film cell; while those with a gradual absorption
coefficient increase or low o)) require a greater thickness. Materials
1ike silicon and GaP belong to the latter type while many group III-V
and II-VI compounds belong to the former.

For the charge separation mechanism, an electrostatic potential is
created by a metal-semiconductor junction (Schottky barrier) or by a p-n
junction. The latter falls into two types: one is the homojunction,
made from a single semiconductor such as those in group IV compounds
(Ge, Si, C) and group III-V compounds (GaAs, InP, Alsb, etc.}; and another
the heterojunction consisting of two different and distinct semiconductors
separated by the junction, such as CuS-CdS or group II-VI compounds (CdS,
InS, CdSe, etc.). Theoretical maximum efficiency under the solar spectrum
is plotted against the energy gaps for a few photovoltaic materials,
in Figure 1.61'39. Interestingly, the output of every material mono-
tonically decreases with an increasing temperature, but the rates are
different (Figure 1.6). The meximum power of silicon is much less than
that of GaAs at higher temperature. This is the reason why GaAs will
probably prove to be a better solar cell material than Si in high tempera-

» - - 0
ture applications such as for solar concentrators. 1.4
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1.5.2 Violet Cells

Since the solar irradiance is abundant in the blue and ultraviolet
regions, an increased spectral response in these regions is essential
for a higher efficiency. A blue-rich solar spectrum creates a heavier
carrier concentration near the front surface of the cell than in the bulk.
Therefore, if a junction is placed near or in the middle of this heavy
carrier concentration (a shallow junction), more carriers will be col-
lected before recombination than in the cell with a deep junction. Since
a shallow junction introduces a greater sheet resistance in the diffused
Tayer, therby increasing the potential drop there, an improved carrier
collection mechanism is needed to increase overall efficiency.

The sheet resistance can be decreased by increasing the number of
grid lines {decreased distance between grids). However, increasing the
number of grid Tines increases the shadowing effect on the cell. The
grid lines can be made thinner to reduce shadowing, but this, in turn,
increases the voltage drop in the grid. Hence, a careful optimization
of all the parameters is required to ensure the best blue response.

1.26, 1.28 developed an improved diffusion technolegy

A Comsat group
which eliminates the so calied "dead layer" from the top surface layer. In
contrast, the ordinary diffusion process normally reduces the minority
carrier lifetime in this surface region down to nanoseconds due to the
strain, dislocations, and unwanted impurities introduced during the processes.
With the use of bimetallic diffusion masks, thin grids became a reality. The
number of grids is increased, and the distance between grids is decreased,
thus lowering the series resistance and the voltage loss. Violet cells con-
tain 10 to 30 grids/cm with a contact area equal to 6 to 7% of the total
area, as compared with approximately 3 grids/cm (about 10% of contact
area) for old celis. The series resistance is about 0,05 ohm for a 2 x 2 cm
cell, considerably less than the 0.2 to 0.25 ohm of the conventional ce111‘4]
Tantalum oxide (Tazos) isalso used as an AR coating because of a high refrac-
tion index with less absorption in the short wavelength region (see

section ].4)]'27

With the above improvements, the spectral response in the bTue and
uitraviolet regions is greatly enhanced, hence the name "vicolet" cell.

1-27



77-56

The short circuit current for AMO sunlight is about 40 mA/cm2 as compared

wilh about 35 mA/cm2 of conventional cells. AMO efficiencies of 14 to 14.5%
are reported for 2 ohm-cm c:eHs.]'z6

1.5.3 Back Surface Field (BSF) Cells 42~ 1-46

An acceptor impurity gradient can be formed at the rear surface by
diffusing an impurity (such as boron) or by selectively "alloying" an
impurity (such as aluminum). Mandelkorn and Lamneck]'42 applied the
"alloying” process at the back contact and produced cells with higher Voc
increased Isc and i1l factor. They have attributed these improvements
to the presence of an electric field at the back surface due to the

aluminum doping gradient, hence the name of "back surface field (BSF)" cell.

Godlewski §§_§131‘44 have proposed a theory to explain the abnormally
high open circuit voltage phenomenon; the increase in Voc of a BSF cell
is attributable to a decrease in the reverse saturation current Io’ thus
Togarithmically increasing VOC in the equation (1.3.9). Three possible causes
were cited to account for the decrease in IO: (a) the reduction of surface
recombination velocity at the rear contact in a conventional cell model,

(b) the presence of a drift field, and (c) an abrupt change in the
impurity concentration. In this investiagation, it was

concluded that there is no clear choice as to which model is more
appropriate for the explanation of the high voltage of the BSF cell
because experimental results were lacking. Brandhorst, et a].,]'45 have
constructed BSF cells by epitaxial deposition of 10 ohm-cm siiicon layers
onto substrates with various resistijvities. The study showed that the
low-high Jjunction model in reference 1.44 explains such observations as
{a) variations of Voo s @ function of substrate resistivity, and (b) the
change in Voc and Isc with respect to the radiation fluence.

Further investigation of BSF cells by Mandelkorn and Lamneck,l'46
in which these investigators used the p pt cell* after removing the nt
surface layer from n+pp+ BSF cell, lead to the conclusion that a photo-
voltage is generated at the pp+ back junction of the cell. This basic
phenomenon is not new.1'47’ 1.48 When a sharp difference in doping (or

impurity) concentrations exist between one region and another - called

*The pt+ designates a heavily dope? p—reg1on where the p-type impurity con-
centration reaches as high as 10'8 to 1019 cm-3.
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"Tow-high junction by Gunn1'48 - the difference in the minority
carrier concentration across the interface {or minority carrier concent-
ration barrier) results in a large potential difference.

The BSF tends to confine the minority carriers in the p-region (for a
n+pp+ structure) and away from the back contsct, which can lower the dark
current throug. the device and improve the Voc and fill factor1'4]’1'44’1'46.
VOC increases as the cell thickness is reduced. The reduction of bulk recom-
bination due to the thinner cell tends to Tower the dark current and raise
Voc' A similar explanation was offered by von Roos]‘49 for the increased
Voc of a BSF cell; the voltage across the cell will distribute itself
among the two interfaces of p-n Jjunction and "low-high" junction in such
a manner that the dark current is diminishing while the short circuit
current virtually stays the same. As the result the VOC increases accord-
ing to equation (1.3,9). Open circuit voltages of up to 0.6 V have been
reported for 10 ohm-cm BSF celis.

1.5.4 Textured Surface (or Black) Cells!®29:1-30,1.50

The textured surface cell is based on rearranging the surface geo-
metry to reduce reflectivity. While this concept is not new, it has only
recently succeeded in practice.1'29’]'30’]'50 Preferential chemical
etches by sodium or potassium hydroxide, or hydrazine hydrate applied on
{100) orientation of the silicon surface can selectively expose <111>
planes, which intersect the (100) surface with four-fold symmetry at an
angle of 54.7°.1‘50 Since incident light undergoes two reflections beforu
complete escape (see Figure 1.7), optical reflection Tosses from these
surfaces were greatly reduced. In fact, the color of the cell is velvet
black when viewed from the top because there is no reflection in this
direction, hence, the second name of black cell, or velvet cell. The
reduced reflection occurs at all wavelengths in comparison with that of
flat surface cells. The Comsat group then named this cell “Comsat Non-
Reflecting" cell, or CNR cell for short.]'zg’]'30

The textured surface consists of randomiy spaced, four-sided, pointed
tetrahedra of varying heights, ranging from approximately one micron to as
high as 15 microns, and with a spacing of 3 - 10 microns. The fextured
surface not only results in reduced reflections, but also greatly enhances
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the response at each end of the spectrum as compared to flat surface
cells. The wechanism of enhanced spzctral response is not attributable
to mere reduction of surface reﬂection.]'s1

For a given cell thickness, the optical path length is increased as
shown in Figure 1.7 as compared with that of flat surface cell. This is
equivalent to a flat cell with an increased cell thickness and the output
increases accordingly. Because of refraction at the surface, more carriers
are generated near the surface of the textured cell than flat surface cell.
The carrier generation term in the steady state diffusion equation takes
a form of a‘(kz)-N‘(A])-exp (—a‘(xz)—x),where a'(lz) = a(x])/cos P

N'(K]) = £0S Bi'N(A1), and the unprimed quantities reoresent the case for an
unrefracted beam. This means that the absorption coefficient is virtually
increased from a(AT) to a(A])/COS 0. The spectral response is thus
shifted by

A = AL - a-][a(k Y/cos 6.]
] 1 i
and the generated carrier concentration changes from N(AT) to

cos ei'N(A]).1'5]
*
hanced by four-fold contributions of both primary and secondary beams.

