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ALPHA PAR.TICLE BOMBARDMENT OF Si AND GaAs DIODES; 
ENERGY CONVERSION A1~ RADIATION DAV~GE 

Lawrence D. Posey 

·-

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Nuclear Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

The a-voltaic effect, associated with a-particle stopping in a 

semiconductor diode,·was investigated in p-on-n and n-oh-p Si solar 

cells and p-on-n GaAs solar cells at operating temperatures of 200°K 

and 275°K. An initial maximum conversion efficiency of approximately 

4%, well below theoretical predictions, .was realized for all three cell 

types at 200°K, and·' in all cases at 275 °K the efficiency was less than 

1%. The discrepancy bet-vreen theory and experiment was attributed to 

the substantial non-ideal contribution to the da~k I-V characteristic 

present in all the cells employed. 

The dark I-V characteristics of p-on-n·and n-on-pSi solar cells 

and p-on-n GaAs solar cells were measured for temperatures between 90°K 
I 

and .360°K. The ideal diffusion term was isolated for all the cells, but 

sheet resistance effects in the surface region were not discernible. 

The non-ideal .current term was found to be more consistent with a 

junction tunneling current than with a ~unction recombination-generation 

current. 

The GaAs solar cells were found to be the most res.istant to radiation 

damage from a device standpoint while the n-on-p and p-on-n Si cells 

exhibited decreasing. radiation resistance in that order. The diffusion 

length degradation constants. were also determined for both materials at 



., 

200°K and 275°K. These values in order of decreasing radiation resistance 

. . -5 -2 -1 . ' . 0 -5 -2 ..;1 
are, for the p-type Si, K (Si) ::z:: 3Xl0 em a ·at 275 K and 5XlO em a p .. . . 

at 200°K_, for the n-type Si, K (Si) ::z:: 7Xl0-5cm-2a-l at both temperatures, 
. n 

( )
. . 4. -4 -2 ..:1 ' . 

and for the n-type GaAs, K GaAs ::z:: XlO em a . 
n .. 

The dark I-V characteristics of the cells underwent substantial 

changes during e:x:posure. The changes in the ideal· current 1vere consistent 

vTith a bombardment indu<!!ed decrease in minority carrier lifetime. The 

changes in the non-ideal current term for all the. cell· types tested 

were not consistent with a junction recom~ination-generation current 

and in fact indicate that a substantial current contribution must be 

. controlled by the surface state of the cells. 
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I. INTRODUCTION 

The diverse ways ir. which an energetic particle (a, p, ~' etc.) 

interacts with a .semiconductor material or device have proven to be of 

considerable value in many areas of research as well as in a nu.'!lber of 

practical applications. The mechanism of charge carrier production by 

energetic particles ·makes possible the use of semiconductor diodes as 

energy converters and charged particle detectors and is the basis for· 

numerous photo-sensitive devices. The mechanism of lattice displacement 

production in a solid under energetic particle bombardment has been used 

as a tool in studying the basic properties of a solid. This is particu-

larly true for semiconductors whose electrical properties are quite 

sensitive to the defect centers resulting from the production of lattice 

displacements during bombardment. 

The ability of a semicond~ctor diode to convert the energy of an 

incident particle directly into useful electrical energy depends upon 

the phenomenon termed the particle-voltaic effect; that is, the mechanism 

whereby the current arising from the bombardment produced charge carriers 

flm.;s in a suitably.chosen load under the influence of a voltage induced 

at the diode p7"n junction. This.phenomenon and its application have 

been studied in a number of semiconductin~ materials using various 

particle types. 

Tne greatest amount of effort has been devoted to the.study of the 

. . 14 45 . 6 4 6 67 
. photo-voltaic effect ' and associated solar energy conversion3 ' 0,5l, l, 

owing to the potential importance of the sun as an energy source. 

The particle-voltaic effect using energetic particles other than 

photons has received att·ention in only a few scattered instances; namely, 

the beta-voltaic effect 47'. 50 and the. fission-fragment-voltaic· effect. 29 
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The limited interest in charged particle energy conversion using semi­

conductor diodes resulted from the· fact. that a degr.a<lation in the device 
. ' ... · ... ·. . h7 50 

performance was found to accompany the energy converslon.process~ ' 

This was attributed to changes in the material p"roperties resulting from 
' . 

the presence of bombardment produced lattic~ displacements. 

~eglecting the effect of radiation damage, the initial maximum 

energy conversion efficiency for a semiconductor diode under energetic 

particle bombardment is'given by. 
p 

··tlmax o = P ~ut ~ ( qVmp)(.Q/ E) 
. ·' ln . . 

where E is the energy per electron-hole pair for the semiconducting 

material, Q is the charge coliection efficiency,_andV · is output mp 

voltage_ at maximum power. · V is obtairied.from 
mp 

( I-2) 

where· IG' the -particle .. generated current; ·results from the electron-hole 

pairs produced by the ·~ncident energetic particles. A and I 01, the non­

ideal exponential factor .and the effective reverse s~turation current 
. . 

respectively, define the dark I-V characteristic of. the diode in the 

current interval O.liG $I $10IG ... We see from Eqs. ·(I~l) and (I-2) 

that the energy conversion. efficiency of ~- particle_-voltaic device is 

strongly dependen~ upon the dark I-V cha~acteristic of th~ device (the 

dark characteristic is, .iri part:, determined bY: the material purity) 
. . . 3.5 49 

which is indeed found to .be the case for solar cells • ' From tnese 

equations it is evident that the energy conversion efficiency is also . 

dependent upon the material purity through the charge 'collection effi- · 

ciency~6,37, 59 In cont~a~t to these factors the ~nergy per electron­

hole pair is .relatively independent of ;urity for a ~i~e~ material. 
43 

... ...: 
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Our primary concern in this report is the a-voltaic effect 

associated with a~particle stopping in Si and GaAs diodes. In light of 

the existing energy sources associated with naturally occurring and 

artificially produced a-particle emitters, an investigation of ·::.he 

a-voltaic effect is of practical interest . 

. ~n the particular case of a moderately pure Si a-voltaic device 

(corresponding to a Q ~ 0.8) subject to a-particle bombardment from a 
\ 

0.5 mC source,.we expect, from Eqs. (I-1) and (I-2), that V is to be . mp . 

found from 

and then 

' Tlma.x <=:: (0.24)(0.8/3.55) ~ 5.5% 

at T = 275°K where the values of A and I 01 employed are typical of 

diffused Si diodes.53, 63 

The scope of the present work includes an analytical study of the 

energy conversion performance expected of . .various purity Si a-voltaic 

devices and an experimental investigation of Si and GaAs solar cells 

under a-particleibombardment which includes the determination of both the 

initial performance and the- bombardment induced changes in Q and the 

dark I-V characteristics. 

The charge collection efficiency of photo-voltaic and electron-

voltaic devices has been found to decrease with increasing exposure 

through a decrease in the minority carrier lifetime resulting from the 

introduction of defect recombination centers during bombardment. A 

substantial amount of work has been performed for electron and proton 

-bombardment of Si solar cells~'l?, 38,52 This sensitivity of the charge 

collection efficiency ahd therefore the short.circuit current to 
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radiation damage has 'beeh used as a means :of st\ldyin.g the nature of the 

lattice defects proquced by high energy elebtro.n bombardment of Si 

d . d 25,26,39 
~o es. · 

: .·--:·-

Si and GaAs solar'cells.were·employed in this work owing to the 
•, 

. . :r: 

:fact that of ~11 the corirrrlercially available semi~ond\l.ctor junction 
·- . ,-.. 

· devices they come the. closest to possessing the optirnum a-voltaic device 
,._ .. - . ., . .. .. •', .. 

geometry. Si was chos~n for its .high pUrity and· ~s~&ci~ted superior 

charge collection effici~n:~y, while GaAs.was chosen for its larger 

forbidden energy gap and correspondingly greaterdeyice output voltage: 

When the results . .o:f this work are·used in conjunction with Eq. 

( I-:-2), the V · typical o:f a p -on-n. Si solar cell under a,..particle ·. mp 

bombardment is found :from 

so that 

at 275°K and 

so that 

I 
I 

T)ma;x,o ~ (.04)(0.9/3.5,5) ~ r% 
' ,'. ·.~ .. , 

)',· . . . ·. ,-~~ 

(1+58v' /3.4)exp(58V /3~4). ~ 10-~/.··•.io.:-.. s·. 
j.:· mp ·. . mp. · 

.· . '· . 

.. -. !,, ... , .. : 

·(._. 

': ... ; 

.. ~ . l• 

at 200°K. An alpha· source activity o:f approximatel:y Q~5znC was used in 

obtaining these estimates .. · It is evident from· these· ·results that the 

inferior performance of .. the p-on-n Si solar cells under a-particle 

bombardment, as compar~d-to that >-Of the· moderately pure .diffused Si 

· diode mentioned above, is ·primarily due ·.to the "soft'i d~rk I-V 

character~stics of the _solar cells{compare the values 9f I
01 

and A for 

the two devic.es) ~ A Si. diode designed specificallY for operation as an 

.j 

'; 
I, 

·i 
;I 
.; 

" ; 

·' ·, ,, ,, 
.i 
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i 
~~ 
.l . ~ 
:i 
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I 
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a-voltaic device should not be as severely hampered by charge carrier 

generation and current flow in surface inversion layers as a Si solar 

cell owing to the greater junction depth an~ higher material purity 

required for thea-voltaic device. 