The spectral response in long wavelength region is en-

The increase in spectral response at shorter wavelengths is attribu-
table to the inherent spectral shift as discussed above and to the carriers
generated within and near the pyramid structure. Within a tetrahedral
structure, light intensity is highly concentrated; for example, four-fold
symmetries of both primary and secondary beams along the symmetry axis
(but lower concentrations away from the axis). For the primary beam along

the symmetry axis, an absorption coefficient in the exponent of a carrior

tan & sec 61
~aneration term changes from o(x) to of (3) = Tan & ¥ tan o, < alr).

If the edge effects are ignored, the carrier generation at a large distance
from the surface {as compared with the pyramid height) is contributed by
four-fold primary and secondary beams, This approximation is appropriate
for the bulk response because of randomness in pyramid heights, and the

problem can be simplified to the one dimensional case. °
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At the wavelength of 0,7 um, o' = 0.591 - a{(x), which will be reduced to
o' = .583 ofn) at » = 0.4 um. Thus, the carrier generation from blue
light is very high in the pyramid structure, and together with the merit
of a shallow junction, the blue response is greatly enhanced from that of
comparable flat-surface ce11s.]'5] In Figure 1.8, the spectral response
of the CNR cell (textured cell produced by Comsat Crop.) is compared with
a flat-surface ce11.1'52 The short circuit current observed is as large

as 45 mA/cmz, about 15% improvement over a comparable flat surface
ce11.1.29,1.30,1.52

The increased carrier generation and collection efficiency, and ttre
resultant spectral response of the textured surface cell lead to the
higher radiation tolerzrce. As discussed in a later chapter, radiation
damage in the solar cell is mainly due to the decrease of minority carrier
lifetime in the base region. Thus, the enhanced blue response from a
higher carrier generation and collection efficiency within the tetrahedral
structure, and an increased response because of a longer optical length
in the base region make the textured surface cell less dependent on the
base diffusion Tength. That is to say, the output is less dependent on
the radiation susceptible parameter, and hence the textured cell is more
radiation tolerant than a comparable flat surface cell.
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CHAPTER 2

2.0 INSTRUMENTATION TECHNIQUES FOR MEASUREMENT OF SNL.AR CELL PARAMETERS

In this section, the various commonly used experimental methods for
the analysis of radiation effects are discussed. The most commonly used
measurement in the analysis of radiation effects in silicon solar cells
is the current-voltage characteristic under illumination. Since solar
cell response is a strong function of optical wavelength, the light
source is a major variable in the evaluation of solar cell parameter
changes.

2.1 Light Sources and Solar Simulators

The spectral irradiance of the sun at 1.5x10!lm (one AU) is
of primary importance in solar cell analysis for earth orbits. The
values of solar spectral irradiance proposed by Johnsonz‘T in 1954 have
been widely accepted and used for analytical purposes. Johnson's
results indicated that the solar constant was 139.5 mW/cm?, and also
that the solar spectrum closely approximates that of a 6000 K
blackbody. Several high-altitude measurements made in recent years

have been reviewed. 2.2

The findings indicate a solar constant of
135.3 £ 2.1 mW/cm?. The proposed solar spectral irradiance is tabu-
lated in Table 2.1. Silicon solar cell response is generally limited
to the region between 0.3 and 1.2 um. In this range, the solar power

density is 104.4 mW/cm?.

Among several solar simulation techniques, the most common method
is the use of a xenon arc lamp with filters to remove undesired 1ine
spectra in the near infrared. Unfiltered xenon Tamps are also used in
the pulsed mode, which does not generate the undesired 1ine spectra.
Unfiltered carbon arcs are also used to simulate solar illumination with
a reasonable spectral match. A close spectral match tc the solar spectrum
is obtained by the use of a xenon-filtered tunasten combination or filtered
xenon source. These sources match the solar spectrum well enough that
cell measurements made under these sources can be considered representative

2~-1
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TABLE 2.1

SOLAR SPECTRAL IRRADIANCE - PROPOSED STANDARD CURVE 2+2

& - Havelength in micrometers

E{x} - Solar spectral irradiance averaged over small bandwidth centered at i, in um'2 um
= Area under the solar spectral frradiance curve in the wavelength range 0 to > in Wm™

B{0-1}) - Percentage of the solar comstant assocliated with wavelengths shorter than i

;-

Solar constant = 1353 Wm™*¢

1
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of that in the space environment. Many other types of 1ight sources have
been used in radiation effects studies. Unfiltered and filtered incan-
descent tungsten sources have peak response in the red and near infrared.
Since this is the wavelength region of the solar cell response which is
most changed by irradiation, use of these sources will show much more
severe cell radiation degradations as compared to evaluations with a
suitable solar simulator. This characteristic severely limits the use
of tungsten source simutation in the evaiuation of radiation effects.

Filtered xenon arc solar simulators are manufactured by Spectrolab
and Aerospace Controls. The spectral irradiance for the Spectrolab X-25
simulator is shown in Figure 2.1. 2.3 Similar data is shown in Figure
2.2 for a combination xenon-tungsten source simulator ucad by Centralab

2.4 In Figure 2.3, the spectral irradiance is
2.5

Semiconductor Products.
shown for a Genarco Model #ME4CWM carbon arc simulator.

An important recent development in the field of solar simulators
is the use of pulsed xenon arc lamps for solar cell and solar cell array
testing.z'e’ 2.7 These developments have been prompted by the need for
a suitable alternative to testing large arrays in natural sunlight on

the earth's surface. In these svstems, an approximately 2 msec pulse

of Tight is produced. Solar cell output data can be accumulated during
about 1 msec of the pulse length. Sophisticated electronic data handling
systems are necessary to record cell or array outputs and commutate
external load resistances during the light pulse. Variations in test
cell current due to light intensity variations are corrected to a normal-
ized value at the desired illumination. The high intensity peaks in the
0.8-0.9 um region of the xenon arc spectrum are not gererated by pulsed
operation with high current densities. By this means, it is possible

to achieve a reasonably close match to the solar spectrum. 2.7, 2.8
Array areas up to eight feet by eight feet can be illuminated with
excellent temperature control, by such simulators.
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The extent to which a lack of solar spectral match affects.a solar
cell measurement can be estimated if the spectral intensity of the light
sourrce and the spectral response of the solar cell are known. The Tight
generated current of the illuminated cell can be calculated as follows:

(A/ecm2) = R(x).E(x) dA (2.1.1)
where R(A) = solar cell spectral response, A/W
E(x) = spectral irradiance, W/cm?-um
da = én increment of wavelength, um

The above equation can be used to determine the light-generated currents
under solar and simulator illuminations. The generated current under solar
illumination can be calculated from the generated current under simulator
illumination if the spectral response of the cell and the spectrai
irradiance of the simulator are known. The relation is as follows:

f R(A)'E(A)space dx
simulator) (2.1.2)
.f R(A)'E(A)sﬂn. da

I, (space) = 1

L L

Solar simulator intensities are determined by the short circuit
current outputs of calibrated primary or secondary standard cells. The
primary standard celis, commonly in use, were generated by a NASA/JPL
program of telemetered balloon flights. 2.9, 2.10 Similar programs have
been conducted by aircraft and high altitude terrestial measure-

2.11-2.14,2,33,2.34 ., . .
ments. When the effects of atmospheric absorption

are properly corrected, the results are in good agreement with the
batloon flight data.?:'?
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Primary standard cell availability is limited and they are considered
too valuable for general usage in setting simulator intensities. For .his
reason, secondary standard cells are calibrated for use as working standards.
Palmer has recently reviewed the methods of generating secondary standard
cells and concluded that previously proposed methods of cajibration may
yield poor results. 2.16 Palmer has proposed the use of alternate methods
which insure that secondary standard cell calibration accuracy will approach
that of primary standard cells. 2.16 A solar simulator intensity which pro-
duces a standard cell response equal to that for free space at sne AU
is referred to as one sun. air mass zero or 135.3 mh/cn? (formeriy
139.5 mW/cm2). Solar simulator spectral cuaiity should be monitcred
by use of narrow bandpass or cutoft filters with calibruied spectral
response detectors.