The dark 'I-V characteristics of all types of Si diodes are found 

to dev;Late markedly from the ideal junction I-V characteristic for currents 

less than or on the order of 10-
4 

to l0-5A. The non-ideal current 

contributions have been investigated for a number of Si devices such as 

t "f" t 1 d" d t 13,15,20,53,63 d t' . povrer rec ~ ~ers, unne ~o es, e c., an neory ~s 

generally found to be in good agreement.with experiment. Investigations 
4 66 . 

of the dark I-V characteristics of solar cells, 9, however, have thus 

far proven to be less profitable, and their soft nature is as yet not 

completely understood. In the present work we attempt to improve this 

situation by ·studying the dark I-V characteristics prior to, during, and 

subsequent to bombardment. 

_.~ ··~-

·· ... 

'' 
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II. THE PARTICLE-VOLTAIC EFFECT 

As an energetic particle passes through a semiconducting material, 

it gives up energy to the solid by 1vay of electron excitation (in the 

terminology of semiconductor theory, this process is referred to as 

electron-hole pair production) and by atomic collisions with the 

constituent atoms of the lattice. These latter collisions lead to both 

lattice heating and the production of lattice defects. For the specific 

case of a semiconductor diode a fractioA of the charge carriers created 

in the base regions of the diode by an incident energetic particle diffuse 

i 
to the junction (see Fig. II.3), and the remaining charge carriers are 

lost through surface and volume recombination. Assuming negligible 

recombination in the junction, the charge carriers reaching the junction 

are swept into the other.base regionunder the influence of the jun~tion 

electric field. This gives rise to a current flovr in the external 

circuit. If an external load is present, the diode furnishes the voltage 

required to maintaitt the current flmv through the load. This is the 

phenomenon commonly referred to as the particle.-voltaic effect. The 

remainder of this section deals.with this effect in greater detail. 

First, let us consider the equilibrium state of semiconducting 
' 

material not subject to illumination. ~igure II.l presents the electron 

potential energy diagram fo:r both n- and p-type materials. In this 

figure the density of states function, Z( E), at the top of ·the. valence 

band'and the bottom of the conduction band is assumed to be proportional 

to E1
/

2 • . In the .figures of this section the . electron distribution . 
'. 

functions are highly exaggerated for purposes ·of illustration. The 

Fermi-Dirac distribution function is 

... 
\~ 
' 

_ .. _ 
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Fig. II.l. Energy diagram for electrons in isolated n- and p-type 
material. 
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f( E_, Ef) = --
1
-=-=::--

(E.-E:9 1 + exp --. kT 

( II-1) 

where E is the electron energy and Ef is the Fermi energy. 

When the ti-ro ma~erial types are brought into contact as is the 

situation for a semi.conductor diode, '"e can see from Fig. ILl that. 

electrons will flow from the n- to- the p-type mate:dal until the 

potential produced by the net_ charg~s developed in the contact region 

will hinder a further. flow of electp.ons~ .This space charge results 

from a redistribution of the electrons with respect to the immobile 
•. • I 

ionized donor and acceptor atoms in_· sud~ a way tR:at the condition of 

charge· neutrality is no longer satipfied in the transition region. The 

resulting potential energy diagram for a p-n junction in the non-

illuminate.d (henceforth to be referred to as dark) equilibrium state is 

shown in Fig. II.2. The electric field existing in the space cha:r;ge 

region is required in order to maintain a·zero.net electron current from 

one base J;"egion of the diode into the o'ther. Therefore., the equilibrium 

condition corresponds to a_balance between the field limited diffusion 

current from the n-type region and the diffusion-drift current from the 

p-type region. 

In order to .solve for the electron distribution function and 

therefore the dark. current-voltage characteristic of a semiconductor 

diode, it is in general necessary to simultan~ously solve the current 

equation_, the continuity equation,. and Poisson's equation applying 

appropriate boundary conditions. At open circuit the net current is zero, 
I 

and for an applied bias the electrostatic potential drop across the 

junction is equal to the sum of the applied bias and the equilibrium 

contact potential. Tne current density, j(x,E)_is 



- . 
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Fig. II.2. Equilibrium energy diagram for electrons in a p-n junction 
diode. 
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j(x,E)dE = q~ (x,E)n(x,E)gradV(x)dE . e 

-1~ qD (x,E)gradn(x,'E)dE, n . . . ( II-2) 

where q is the magnitude of the· electron charge, .IJ. (x,E) is the-electron 
e 

mobility, V(x) is th~ pbtential. the electron experiences, . · Dn ( x, E) is. 

the electron diffusion coefficient, and·n(x,E), .the_electron distribution 

function, is 

n(x,E) = Z(x,E)f(E,Ef(x)). ( II-3) 

The relative importance of the two terms in Eq. (II-2) is, in g~neral, 

different in the base regions than in the transition region. 

The total current density passing through the junction is 

J(x) =fj(x,E)dE, ( II-4) 

and is equal to zero at equilibrium .. Equation (II-2) must be solved 
·' 

simultaneously 'lvith the continuity equation . 

Cln(x;E) = - div j(x,E) + g(x,E) - Cn(x,E) .at 
and Poisson's equation 

div E:, (x) = '! 2
V(x) 

=·:.p(x) 
. K € 
. . € 0 

( II-5) 

( II-6) 

where K€ is the d;ielectric constant, €
0 

is the permitivitY. of free space, 

-Cn(x,E) is the loss rate.for electrons, g(x,E) i~ the production rate, 

and p(x) is the. net charge density. The generation rate being composed 

. of a thermal generation term and a term representing the contribution 

from external stimuli is 

g(x,E) = gth(x,E) + gex(x,E). . ( II-7) 

The net charge density is given by . 

+ .· ~ .· .. ·_ 00'. 

p(x) => ND(x) + [N-f
0 

il(x,E)dE] .-NA(x)-JE n(x,E)dx, 
. . " c ' 

( II-8) 

where the number of electrons associated with the lattice atoms is 

t , •. 
I 

•i 
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Ev , 
N = f

0 
Z(x, E)dE. 

This procedure is j_n general quite involved, and two schemes are 

commonly employed to deseribe the principle of operation of a semi-

conductor diode. On the one hand, the concept of a hole is introduced 

and the behavior of the diode treated on the basis of a minority carrier 

diffusion. process in each of the base regions. This approach is used in 

Appendices A and C. 

The alternate method of analysis, similar to that introduc.ed by 

31 Hemenway, Henry, and Caulton, to be used in the remainder. of this 

section is limited to the case of negligible electron loss in the space 

charge region and also of negligible energy exchange during transit through 

the. space charge region. Under these limiting conditions the net current 

can be written34 

I = fa i(E)dE = fa [i (E) ~ i (E)] dE, n,p_ p,n · ( II-9) 

where i (E)dE is the current passing from the n- to the p~type region n,p 

and i (E) is the current passing in the opposite direction. These . p)n 

currents are dependent upon the electron distribution function existing 

' in the material to either side of the transition region and the probability 

for an electron traversing the transition r~gion. The current passing 

from the n- to the p-type region is 

i (E)dE: T' . (E)Z (E)f(E,Ef ) [l-f(E7 E""") ]Z .(E,V)dE, 
n,p n,p n n ·~ p 

( II-10) 

where Zn(E)f(E,Efn) is the electron distribution funct.ion in the n-type 

material, [l-f(E7 Ef )]Z (E,V) is the distribution fu~ction for the 
p p . . 

available states in th~ p-type material, and'Tn,p(E) is the probability 

for an electron transition from the n-type to the p-type material. The 

current passing in the opposite direction is 

( II-11) 
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where the terms are to be ,interpreted in the same manner as for Eq. 

(II-10). The net-current; obtained upon substituting Eqs. (II-10) and 

( II-11) into Eq. ( II-9 ), is 

I = ~zn(E)zp( E, V) {~n,p(E)f(E, Efn) [l-f(E, Efp)] 

-. Tp,n(E)f(E,Efp) [1-f(E,Efn) J} dE. ( II-12) 

The density of states function for either base region is composed of 

localized energy levels and energy bands_available for electron-population. 

The integral in Eq. (II-12) need only be carried out over the partially 

filled bands, since the low-lying filledbands and the empty bands will 
., 

. ' 

not contribute to the net current. It· .is possible for tunneling of 

electrons between localized energy-levels in the forbidden energy gap 

and available energy/states in the partially filled bands to contribute 

'to the current (see Appendix A), but this process will be neglected in 

the present analysis. In most-practical situations encountered for 

semiconductors, consideration is therefore limite~ to the two bands 

bracketing the Fermi level which will in general lie in the forbidden 

energy gap. The net current can then be_broken_up into the terms arising 

from these two barids. _Then 
Ev - ' . 

I= f
0 

ZVJ?(E, V)Z~(E)T(E)[f(E,E:fn)- f(E,Efp) ]dE 

+ ~ Zcn(E)Zcp(E,V)T(E) [f_(E,Efn) - f(E,.Ef'p)]dE, 
c . 

( II-13) 

where E and E designate the top of the valence band and. the bottom of· v c . . ·. 

the conduction band respectively •. The. limits of integration can be left 

as ze~o and infinity, since each density of states· function exists only 

in the energy interval of the band under consideration. In arriving at 

Eq. (II-13), it has also been assumed that Tn,p(E) = Tp,~(E) = T(E). 