2.2 Current-Voltage Characteristics

The measurement of solar cell current-voltage characteristics is
the primary means of evaluating the device. The evaluation is made Yy
measuring the cell voltage develcoped and the cell current into load
resistances varying betweesn zero and infinity. The measurement is
simple in principle but attention to several practical details is
necessary to insure accurate results. Solar cell response is a strong
function of temperature. For this reason, the cell must be in thermal
equilibrium at a known temperature during the measurement. With ade-
quate heat sinking and cooling, cells measured under one sun irradiance
at room temperature can be stabilized at 28°C. Ta insure that the
voltages measured are representative of those developed on the cell
contacts, separate probes are employed to measure cell voltage
and current. In this way. any voltage drops which occur at the current
probe-cell interfaces due to contact resistance do not cause errors in

2-8
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the measured cell voltage. The load resistance may be varied manually

or electronically. The current voltage data is usually plotted with an
X-Y recorder. The solar cell parameters such as ISc and VOC can be read
directly with digital meters. Multipiier circuits are available which
produce a voltage proportional to the product of cell voltage and current.
This output is plotted as a function of cell voltage to directly

indicate the maximum power and voltage at maximum power. The cell

series resistance is also determined from current-voltage charac-
teristics at two or more different illumination levels. 2.7,

2.3 Spectral Response Measurements

Spectral response measurements are very uscful for evaluating
changes in solar cells due to radiation effects. The spectral response
(A/W) is a measure of the short-circuit current density generated by
the cell under various monochromatic i1luminations of a known power
density. The spectral response is often reported in terms of relative
units when absolute values of light intensities are not determined.
Various schemes have been used to measure the spectral response of
solar cells. High resolution monochromators are used when extreme
accuracy is desired. When Tess accuracy is needed, narrow bandpass
filters can be used as sources of monochromatic l1ight. When a mono-
chromator is used, there are two methods to normalize the solar cell
output to the 1ight intensity. Tungsten light sources are usually used
in monochromators, and the entrance slit width can be varied to control
the optical power density illuminating the cell under test. In some
systems, the entrance s1it width can be automatically controlied to
maintain a constant optical power density on the solar cell. An alter-
nate approach is to maintain a constant s1it width and allow the optical
power density on the cell to vary with wavelength, and attenuate the
cell response at each wavelength measured by use of calibrated voltage
dividers.

One disadvantage of these methods of measurement is that the solar
cell response is determined at very low minority carrier injection levels.
Solar cells irradiated with neutrons and protons have response
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characteristics which are dependent upon the concentration of injected
minority carriers. In such cases the cell must be illuminated with a
light source similar in intensity and spectral content to the intended
space environment during the spectral response evaluation, A scheme
for measuring spectral response under approximate solar illumination
has been suggested by Stofe].z'Tg

2.4 Irradiation Methods

The evaluation of solar cell radiation effects requires a wide
range of specialized equipment and instrumentation. Charged particie
accelerators are the primary sources for space radiation simulat on.
The range of electron energies of interest is 0.3 to 10 MeV¥. Electron
energies of 0.3 to 3 Mel are usually obtained with Van de Graaff elec-
trostatic or Dynamatron accelerators. Higher electron energies can be
reached with 1inear electron accelerators. Proton energies from 0.1 to
J MeV are obtained with Van de Graaff accelerators. Proton energies
greater than 10 MeV can be obtained from cyciotrons. For lower energy
protons, it is necessary to transport the proton beam and perform the
irradiation in vacuum to avoid excessive energy losses. A survey of
accelerator facilities has been published but is currently out of date.z'20
The Space Radiation Effects Laboratory at Newport News, Virginia is oper-
ated for NASA specifically for space radiation simuIation.z’Z] The facili-
ties include accelerators for all electron energies of interest and a
600 MeV synchrocyclotron. Accelerators invariably produce irradiation
rates which are many orders of magnitude greater than those of space
environments. Real time irradiations of solar cells have been done
using beta emitting sources.z'zz’ 2.23 These sources generate a spec-
trum of electron energies and fluxes similar to that of some space
environments.

A successful experiment must include accurate knowledge of the
particle energy, measurement of cross sectional beam intensity at the
irradiation area, as well as the intensity during the irradiation.
Although there are several methods of accomplishing the above measure-
ments, all can be done with a Faraday cup. A design of a Faraday cup
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suitable for accelerators in the 1 MeV range is shown in the 11'terature.2‘24

The desirable characteristics of a Faraday cup are as follows:
a. Shielding thickness musc exceed particle energy range.
b. A high cup length-to-diameter ratio is desirable.

¢c. Use low Z (atomic number) materials to reduce secondary
electron emission and bremsstrahlung production,

d. Cup must be in vacuum or potted.

e. Cup should be a reentrant cavity.

f. Cup should be screened to suppress secondary electron
emission if necessary.

g. Cup should have remote X-Y translation to faciiitate beam
mapping.

A Faraday cup requires a current measuring instrumen®t wiich operates
in the range of 10'10 to 10"6 amperes and integrates charge. Instruments
of this nature are produced by Keithley Instruments, Cleveland, Ohio
and Elcor Products, Silver Spring, Maryland.

The particle energy can be determined by means of a range-energy
measurement. In this measurement, increasing thickness of absorbers
are introduced into a constant flux beam, while th= flux of particles
exiting the absorber is monitored with a Faraday cup or a radiation-
degraded solar cell. If the beam is monoenergetic, a plot of cup current
(or cell photocurrent) versus absorber thickness is extrapolated to zero
current at an absorber thickness which is equal to the projected range
of the mean particle energy of the beam. This technique is satisfactory
for electrons and high energy protons. Since the beam current must
remain constant as absorber thickness is increased, a second independent
means of monitoring beam current must be available. Van de Graaff
generators are equipped with a generating voltmeter which produces a
dc voltage proportional to the potential difference on the accelerator
tube. A check calibration at one operating energy is sufficient to
insure accurate calibration. Corrections must be made f . energy loss
in the accelerator exit window and in the atmosphere between the exit
port and the target.
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2.5 Diffusion Length Measurement

The importance of minority carrier diffusjon length (or lifetime) in
the study of solar cells was discussed in Section 1.0. A decrease in
minority carrier lifetime is the primary reason for solar cell degradation
in radiation environments. An experimental technique for measuring minor-
ity carrier diffusion length using gamma ray or eiectron irradiation was
suggested by Gremme]maier.2'25 This technique requires the uniform gener-
ation of electron-hole pairs throughout the active volume of the p-n
junction device. Under these conditions the generated current densit-

(JL) is expressed as follows:

Jy =49 gO(Lp + 20 + Ln) (2.5.1)
where ¢ = electronic charge
g, = deneration rate of electron-hole pairs in unit volume
Lp = hole diffusion length in an n-type layer

"

width of space charge layer

—
n

electron diffusion length in a p-type laver

Since L and W are usually very small compared to Ln, tizy may be
neglected, and the measured short circuit current becomes proportional
to the diffusion length in the p-type base reéion (Ln). The generation
rate, determined for this uniform radiation, thus allows accurate deter-
mination of diffusion length from the measured short circuit current.

There are several experimental methods of uniformly injecting electron-
hole pairs. 1In addition to the use of gamma radiation, high energy elec-
2.26 and infrared Tight2‘27’ 2.28 have been used
to achieve uniform injection. To achieve uniform injection in a solar
cell irradiated with 1 Mev electrons, it is necessary to introduce a
0.030 cm (0.012 in.) aluminum shield immediately in front of the cell during
a normal incidence front irradiation. The details of this procedure and

trons, high energy protons

the experimental evaluation of the generation rate have been covered by

Rosenzweig.a'26
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The experimental measurement of diffusion length by the above
methods has several inherent limitations. Since the diffusion length
is that distance from which 1/e of injected minority carriers will
diffuse to the junction during their Tifetime, the diffusion length
concept involves both minority carrier lifetime and diffusion. Minor-

ity carrier Tifetime, in the most general case, could vary throughout
the active region of a solar cell. In practice this situation arises
when solar cells are irradiated with low energy protons which do not
penetrate the entire active volume of the cell. Diffusion lengths of
solar cells with a nonuniform minority carrier 1ifetime in the active
base region cannot be measured by the above methods. Surface recombina-
tion at the solar cell back contact can also cause errors in measured

diffusion lengths. These errors are negligible for cells in which the
thickness exceeds two or three times the diffusion length. Corrections
for varying back surface recombination velucities and for cases where
the cell thickness is not greater than L have been covered in a review

paper by Meu]enberg.2'35

The measurement of diffusion length by the above methods also assumes
the external cell-current generated is coliected entirely by diffusion of
excess minority carriers to the junction. Some recent designs of solar
cell structure utilize "drift fields." In such cases,excess minority
carrier collection is aided by the presence of an electric field in the
base region; and the short circuit current under conditions of uniform
pair production cannot be related to diffusion Tength by the above equa-
tion.