'. 

j . .. 
f 
! 

• I 

i 

. 1 • 
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It is now possible to. consider the equilibrium state of a diode. 

This corresponds to the situation of zero net current flmv. Equation 

(II-13) shows that this can only be satisfied if [f(E,Ef ) - f(E,Ef'o)] = o, 
n ~ 

which implies a constant Fermi level throughout the material. Therefore, 

the equilibrium condition (see Fig. II.2) is 
\ 

E = E = E + q1f1 fo fn fp YD ( II-14) 

and therefore. the contact potential is 

( II-15) 

Upon the application of an external bias to the diode, a current 

will flow, and a non-equilibrium situation will exist whereby the Fermi 

level is no longer the same in both of the base regions. Under these 

conditions the curr~nt flow can be obtained from Eq.(II-13). 

Evn 
I= f . Z (E)Z (E,V)T(E)[f(E,Ef) - f(E,Ef'p)]dE o · nv pv n, 

+ .J;. Znc(E)Zpc(~,V)T(E)[f(E,Efn) - f(E,Ef'p)]dE. 
cp 

( II-16) . 

In the conduction band it is possible to approximate the Fermi-Dirac 

distribution funytion by a Boltzmann factor (when E -Ef > kT) so that 
i c n 

the contribution to the current.from the conduction band becomes 

[ ( Ef -Ef'p ) J f'O .. (E-E:f'P ) 
= exp ~T. -1 JEcpz~n(E)Zcp(E,V)~(E) exp- kT~ dE • ( II-17) 

One can derive an analogous relation for the contribution to the current 

from the valence band •. 1he net current, therefore, becomes 
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+ f00

E Z (E)Z, (E,V')T(E)exp - (E~~fp )l~. cp , en 1
] cp . 

( II-18) 

The difference in the Fermi levels is equal to the applied bias(existing 

across the junction alone) so that Eq.(II-18)can be written as 

A.V. 

where A.·= q/kT. 

I = I ( e J - 1), 
0 

and I
0 

= .f ~zvn(E)Zvp(E,V);(E)exp (E::fn} dE 

+ fXJ Z (E)z' (EV)T(E)exp - (E-E:rp) ~dE 
JE en cp ' kT . cp .. 

.. 

( II-19) 

I ( II-20) 

is referred to as the reverse saturation current. This is the ideal 

current-voltage characteristic fer a: semiconductor diode without external 

' 
.charge carrier generation and is the result obtained by Hemenway et al . . 

The analysis will now be extended to' the non-equilibrium case 1vith 

external charge carrier generation present .. The electrons no longer 

obey an equilibrium Fermi-Dirac distribution func,tion, and the true 

situation is generally approximated by introducing separate distribution 

functions for the two bands under consideration. -Each distribution 

function is characterized by 13: quasi-Fermi level and is of the form of 

Eq. {l:I-3~ The short circuit current (net current flow .for zero induced 

bias across the junction) for.this illuminated condition (see Fig.' II.3) 

is 

i '(E) ]dE p,n 

( II-21) 

• ' 
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Fig. II.3. Short-circuit condition energy diagram for electrons in a 
p-n junction diode under irradiation. 



ivhere Efvn and Ef are the quasi:..Fermi levels for the valence band 
. vp 

electrons in then- and :p-typematerials respectively and Efcn and 

are analo.gous ·quantities for the conduction band electrons. 

E fcp 

The induced bias, which is developed acros·s the junction in order 

to' drive current thro~gh an applied load, produces a change in the 

relative positions of the quasi-Fermi levels on either side of the 

space charge region. The current flow corresponding to an output 

voltage V is 

Evn 
·I = f Z . (E)Z (E, V)T(E)[f(E,Ef ) o vn vp vn 

+ ~E Z (E)Z . (E,V)T(E)[f(E,Ef. ) 
J "'cp en . cp . . . en 

f(E,Ef - qV)]dE, cp ( II-22) 

·where Z (E, V) and i (E, V) indicate the effect of the induced bias upon 
vp cp 

the position of the energy bands and therefore the density of states 

· functions. 

The open circuit condition is realized when the net current is 

equal to zero. In general it would therefore b~ necessary to solve for 

the open circuit voltage~ V ,using Eq. (II-22). Figure II.4 shows the 
! oc 

special case of equal differe~c_es between the quasi-Fermi levels in both 

of the base regions •. The· open circuit voltage for .this case is then 

v = (E . - E" ) = · (.E - E" ) • 
oc f'cp fen . f'vp · · fvn . ( II-23) 

The purpose: of the .discussions of this section was to point out 

the basic processes responsible for the particle-voltaic effect. The· 
' . . . . :. . 

general form of the I-V characteristic we obtained (namely,. Eq. (II-22)) 

is of little use in the succeeding analytical work. Therefore the form 

of. the illuminated I-V characteristic w·hich is an explicit function of 

ascertainable material properties (see Appendix C) .is employed_ throughout 
. . 

the remainer of this report. 

: .. 
; ~ ,, 

. . 
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Fig. II.4. Open-circuit condition energy diagram for electrons in a 
p-n junction diode under irradiation. 
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III. ALPHA-: VOLTAIC ENERGY CONVERSION 

A. Performance of a Particle-Voltaic Device 

It was shown in Section II that upon bombardment of. a semi­

conductor diode with energetic-particles (x-rays~ electrons, protons, 
' 

etc.), a voltage is developed at the p'-n junction of the diode which 

retards the current flow arising from the.collection of those electron­

hole pairs produced·in.the bulk semiconducting material as the incident 

particle loses energy. Atthe short circuit condition all the charge 

carriers collected by the junction contribute to the current providing 

there is negligible series resistance. At open circuit the voltage 

developed at the p-n junction p~oduces a current equal in magnitude and 

opposite in sign to that of the collected charge carriers. 
/ 

·Over a limited voltage range the irradiated current-voltage 

characteristic for any type of a semiconductor diode (point contact 

diode, broad area junction diode, etc.) can be adequately r~presented by 

. (see Section r:v and Appendix G for more detail) 

I = 
(V-R I) . s . ~ . 

+ I 1( exp [ A- ( V -R I) ] - 1) - I o . s G 
( III-1) 

where the first term is. the shunt conductance current, the second term 

is just the_junction I-V characteristic_of·the diode with no radiation 

field present (in the ~emainder of this section these two-terms or 

modifications of them will be referred to as the·dark I-V characteristic), 

and the third t'erm represents the current arising from. the collection 

of the electron-hole pairs produced by the radiation field (see· 

Appendix C) . 

Making use of Eq. (III-1)," the short circuit current is found to 

[', 
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- 1) - I G 

and for negligible series resistance this becomes 

I = - I sc G 

( III-2a) 

( III-2b) 

as mentioned above. The open circuit voltage as obtained from Eq. (III-1) 

upon setting I = 0 is 

I 
= c..£..· + 1). 

Iol 
( III-3) 

For an ideal diode I 
1 

= .I , the low injection level reverse 
0 0 

. 56 
saturation current, and A is equal to unity. 

High Output Voltage. The shunt conductance can in gener.al be 

neglected for operating conditions where the output voltage is large. 

Then the maximum po~er output (see Appendix D) is 

R I 2 A 
I2 

p m;e ( III-4) = + -
( Imp +IG+I ol) max s mp f.. 

where the current at maximum power is found from 

. ' I +I +I I 
0 = 2R ·I + ~ ln(. mp G 01) + ~ rnp 

s mp f.. . I l f.. (I +IG+I 1 ) · o mp o 
( III-5) 

! 
The power input to the dGvice (i.e. the energy flux of the incident 

particles ) is 
./ 

( III-6) 

.The maximum efficiency is therefore given by, 

T)max = ] . ( III-7) 

Low Output Voltage. In the region of operation where the output 

voltage is small, the maximum power output (see Appendix D) is 
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p v2Rmp . + ( ~Aiol)~ exp rxAYmp l_ 

max SH .. ·mp [] 
( I~CI~8) 

Since. the series resistance :Ls unimportant f'or low output voltages, the 

voltage at maximum power is obtained from 

2V mp 
~v 

~v mp IG 
+ (1 + ----E2)e ~ = (- + 1) •. 

A Iol·· 
(III-9) 

. The maximum efficiency is obtained from Eqs. ( III-6) and ( III-8), 

. 1 (·v; ·.· (~Iol~ _2 ~Vm -~· · n = -. _2. + -- v- exp [ __ P] .• 
'max NE RSH A mp A . . 

(III-10) 

Intermediate Voltage Region. For suitably prepared diodes (small 

series resistance and high shunt resistance) in a region of operation 

yielding intermediate output voltages, the maximum power is 
' 2 

I 
A mp 

prnax = ~ (I +IG+I 
1

) 
T(lp . 0 

where the voltage at maximum ,power is· found from 

IG ~v , · ~v . ~v . · 
(- +1) = (1-r-2.2) exp [ mp] = exp [__££] · I

01 
· A · A .· A 

Use of' Eqs. (III-6) and ('III..;ll) leads to a maximum efficiency of 

(III-11) 

(III-12) 

. The ef'f'ective reverse. saturation current; I 01, .. is not. in practice 

given by the id~al diff'usio~ theory p~edict.ion56 but .in this and a number· 

of other specific cases ,(i.e., the junction recombination-generation 
I ... ' . . • ' .. 

current or surf'ace current) it can be well represented by a relationship 

to the f'orm .· 
E: . g 

Iol = C exp · [- · t)kT] (III-14) 

In most situations of' prac~ical interest the particle generated 
' ' 

current is large compared to the effective reverse saturation current so that 
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( III-15) 

and therefore 

( III-16) 

The errors introduced by the approximation of Eq. (III-16) are presented 

in Table III.I. 