An additioral limitation arises if 1 MeV electron or other high
energy radiations are used in the diffusion Tength measurement. The
radiation flux must be kept low to minimize damage to the cell during
the measurement. The 1 MeV electron beam current during such a measure-
ment is approximately 10_9 A/cm2. The generation rate of excess minority
carriers produced by this electron flux is considerably lower than that
produced by sofar illumination at 135 wW/cm?. In most cases the diTfu-
sjon length or Tifetime is not dependent upon the concentration of excess
minority carriers. In such cases,the diffusion length measured with low
Tevels of injected minority carriers is the same as that for a cell under
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one sun jllumination. Silicon solar cells irradiated with protons and
neutrons exhibit injection Tevel dependence of the diffusion length,

and must be illuminated with simulated solar illumination to allow accu-
rate measurement of the diffusion length. The schemes used by Denneyz'29
for proton irradiated cells and Stofel, et a].z']g for neutron irradiated
cells have shawn that the diffusion lengths of such cells measured under
approximate solar illumination are roughly two times greater than that

measured under low iniection level conditions.

2.6 Statistical and Error Analysis

The analysis of radiation effects in solar cells involves the col-
lection and evaluatijon of large amounts of experimental data. Such data
are often presented in graphical or tabuiar form without the use of
statistical analysis. The basic statistical tools, which have application
in the analysis of radiation effects data, along with the nature and
causes of errors in the data, will be discussed.

A common situation in the analysi: of irradiated solar ce. tolves
measurements of engineering or physical parameters on a group of .olar
cells exposed to a particular environment or radiation fluence. The
characteristics of such a data set are a céntral tendency and a distri-
bution about this central value., The most suitable measure of the cen-
tral tendency is the arithmetic mean (X). The ~ ithmetic mean is defined
as foliows: n

2 X4
=1

n

X = (2.6.1)

1

where X; measured value on cell i

number of cells measured

n

The degree to which measured values are dispersed or scattered can
be described in several ways. One such measure is the range or differ-
ence between the largest and smallest measured values in a group. A
second measure of the diépersion in a group of measurements is the
standard deviation. The standard deviation (o) is defined as follows:
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‘ (2.6.2)

An additional measure of dispersion is the variance, which is defined as
the square of the standard deviation (4¢2}.

Solar cell evaluations usually involve sanple sizes of less than 30
and more often from 3 to 10. When such small sample sizes are used, the
mean of experimental results may not be representative of a similar experi-
ment involving a large number of samples. The maximum difference which
may occur between the mean value of a small sample and the mean value of
a large sample having a normal or Gaussian distribution can be calculated
for any desired probability. This difference is referred to as the con-
fidence Timits of a mean value. The confidence limits expressed relative
to the mean value are as follows:

X+t —= (2.6.3)
o \ﬁ;
where tc is the critical percentile value for Students' t distribution.
Values of tc may be obtained from statistical manuais or handbooks. For
example, if 95% confidence levels are desired for a sample size of 5, tc
is equal to 2.78.

When solar cell experimental data are coilected for increasing radia-
tion fluences, it is desirable to display the data graphically in a manner
which reveals fundamental empirical relationships. As an example, it
has been empirically observed that many parameters of irradiated s:lar
cells such as ISC, Voc’ and Pmax Ca? be described by equations similar to
the following relation:

¢) =P - Clog {1 + @/@x) (2.6.4)

Pmax( Mmaxo

| oo 18
RIGINAL PA
% POOR QUALITY

2-15



77-56

where Pmax(¢) maximum power to load at fiuence ¢

o
!

= maximum power to Toad before irradiation

maxo
¢ = radiation fluence
?, = a constant dependent on radiation energy and
cell type
C = a constant dependent on radiation type

Computer programs can be employed to fit equations to experimental
data, In most cases, however, curves can be fitted to experimental data
by manual means as well.

The coefficient of correlation is a measure of the degree to which
an analytical expression can describe variations in experimental data.
The coefficient of correlation is defined as follows:

K ~1 3
]
nNy—

{2.6.5)

where xeqn = value of x from fitted analytical expression
X = mean value of experimental data
X. = experimentally observed value

1

If the fitted analytical expression or curve kas a correlation coefficient
of T, it explains all of the experimentally observed variation, If an
unexplained variation exists, the correlatjon coefficient will be between
-1 and +1. It is usually possibie to describe experimental solar cell
data by expressions which have correlation coefficients very close to one.
A few examples of the application of statistical methods to solar cell
data have appeared in the 11terature.2'30’ 2.31, 2.32
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In addition to the random errors that affect data, there are syste-
matic errors which are inherent to the operation of instruments. These
errors involve limitations of the accuracy with which electron fluence,
electron energy, solar simulator intensity, etc., can be determined with
particular instruments. When an experiment is designed, it is desirable
to insure that the random and systematic instrumentation errors are neg-
ligible or minor with respect to the accidental errors. In such cases,
the results can be analyzed assuming that the dispersion or distribution
in a group of measurements is due only to the accidental ervor and
characteristic deviation in the sample group due to manufacturing dif-
ferences.

ORIGINAL PAGE IS
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CHAPTER 3

3.0 RADIATION EFFECTS

The benavior of solar cells in a radiation environment can be
described in terms of the changes in the engineering output parameters
of the devices. This approach 1imits the understanding of the physical
changes which occur in the device. Since other environmental factors
may need consideration, an understanding of a physical model provides
a basjs for estimates of the behavior in a complex environment. 1In
addition, solar arrays of the future will become more complex and may
utilize materials which are affected by diffevent aspects of radiation
damage. For these reasons, the engineer snould be aware of the process
by which radiation interacts with matter, and understand the physical
models which describe the processes.

3.1 The Theory of Radiation Damage

The radiation usually of interest in the study of degradation of
materials and devices consists of energetic or fast massive particles
(i.e., electrons, protons, neutrons, or ions). The origin of these par-
ticles may be particle accelerators, the natural space radiation
environment, nuclear reactions, or secondary mechanisms such as Compton
electrons produced by gamma rays. Because they have mass, energy and
possibly charge, these particles or other particles generated by them
can interact in several ways with materials, The dominant interactions
are:

a. Inelastic Collisions with Atomic Electrons. Inelastic
collisions with bound atomic electrons are usually the
predominant mechanism by which an energetic charged par-
ticle loses kinetic energy in an absorber. In such
collisions, electrons experience a transition to an
excited state (excitation) or to an unbound state
(ionization).

b, Elastic Collisions with Atomic Nuclei. Energetic charged
particles may have coulombic interactions with the positive
charge of the atomic nucieus through Rutherford scattering.
In some cases the amount of energy transferred to the atom
will displace it from its position in a crystalline lattice.

3~1
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This energetic displaced atom may in turn und<rgo similar
collisions witih other atoms of the material “rergetic
particles may also interact directly by a hard sphere colli-
sion with the nucleus. The probability of this “ype of
event is usually less than that for Rutherford scattering,
except at higher energies. If sufficient energy is trans-
ferred to displace an atom from its lattice site, that atom
will probably be energetic enough to displace many other
atoms.

c. Inelastic Collisions with Atomic Nuciei. This general
category of interaction inciudes several processes which
are important in radiation damage studies. Highly ener-
getic protons undergo inelastic collisions with the atomic
nucleus. In this process the energetic proton interacts
with the nucleus and leaves the nucieus in an excited or
activated state. The excited nucleus emits energetic
nucleons and the recoiling nucleus is displared from its
lattice site. This recoiling nucleus in tur. causes more
displacements. This process is also referred to as spal-
lation. Collisions between neutrons of thermal energy
and nuclei can also be included in this group. However,
these interactions are of Tittie importance in solar array
degradation.

The major types of radiation damage phenomena in solids which are
of interest to the solar array designer are jonization and atomic dis-

placement. It is important to classify an effect into one of these two
categories, if possible, because the general behavior of each phenomenon
has been characterized to a large extent.

Tonization

Ionization occurs when orbital electrons are removed from an atom
or molecule in gases, liquids or solids. The measure of the intensity
of an jonizing radiation is the Roentgen, This unit is definred by a
charge generation of 2.58 x 10-4 coulomb/kilogram of air. The measure
of the absorbed dose in any material of interest is usually defined in
terms of the absorbed energy per unit mass. The accepted unit o7 ab-
sorbed dose is the rad (100 ergs/gm or 0.01 joules/kg).

3-2
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Through the use of the concept of absorbed dose, various radiation
exposures can be reduced to absorbed dose units which will reflect the
degree of ionization damage in the material of interest, This concept
can be applied to electron, gamma and X-ray radiations of all energies.
For electrons, the particle fluence is multiplied by the electronic stop-
ping power of the electron energy of interest to determine the absorbed
dose. In this manner, the effects of an exposure to fluxes of trapped
electrons of various energies in space can be reduced to an absorbed dose,
In general, this practice is also applicable to proton irradiations; how-
ever, sone caution must be exercised. In some types of materials, the
effects of the ionization caused by heavy particles is confined to the
vicinity of the particle track. If homogeneous ionization is produced
by protons in the absorber material of interest, one can convert proton
fluences to absorbed doses and sum them with doses from other radiations.

The variations of stopping power and range for electrons and pro-
tons of various energies can be seen in Figures 3.1 and 3.2. The
data presented are for silicon and have been normalized for density.
The stopping power and range of a fast particle are not strong functions
of the atomic number of the absorber material. For this reason, the
data in Figures 3.1 and 3.2 can be used for materials with a similar
atomic number with a negligible error.

Radiation may affect solar cell array materials by several jonization-
related effects. The reduction of transmittance in solar cell cover slides
is an important effect of ionizing radiation. The darkening is caused
by the formation of color centers in glass or oxide materials. The color
centers form when jonizing radiation excites an orbital electron to the
conduction band. These electrons become trazied by impurity atoms in the
oxide to form charged defect complexes whicr <an be relatively stabie at
room temperature.

Radiation produces many jonization-related effects in organic materials.
These changes all result from the production of ions, free electrons, and
free radicals. As a result of these actions, transparent polymers are
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Figure 3.1 Stopping Power and Range Curyes for Electrons in Silicon.
Reference, Berger and Seltzer, NASA SP-~3036, 1966.
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darkened and crosslinking between main-chain members may drastically
alter the merianical properties. The contemplated use of polymeric
materials in solar arrays will require the array designer to

have knowledge of the ionization-related radiation effects in

those materials.

The use of silicon dioxide as a surface passivation coating and
dielectric material in silicon devices results in a wide range
of ionization-related radiation effects. The development of trapped
charges in the silicon dioxides can cause increased leakage currents,
decreased gain, and surface channel development in bipolar transistors
and increased threshold voltages in MJS field effect transistors,
Ionizing radiation in silicon excites the electrons of the valence band
to the conduction band, creating electron-hole pairs in much the same
way that carrier pairs are generated by visible light. Although an
optical photon of energy equal or greater than 1.1 eV will create an
electron-hole pair, roughly three times this amount of energy must be
absorbed from a high energy particle to produce the same carriers. In
silicon devices, the electron-hole pairs which are generated by
fonizing radiation cause photocurrents in the same manner as solar il-
lumination.,

Atomic Displaceiment

The Toss of energy by fast electrons and protons caused by collision
processes With the electrons of an absorber or target material account
for a large fraction of the dissipated energy. For electrons and protons
in the range of 0.1 to 10 MeV, these electron colii.ions determine the
particle range in an absorber. Despite this fact, a different type of
collision process is the basis for the damage which permanently degrades
silicon solar cells in the space environment. The basis for this damage
is the displacement of silicon atoms from their lattice sites by fast
particles in the crystalline absorber. These displaced atoms undergo
other reactions and finally form stable defects which produce significant
changes in the equilibrium carrier concentrations and the minority
carrier lifetime.
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The displacement of an atom from a lattice site requires a certain
miminum energy similar to that of other atomic movements. The energy
of sublimation for a silicon atom is 4.9 e¥. The energy for the forme-
tion of a vacancy in the silicon lattice is 2.3 eV. The displacement
of an atom involves the formation of a vacancy, the formation of an
interstitial atom and other electronic and phonon losses. It is reason
able to expect that the energy of displacement is several times larger
than the energy of formation for a vacancy. Seitz has estimated that
the displacement energy is roughly four times the sublimation energy.s']
Electron threshold energies of 145 keV and 125 keV have teen reparted by

various 1nvestigators.3’2’ 3.3, 3.4 The following equation relates the
electron threshold energy to the displacement energy.a']
m Et
Ey=2— (Et + 2 mec2) (3.1.1)
M rnec2

(]

where Ed displacement energy (MeV)

m
u

¢ = threshold energy (MeV)

m, = electron mass (1/1836)
M = atomic weight, Si (28)
mec2 = electronic mass~-energy equivalence, 0,511 Mev

The reported threshold energies indicate displacement energies of 12,9 eV
or 11.0 eV, respectively.

Although proton thrashold enerqies have not been determined, they
can be calculated from the classical form of the above equation:

4-M_ .M
E:-._____Q...._._.E

d (Mp N M)2 ¢ (3.1.2)

where MD = proton wass, 1. The above values of displacement energies
indicate proton or neutron thresholds of 97.5 or 82.5 eV in silicon.
Since particles below the threshold energies cannot produce displacement
damage, the space environment energy specirums are effectively cut off
below these vailues.

ORIGINAL PAGE IS 3.7
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For particles above the threshold energy, the probability of an
atomic displacement can be described in terms of a displacement cross
section. Using this concept, the number of displacements can be esti-

mated from:

Nd=n g v d (3.1.3)

[}

where Nd number of displacements per unit volume

n, = number of atoms per unit volume of absorber (5 x 1022
silicon atoms/cm®)

o = displacement cross section {cm?)
9 = average displacements per primacv displacement

¢ = radiation fluence (particles/cm?)

The displacement cross sections for fast electrons of various ener-
gies can be calculated froa the relativistic generalization of the Ruther-

3.1 For silicon, the calculated

ford scattering cross section equation,
0"24 m"‘z

displacement cross section for 1 MeV electrons is about 63 x 1
and inc 1ses only 10% for electron energies of 5 MeV and greater, The
electro cisplaced silicon atom may receive enough energy to in turn
displace other silicon atoms. The mechanism for these secendary displace-
ments is Rutherford interactions for silicon atoms of energies greater
than 103 eV and hard sphere collisions for lower energy atoms. Although
different tneories of the production of secondary displacements have been

presented, their resulis are very similar. Using the model of Kinchin
3.9

c

and Pease, the average number of displacements in silicon is 1.53 for
a 1 MeV electron. The electron energy v ‘iation of the varicus parameters

is shown in lable 3.1.
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TABLE 3.1

SILICON DISPLACEMENT PARAMETERS, VARIOUS ELECTRON ENERGIES

!

Electron a 3 ov n,ov ANd/6¢
Energy B _ —_
(Mev) (10724 ¢n?) (1072 en?y | (e 5,2

1 68 1.53 104 5.2 1.0
2 73 2.00 146 7.3 1.4
5 77 2,76 212 10.6 2.0
10 77 3.39 261 13.0 2.5
20 7 4.09 314 15.7 3.0
40 77 4.74 363 18.2 3.5

The direct result of the radiation is the production bf vacant lattice

sites {vacancies) and silicon atoms which come to rest in the interstices

of the crystal lattice (interstitials).

The distribution of vacancies wi

11

not be uniform, because the vacancies from secondary displacements will lie

relatively close to the associated primary vacancy.

The exparimental studies must be reviewed to gain a more

complete model of displacement damage in silicon,

Vacancies and

interstitials are particularly mobile and unstable at room temp-

erature,

In n-type silicon, it has been shown that vacancies react

with oxygen impurities to form ciose coupled vacancy-oxygen pairs
(V—0)3'6'3'9 (see Figure 3.3), and with impurity donor atoms, such as
phosphorus and arsenic, to form close coupled vacancy-donor pairs
(v-P, V»AS)B'G’ 3.10 (see Figure 3.3). Both defects are electricaliy
active and can become negatively charged by accepting an =lectron from

the conduc

ara 0.17 eV and 0.4 eV below the bottom of the conduction ban

tion band.

The acceptor energy levels of the V-0 and V-P pairs

d.3'1]’ 3.12

These defects are recombination centers and their formation during elec-

tron irradiation of n-type silicon reduces the minority carrier lifetime.™’

Since these Jdefects are formed from single vacancies, considerations of
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A model of the oxygen-vacancy complex or A model of the phosphorus-vecancy romplex
the Si-A center. ar the 5i-E center,

7]

Mode! of the divacancy. RCA tentctive model for the K-center,

Figure 3.3 Atomistic Models of Radiation Defects in Silicon
Reference, M. M, Sokoloski, "Structure and Kinetics
of Defects in SiTicon" NASA TN D-4154, 1967
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mass action indicate that the formation of these defects might have the
same variation with incident electron energy as that for the formation

of single vacancies (o¢%). This relationship has been verified experi-
menta1]y.3'14 The ¥-P pair anneals rapidly near 150°03'15 and the V-0
pair anneals rapidly near 350°C. 3. The introduction rates {(change in
defect concentration per unit fluence) for these defects are in the

range of 0.1 to 0.3 cm—1 for 1 MeV electrons. Since the calculated
displacement rate is 5,2 cm'T, it appears that many of the vacancies

are involved in other reactions at room temperature, such as recombination

with interstitial atoms.