' 

Table III.I. Errors in Vmp introduced using the approxi~ations 
represented ~n Eqs.(III-16) and (II~-17) .instead 
ofEq. (III-12). 

102 . 
103 104 105 106 IG/Iol 10 

' 

Eq. (III-16) 23% 6.3% 2.6%. 1.'5'/o 1.1% 1.1% 
' 

Eq. (~II-17) ,-,~ o,_ o . 45% 35% 29% 25% 22%. 
I 

To simplify the analysis, it.is necessary to neglect A.V ./A as mp 

compared to 1 which gives 

A.V 
~ [--E2] exp A ( III~l7) 

The errors associated with the use of this approximation are also 

presented in Table III.I. These approxi~tions overestimate the value 

of V mp 

For particle generated currents encountered in solar cells under . 

normal iJ..;luminati~n, the ratio, IG/I01, is ip. the range of- 103 to 105 

If we now make use of the approximations represented by Eqs.(III-16) and 

(III-17), Eq. (III-13) becomes 

( III-18) 



where the charge collection efficiency, Q, is defined by 

Q. := (III-19) 

and E is the average energy req':lired to produce an electron-hole pair. 

Using Eq. ( III-14) 'in Eq. ( III-17) . yields 

. . . IG AE 
eVmp = AkTln(C) + ( fjg) · .· ( III-20) . 

. so that the maximum efficiency becomes 

AQE 
__ g _ AQJcT rri ( c. _€ ) • 

Tlmax =. A€ E 
f-' qNEQ. 

(III-21) 

At first glance it appears that the efficiency of a.device should 

increase \vith decreasing 'temperatUre. The realization of this behavior 

is however influence'd .by· the temperature dependence of A, Q, E , and E • 
. g . 

'J:'herefore, it is·nccessar-..r to consider the temperature dependence of 

these properties in more detail prior to making predictions relative to 

device performance. The temperature dependence .of I 01 and A for broad 

area Si and GaAs p-n junc~ion diode's was studied and the results are 

presented in Section IV. The temperature dependence ·of € was investigated 

and the results will· be presente9- in a separate. UCRL report·. Eg has been 
,', . . ~ 41 

me.asured as a :f'tmt:ion of temperature by Macf';rlane et al. and the 

variation of Q with temperature was determined from the temperature 

dependence of the minority carrier mobilities and lifetimes. lve shall 

see later in Section V that the efficiency does. indeed-increase with 
' .. 

decreasing temperatUre . 

. From Eq. ( III-21) it is al'so expected that higher efficiencies are 

achieved for materials with larger energy gaps. Again 'this expected 

behavior is influenced by the fact that E is· dependent upon t;he energy 

-, 

·i 
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gap. The variation of € with R and temperature has been studied by 
g 

43 McKay. The results of Section V for Si and GaAs solar cells, hovlever, 

sho-v1 that the maximum efficiency increases as E increases. g 

Another important· factor vlhich must be considered is the effect 

·of radiation damage upon Q, A, and I 01 . The effect of temperature upon 

the bombardment induced changes in the performance of solar cells under 

cx-parti.cle bombardment was investigated, and the results are presented 

in Section V. Alpha-particle bombardment is seen to reduce the charge 

collection efficiency, Q, and, in general, modify A and ·r 
1 

in such a 
. 0 

way that the energy conversion efficiency is reduced. 

B. Spatial Distributions for the Production of Electron-Hole Pairs 
and Latb.ce DJ.splacements. 

Prior to the calculation of the a-particle generated current, 

IGa' it is necessary to determine the spatial distribution function for 

the production of electron-hole pairs in a Si diode by an a-particle. 

An a particle passing through Si loses the major portion of its energy 

via electron excitation and ionization. The intermediate energy 

electrons produced in this manner suffer subsequent collisions with other 
. i 

atomic electrons,· and this results in further electron excitation and 

ionization. After a sufficient period o~,time (which is generally much 

less than the lifetime of the excess carriers), further excitation is 

energetically impossible and a finite number of excess electron-hole· 

pairs exist in the solid. In theory the number of electron-hole pairs 

produced in an increment of the a-particle track could be calculated using 

Monte Carlo calcul~tional techn~ques. This is, hmvever, a very lengthy 
I 

process; an?-, therefore, in this section the a-particle· stopping po-v1er 

is used directly to obtain the electron-hole pair production rate. 
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This is accomplished by assuming the energy required to produce an 

electron-hole pair to be constant over the entire a-particle track. 