The electron irradiation of p-type silicon at room temperature
results in a defect structure with net donor characteristics.3’1]’ 3.12
This defect can donate an electron to (i.e., accept a hole from) the
valence band. The energy level of this donor defect is located 0.27
to 0.30 eV above the top of the valence band. The room temperature
introduction rate of this defect in silicon by 1 MeV electrons is
roughly 0.03 cm"]. This value is considerably lower than those of
defects found in n-type silicon. In addition, the introduction rate
of this defect by 10 MeV electrons is about 16.5 times greater than
that for 1 MeV eTectrons.3']4 Since the single displacement rate
increases by only a factor of 2.5 with that electron eneryy increase,
this defect appears to involve a more complex structure. It has been
shown that defects involving the coupling of more than one vacancy will
result in defects with introduction rates which increase more rapidiy
with electron energy than does the displacement rate.3']6’ 3.17 Two
defect structures (divacanqy3'18’ 312 ang ke centers'zo)s which have
been studied by electron spin rescnance techniques, may expiain this
behavior. These defects, shown in Figure 3.3, involve the coupling of
two vacancies in each defect. Several attempts to determine the domi-
nant recombi:. tion center in electron irradiated p-type silicon have
yielded conflicting results.s']i’ 3.12, 3.21, 3.22 Recent experiments
have indicated that a defect with an energy level in the range of 0.27
+ 0.02 eV above the top of the valence band controls recombination in
electron irr~rdiated p-type si11‘con.3‘22 This conclusion is consistent
with the known energy dependence of p-type silicon in that the diffusion
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length damage coefficient has been shown to vary with electron energy3'23

in the same manner as the introduction rate of the Ev + 0.3 eV Jevel
defect.a']2

The praoduction of displacement damage in silicon by energetic protons
is considerably different because the displacement cross sections are
several orders of magnitude larger than those for fast electrons and vary
rapidly with proton energy. The calculated silicon displacement cross
section for 1 MeV protons is 3.5 x 10"20 cm2.3'1 The average number of
atomic displacements (V) resulting from such a primary displacement
is 4.8.3‘5 Using equation 3.1.3, the displacement rate is found to be
8500 cm'] for 1 MeV prctons in silicon. The range of a 1 MeV proton in
$ilicon is only 17.5 um; therefore its energy and displacement rate will
change rapidly after it enters a silicon crystal. The variation of the
displacement rate with proton energy has been calculated by several
authors. These results are shown in Fiqure 3.4. Although there are
some differences in results, the displacement rate is proportional to
(TnE)/E for protons of energies between T MeV and 10 MeV. Above 10 MeV,
the various models differ as to the relative influence of Ruther-
ford scattering, nuclear scattering, and inelastic processes of spalla-
tion. Experimentally measured defect introduction rates for proton
irradiation of silicon are less than one tenth of the calculated dis-
placement rates. The defect energy levels in proton irradiated silicon
are those previously discussed for electron irradiated s1‘11’con.3'29"3'31
The proton damage, however, will be highly inhomogeneous because the
secondary displacements occur near the site of the primary displacement.

Neutron displacement damage in silicon is characterized by two
important differences. The silicon displacement cross section for a
1 MeV neutron is 2.4 % 10'24 cm?. This value is well below those for
1 MeV protons and 1 MeV electrons. For this reason, the number of pri-
mary displaced silicon atoms will be relatively small. The second
difference involves the amount of energy transferred to the displaced
silicon atom by the neutron. Since the 1 MeV neutron-silicon interaction
is a hard sphere rather than coulombic collision, an average of about
70 keV is transferred to the recoiling siliicon atoms. The subsequent
secondary collisions between silicon atoms will displace about 1500

3-12
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Figure 3.4 Energy Dependent Displacement in Proton-Irradiated Siticon.
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silicon atoms. This displacemen: damage will be clustered near the site
of the primary displacement. The defects identified in neutron irradi-
ated silicon include those previousiy discussed for electron damage.
Theoretical models of the neutron dénage indicate that the high concentra-
tion of electrically active defects in the cluster causes the center of
the cluster to behave as intrinsic si1icon.3'32 This intrinsic silicon
core is separated from the bulk silicon by a layer of space charge.
Extensions of this model have been used to explain the majority carrier
removal and minority carrier recombination behavior of neutron irrediated
silicon.3'33'3‘35
The main importance ~f the displacement defects produced by the
irradiation of silicon solar celis is in their effect on the minority
carrier 1ifetime of the silicon. In particular, the 1ifetime in the
bulk p-type silicon of an n-p solar cell is the major radiation sensitive
parameter. Since minority carrier lifetimes are inversely proporticnal
to the recombination rates, the reciprocal 1ifetime contributions caused
by various sets of recombination centers can be added to determine the
inverse of the lifetime as follous:

:L—-}--_I__.-]- N (3_1_4)
o e Tp

|-
|

where t = minority carrier lifetime

—
1l

minority carrier Tifetime before irradiation

0
Te © minority carrier lifetime due to electron irradiation
Tp = minority carrier lifetime due to proton irradiation

One of the most commonly used analytical tools for the determination
of the particle type and energy dependence of dagradation in silicon
saolar cells has been developed from the basic relationship for lifetime
degradation:

LI (3.1.5)
T T
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where <+ = final minority carrier lifetime
Ty = initial minority carrier 1ifetime
¢ = irradiation fluence
K_ = damage coefficient (1ifetime)

Minority carrier diffusion length is a more applicable and more easily
determined parameter for solar cell analysis than minority carrier
Tifetime. Using L? = Dt, the above expression becomes:

Lol iy s (3.1.6)
L2 L.? L
0
where L = final minori*y carrier diffusion length
L0 = initial minority carrier diffusion length
¢ = particle fluence
KL = damage coefficient (diffusion Tength)

KT/D
When the fluence is sufficiently high so that L << LO we have:

K, = /L% (3.1.7)

If the L decays with an increasing ¢, exhibiting -1/2 slope the damage
coefficient, KL, can be used to uniquely define the particle type and
enerqgy dependence of silicon solar cell degradation,

The minority carrier Tifetime or diffusion iength in an irradiated
solar cell may be a function of the concentration of excess or nonequili-
brium minority carriers present in the semiconductor. In solar cells,
this behavior is referred to as injection level dependence. This behavior
is usually associated with solar cells damaged with high energy protons
or neutrons. Gregory3'33 has shown that the injection level dependence
of lifetime in neutron irradiated solar cells does not follow classical
predictions and has proposed a model based on the behavior of ciustered

ORIGINAL, PAGE 13
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damage. 1The methods of measuring minority carrier lifetime or diffusion
length often involve the injection of excess minority carrier concentra-
tions which are many orders of magnitude smaller than those found in
solar cells operating in space. Such methods are inadequate for the
generation of data for the prediction of proton and neutr:n irradiated
solar cell performance in space.

3.2 Theory of Silicon Solar Cell Damage

The basic solar cell equations can be used to describe the changes
which occur during irradiation. This method would require data regarding
the changes in the 1ight generated current (i.e., Isc)’ and data reaard-
ing changes in the serjes resistance, shunt resistance, and the basic

diode parameters of saturation current and diode quality factor.
Although such a method would be a logical analysis, most investiaations

have not reported enough data to determine the variations in the above
parameters. The usual practice in the study of solar cell damage has been
to reduce the experimental data in terms of changes in the cell short
circuit current, open circuit voltage, and maximum power.

It s also possible to characterize solar cell damage in terms of
the changes in the minority diffusion length. Since the diffusion length
can be measured experimentally and is a measure of the amount of displace-
ment damage in the base of the solar cell, this method has ween suggested.
There are several practical and fundamental limitations to this scheme.
The most serious limitations involve the evaluation of low energy proton
damage in terms of diffusion length. Very low energy protons do consider-
able displacement damage within the junction space charge region of a
sclar cell. This nonuniform damage increases the diode satuvration current
(Ip) and quality factor {n) by mechanisms which are not related tec minor-
ity carrier diffusion. This damage can cause serious reduction in solar
cell VOC without changing the cell diffusion length. In addition, the
relation between diffusion Tength and the solar cell output parameters
is not well defined, diffusion length is more difficult Lo measure than
cell output parameters (particularly in the case of proton ‘rradiated
cells), and accurate measurement of diffusion lenath in thin or drift
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field cells is extremely difficult. Because of these problems, methods
have been evolved to evaluate solar cell radiation effects in terms of
common engineering output parameters. Experience has shown that the
variation of common solar cell output parameters during irradiation can
be described as shown for ISC in the following case:

ISC N Isco - C log (1 + %‘;) (3.2.1)

The ¢y represents the radiation fluence at which the Isc start to

change from a constant value to a direct function of the logarithm of
the fluence. The constant C represents the decrease in ISC per decade

in radiation fluence in the logarithmic region. Although the abs:2
relationship is empirical, there is some theoretical justification for
the expression, Several observers have reported that the relation be-
tween the selar cell short circuit current and the diffusion length

is as follows: 3.36. 3.37

I =Alnl+B (3.2.2)

The constants A and B are dependent upon the spectral content and inten-
sity of the light source used to measure Isc. Tada has shown that the
above expression is theoretically valid over a wide range of diffusion
lengths for tungsten illuminations and to a Tesser range under solar
3.38 previnusly discussed relation, equation (3.1.6} can
be transformed as follows:

iTTumination.

1 -1/2

L = (K & +—-) (3.2.3)

L L 2
0
and substituted in equation (3.2.2). The resulting expression
_p.A s
ISC =B 5 In (KL¢ + ] 2) (3.2.4)
)

has the same form as equation (3.2.1).

The variation of solar cell VOC during irradiation also may be
empirically characterized by an expression similar to equation (3.2.1).

) e (B
Voo = Vo = C' Tog (1 ¥ ¢x) (3.2.5)
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In general the open circuit voltage of a silicon solar cell can be repre-
sented by the following equation which was discussed in Chapter 1:

I
v =-‘~‘l1n(T§E+ ]) (3.2.6)

o¢ g 0

In using this expression, it is assumed that the saturation current (Io)
is dominated by the diffusion component. In such cases the saturation
current density is given by eguation (1.2.5). If this expression is
combined with equation (3.2.3), the following expression for the saturation
current as a function of radiation fluence is obtained:

1 1/2

I= Dl + ——- s Ln

o = a0, np S (KL¢ ) 2) (3.2.7)
0

where S is the cell area. Equations (3.2.4} and (3.2.7) can be substi-
tuted into equation (3.2.6) to obtain the feollowing exnression:

A 1
B—i]n (KLEP"!‘L—z)
0

/ 1 172
g Dn np (?\l‘-ql + —L——E)
0

The radiation fiuence term (¢) appears twice in the above expression.

The fluence term in the numerator will nave a much lesser effect on Voc
than that in the denominator because it appears as the natucal logarithm
of the fluence i2ther than as the square root of the fluence. It appears
therefore that the Voc variation with radiation fluence is dominated

by the denominator of equation (3.2.8) and can be approximated by
equation (3.2.5).

(3.2.8)

ocC

The maximum power (Pwax) of a solar cell can be represented as the

product of ISC, Voc’ and a constant as follows:

Prax = Fo- Isc . Voc (3.2.9)

where F is the form (or fi11) factor. The fi11 factor, F, is relatively
insensitive to electron radiation which penetrates uniformly through a solar
cell. In this case, thevariation of Pmax with {irradiation is the same as
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that for the product of Iee and Voc' Equations (3.2.1) and (3.2.5) can
be substituted into (3.2.9) and the resulting expression approaches the
form of:

} e 'S
P =P _ o~ C"log (1 + mx) (3.2.10)

Expressions of this form are found to closely describe the variation of

Pmax during irradiation.

3.3 The Concept of Damage Equivalence

The wide range of electron and proton energies present in the space
enyironment necessitates some method of describing the effects of various
types of radiation in terms of a radiation environment which can be pro-
duced under laboratory conditions. Since the changes in most solar cell
parameters due to irradiation are in sc.- ay related to the minority
carrier diffusion length, it is possibie to determine an equivalent
damage based upon this parameter. In Figure 3.5, the diffusion length
changes are shown for 100-cm, n-p silicon solar cells which have been
subjected to several different types of irradiation. The results are
described by equation (3.2.3) where the constant KL is dependent upon
the radiation type.

The concept of damage equivalence can alternatively be based on
common solar cell parameters. The variation of short circuit current
density for 10 ohm-cm n-p solar cells irradiated in various environments
is shown in Figure 3.6. The ISC variation in each environment is
described by equation (3.2.1). In this case two constants, C and LN
are required to describe the changes in Isc' Experience has shown that
the constant C, under solar simulator illumination, does not vary
greatly for different radiation environments. For electron irradia-
tions in the 1 MeV and greater range, C is approximately 4.5 mA/cm?-
decade. For proton and neutron irradiations, C approaches 6 mA/cm?«
decade. For solar cells with the same starting ISC, the constant ¢x
is a measure of the damage effectiveness of different radiation environ-
ments. The constant &, for a particular radiation can be determined
graphically at the intersection of the starting ISC and the extrapolation
of the linear degradation region.

S 3-19
ORIGINAL PAGE I3
OF POOR QUALITY



02-¢

E
o

DIFFUSION LENGTH,

1000

100 \ ~ ] :
Mo .
\ézé‘cr
7 fo
(¢
Yoy, i
&
e
10 e Ng
HIGH ™~ |
INJECTION
.\\\ \ ]
— LowW “ =
INJECTION
| ] LB ] | I 11 ] 1
1" 10'? 10'3 1014 10" 10

PARTICLE FLUENCE, cm 2

Figure 3.5 Variation of Solar Cell Diffusion Length with Fluence
for Various Radiations

16

96-14L



Le-€

50

40

102 ~cm n/p SOLAR CELLS,

25°C

Co0

/)

Jse (mA/cmz) UNDER 135 mW/cm2
SOLAR SIMULATCR ILLUMINATION

10

]011 12 13

10 10 10

14 10

10

PARTICLE OR PHOTON FLUENCE , cm™2

Figure 3.6 Variation of Solar Cell Short Circuit Current Density

with Fluence for Various Radiations

10

17

96-141



77-56

Since the value of o, is dependent upon the starting Jsc value,
it is not a good practical measure for relative damage effectiveness,
1t has been the practice to define an arkitrary constant referred to
as the critical fluence (¢C). One method of defining this value is that
fluence which degrades a solar cell parameter 25% below its unirradiated
state. Such a parameter is valid only when comparing cells with
similar unirradiated parameters. To eliminate this problem, critical
fi.uice may be defined alternatively as that fluence which will
degrade a cell parameter to a certain value.

By use of the critical fluence (¢c) or the diffusion length damage
coefficient (KL)’ it is possible to construct a model in which the various
components of a combined radiation envirorment can be described in terms
of a da'age equivalent fluence of a selected monoenergetic particle.

One MeV electrons are a common and significant component of space radia-
tion and can be produced conveniently in a test environment. For this
reason, one MeV electron fluence has been used as a basis of the damage
equivalent fluences which describe silicon solar cell degradation.

The use of the damage equivalent fluence scheme involves two sepa-
rate problems. The first problem is to adequately describe the degrada-
tion of an unshieided silicon solar cell under one MeV electron irradiation
under laboratory conditions (i,e., normal incidence). The second problem
is to reduce the effect of the space radiation environment (i.e,, continu-
ous energy spectrums of electrons and protons, isotropic incidence) on
a shielded silicon salar cell to a damage equivalent fluence of one MeV
electrons under laboratory conditions,

3.4 One MeY Electron Irradiation of Silicon Solar Cells

The effacts of one MeV electron Taboratory irradiation of soiar
cells are reviewed and discussed in this section. Data will be present-
ed in Sect .. 34.12 which will form the basis for estimating solar cel]
performance, after the space radiation environment is reduced to a
damage equivalent one MeV fluence. A very large volume of work has been
reported concerning the effects of 1 MeV electron irradiation on silicon

3-22
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solar cells., However, this section considers only solar simulator data
and is also Timited to the types of solar cells currently in common use
on spacecraft.

Currently n-p solar cells are in use as a primary power source on
nearly all earth orbiting satellites. Variations in base resistivity
and cell thickness cause significant differences in the response to 1 MeV
electron irrsdiation,3:23» 3.39, 3.46, 3.47 (ther variables such as the
‘rradiation temperature in the range of 200 to 370 K,3:40 and p-type base
dopant {boron vs. aluminum) have been shown to have little or no effect on
the solar cell response to radiation.3-41-3.44

The variation of n-p solar cell response with base resistivity has
been studied and reported for the range of 1 to 20 ohm-cm.3'23’ 3.45
Current n-p solar cell usage is confined to the ranges of } to 3 ohm-cm
and 7-13 ohm-cm. Cells in the base resistivity range of 1-3 chm-cm
have greater initial maximum power output than cells in the 7 to
13 ohm-cm range. The radiation hardness of n-p cells in the 7 to 13 ohm-cm
range is greater than that of the 1 to 3 ohm-cm range, when the hardness
is determined by parameters such as the critical fluence (@c) or c¢iffusion
length damage coefficient (KL). As a result, 10 ohm-cm cells have greater
maximum power output after a certain electron fluence 1is reached; however,
the 2 ohm-cm cells produce greater maximum power at lower fluences. This
crossover fluence depends upon cell thickness but is approximately 1 x 103%
one MeY electrons per cm?.

Solar cell thickness has been shown to have a strong effect on the
output parameters of irradiated ceHs.3'39 Cell thickness does not affect
measures of jnherent hardness such as the critical fluence (if properly
determined) or the diffusion length damage coefficient, The thickness
does, however, significantly affect the cell output parameters during
the initial or low fluence stage of an irradiation, JPL data showing
output parameters (Isc, Voer Prax’ Vmp and Imp) as a function of electron
fluence (1 MeV) are shown in the back of this chapter. These data, for
a few types of cells, will subsequently be published by JPL. The thin

cells (approximately 2 mils) have somewhat lower output than other

3-23
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cells currently available. The cells, 8 mils and thicker discussed
here, are available on a production basis from solar cell manu-
facturers. The thin cells are custom macde, but the data are included
since they are expected to be representative of production line

cells in the near future, Temperature of the cells during measure-
ment was 30°C,

3.5 Effect of Electron Energy on Solar Cell Degradation

The concept of damage equivalent 1 MeV electron fluence requires some
method of evaluating the damage effectiveness of electrons of various energies.
This effectiveness can be measured by the diffusion length damage constant (KL)
or sglar cell critical fluence (@C) for various electron energirs. Experi-
mental data have been reported for the electron energy range of 1 to 3 Mevs'48
and from 0.6 to 40 MeV.3'23 The results of these studies are in essential
agreement and the results of reference 3.23 are shown in Figure 3,7 (KL) and
Figure 3,8 (@c?. In this case 90 is defined as that fluence which degrades
ISC to 19 mA/cmg under 100 mw/cm2 of tungsten light. In both figures, data are
shown for cells of various resistivities. The short circuit current is directly
related to the minority carrier diffusion length in the base region. When the
Isc is measured under tungsten light, it varies glggst linearly with the loga-
rithm of diffusion length as shown ih Figure3,9 7'~ Some important observa-
tions can be made from these data. The relative variations of the K. and ¢C-T
with electron energy are jdentical. The relative variations of both parameters
with cell base resistivity are also 1dentical. On the basis of the experimental
data, one can therefore define a relative damage effectiveness for each electron
energy which will be a measure of the ratio of that electron fluence at a given
energy to the 1 MeV electron fluence necessary to degrade an n-p solar cell to
the same output parameter value. For instance, if a given 10 MeV electron flu-
ence degrades a solar cell to a certain state of damage, then a 1 MeV electron
fluence 16.5 times that of the 10 MeV electron fluence would be reguired to de-
grade the same cell to the same output conditions. This relationship will hold
regardless of whether 2 or 10 ohm-cm resistivity cells are under consideration.

Wysocki reported data at 0.8 and 5.8 MeV which indicated that the

relative electron damage constant increased more rapidly with energy.3‘49

3-24
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Silicon Solar Cells 3.23
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3.50

Gorodetskii, et al., reported data in rough agreement with references

3.23 and 3.48 below 2 MeV, but indicate a much .sTower rise above that
energy. More recent studies by Bernard, et aa.,3'37 and Lesbres'43
indicate good agreement with the results in references 3.23 and 3.48
up to 3 MeV¥ and 4.5 MeV, respectively.

3.6 Effect of Proton Energy on Solar Cell Degradation

The concept of damage equivalent 1 MeV electron fluence can be
extended to the effects of proton irradiation. The prohlem is more
complex, in the proton case, because the range of protons below 5 MeV
is Tess than the thickness of a solar cell, For this reason, low
energy protons produce nonuniform damage, This situation is further
complicated hy the fact that the damage produced per unit path length
increases as the proton energy decreases. As a result, when a low
energy proton is stopped in a solar cell, a large amount of damage is
concentrated at the end of the proton track.

When radiation damage is uniform throughout a solar cell, the
relative effectiveness of various energy particles is the same when
measured by the diffusion length damage coefficients, or critical flu-
ences determined by cell parameters such as Isc’ voc or Pmax' This
fact was graphically demonstrated by comparison of Figures 3.7 and
3.8. In the case of protons with energies greater than 5 MeV, the
damage to solar cells is relatively unifarm. In this high energy range,
the general concept of equivalency is directly applicabie. At Tower
proton energies, the general concept of equivalency is noc applicable;
however, it can be used in a restricted manner as discussed below.

Early experimental studies of the variation of damage in u-p
silicon solar cells with higher proton energies indicated conflicting
results. The results reported by workers at BTL3‘5] and TRN3'52 are
shown in Figure 3.10 in normalized form. The major difference involves
the behavior of the damage constant at proton energies greater than 10 Mev.
Recent experimental investiagations have confirmed that the varia-
tion of damage in this proton energy range is very sma11.3‘53’ 3.54

The results of these recent investigations are also shown in Figure 3.170,

The degradation of n-p solar cells irradiated with protons of ener-
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gies below 3 MeV is more complex because of the nenuniform nature of the
damage. Several experimental studies of low energy proton effects on
unshielded solar cells have been reported in the 1iterature?‘41’3'55—3'61
Although there are some differences in the reported results, a few general
observations can be made. Protons in the energy range from 1.5 to 3 MeV
produce a maximum in relative radiation damage in silicon solar cells.
The relative damage to silicon solar cel’ Voc and Pmax due to low energy
protons 1is more severe than that exhibited by the Isc' Proton damage
in silicon solar cells can be normalized to the damage produced by protons
of one energy. The proton energy employed for normalization of relative
damage should be close to that producing maximum damage in space environ-
ments, produce relatively uniform damage, and be available for laboratory
evaluations. The use of 10 MeV proton damage is based on a compromise
of the above requirements. The results of several studies of proton
damage have been summarized in terms of relative silicon solar cell
damage as a function of proton energy. 3.41, 3.53, 3.54, 3.55 These
relative damage results, normatized to 10 MeV proton damage, are snown
in Figure 3.11., The results in Figure 3.71 have heen shown to hold
for both 10 ohm-cm and 2 ohm-cm solar cells at proton energies greater
than 10 MeV.B'53
It is emphasized that the results in Figure 3.11 are obtained by nor-
mal irzidence laboratory irradiation of solar cells from the front side.
If similar data were prepared for normal incidence rear irradiations, the
result would be similar for proton energies above 10 MeV.B‘53 The effects
due to rear incidence protons with energies below 10 MeV would be wuch
Tower than shown in Figure 3.113‘62 The lower effectiveness occurs because
rear incident low energy protons have insufficient range in silicon to

cause atomic displacements in the space charge region of the salar cell.

The varjation of solar cell output parameters with 10 MeV proton
Tiuence is described by equations (3.2.1), (3.2.5) and (3.2.10) in much
the same way as is dore for 1 MeV electrons. The values of the ccnstants
C, €', and C" tend to be somewhat greater than those found for 1 MeV
electron irradiation. This value determines the decrease in solar cell
output parameter per decade of radjation fluence. The fact that these
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constants are somewhat different for electron.and proton irradiation
indjcates that the concept of equivalency between the different

types of radiation has limitations and is basically an approximation.
This equivalence is further discussed in Chapter 6.

3.7 Additional Effects of Low Energy Protons

In addition to the Tow energy proton effects on unshielded cells
discussed in the previous section, there are two aspects of
low energy proton damage to be considered. These involve the effects
of low energy protons on small unshielded gap areas on the front of
solar cells and on unshielded backs of solar cells,

When the ATS-1 and Intelsat II-F4 satellites suddenly exhibited
degradations in power output of the order of 20% in weeks to a month
after launch, the importance of low energy proton damage was dramati-
cally demonstrated. Subsequent efforts related this anomalous degra-
dation to the bombardment of narrow exposed surface areas of the solar
cells by the intense low-energy proton fluence existing at synchronous
altitude. The exposed areas resulted from slightly undersized or
improperly applied cover sTides which bared up to a 0.038 c¢m (15 mils)
strip of solar cell surface. The high-intensity Tow-energy proton
fiuence, though incapable of penetrating the solar cell to a depth of
more than a few microns, was able to produce junction damage which
would shunt the power producing capability of the whole device. Exposed
strips as narrow as 0.005 cm {2 mils) were sufficient to drastically
alter the device's power producing capability. The absence of this
effect in earlier solar array systems was attributed to shingling
and overlapping adhesive.

The results discussed in the previous section clearly indicated
that low energy proton irradiation has an inordinately greater effect
upon solar cell Voc and Pmax as compared to similar irradiations with
electrons or higher energy protons. The anomalous degradation of the

ATS-1 and Inteisat II-F4 prompted many investigations into the effects
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