The procedure used to calculate the stopping power curve for 

a-particle stopping in Si is described in detail. in Appendix B. The 
\. 

electronic stopping povrer 1-ras calculated from Gryzinscy·' s classical 

stopping· power equation
28 

for all electron ionization and excitation· 
. . . 

processes excepting the valence band to conduction band transitions. 

The energy lo'ss corresponding to these transitions was calculated using 

a relation developed by Seitz and Koehle/.55 The calculation of the 

atomic collision stopping power was based upon classical Rutherford scatter-

ing at high a-particle energy (Ea > 24keV) and classical hard sphere 

, scattering ,at low a-particle e~ergy (Ea < 240eV) as suggested by Seitz 
/ 

and 'Koehler. 55 The atomic collision stopping power determines the 

extent of the radiation d~ge produced by the . a particles. The 

number of lattice displacements produced by an a particle was calculated 

_1,1.sing the lattice. displacement model 'of Kinchen and Pease.:?'+ . The details 

of this calculation ca_n also be found in Appendix B. · 

l. Electron-Hole. Pair Production. The energy of an a-particle >vi th 

Eao = 5 M~V as a function ot track ·length was determined from the numerical 

integration ·of: the total stopping power c~_rve (see. Fig .B-.18; Appendix B), 

and the result is .shown in Fig. B.21. Using Fig. B.21 in conjunction lvith 

Fig. B.lO it is possible to obtain the spatial variation of the electronic 

stopping power, [d.Ea(x)/dx]el" The calculated electronic stopping pm.;rer 

* Sietz and Koehler considered only neutral particle induced transitions. 

It was necessary to extend the analysis so ·as t.o consider . charged· particles 

in which case a coulomb form was assumed for the interaction potential. 

I -, 
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is represented by the solid curve in Fig. III.l. In order to facilitate 

calculation of the alpha generated current, Ioa, and to obtain an 

analytical expression ·for the I-V characteristic of a Si diode under 

0:-par.ticle bombardment, the electronic stopping power curve was fit i·rith 

a polynomial using the method of least squares. Employing a polynomial 

of the.form 

4 
Fx , ( III-22) 

the fit represented by the dashed curve in Fig. IILl was obtained. 

Assuming that the energy required to produce an electron-hole pair is 

constant along the a-particle track and equal to 3.55 eV for Si, 3 the 

electron-hole pair production rate per incident a: particle obtained from 

. Eq. ( III-22) is 
/ 

1 ' 2 3 4 
g (x) = - [dE /dx] J = a + bx + ex + dx + fx . a: €. a: e. ( III.-23) 

The constants obtained.from the least square fit are listed in Table 

III. II. 

2. Lattice Displacement Production. The lattice'displacement production 

rate as calculated in the manner described above was found to be 

(c.f. Eq!B-87, Appendix B) 
! 

( III-24) 

where nD(x)·a.s plotted in Fig. III.2 was pbtained from Fig. B.21 (that 

is, Eo: as a function of x) and Fig. B.l6 which presents the calculated 

number of lattice displacements produced by an a: particle of energy E 
. 0: 

per unit track length. The total number of displacements produced by an 

-· a: particle with Erv = 5 ~leV is found to be 
u.O. 

. Ra . 3 
nD = J~ nD(x)dx ::::. 10 • · ( III-25) 

The spatial dependence of the displacement production rate is seen to 

be peaked at the end of the o:-parti~le track. As previously mentioned, 
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Fig. III.l. Electronic stopping power for 5-Mev a-particle stopping 
in Si (the dashed curve represents the polynomial fit). 
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Table III.II. Constants obtained from least­
squares fit for l dE/dx] 

1 
and g {x). 

e a. 

E 4 MeV 5 MeV 
a.o 

a,eh/fla. 5.33X104 . 4.22X10
4 

2 
b,eh/fl a. -1.25X10

3 
-2.04X10

3 

3 
c,eh/fl a. 3.52X1o

2 
5. 97X10

2 

4 
d, eh/fl a. 2.93 -2.18X10 

5 
f, eh/fl a. -1.17 -2.96X10-

3 

------ - - - - ------
A, keV/fla. 1. 89X10

2 
1. 50X10

2 

2 
B,keV/fl a. -4.44 -7.23 

3 
C,keV/fl a. 1.25 2.12 

4 
D, keV/fl a. 1. 04X10- 2 

-7. 75X10-
2 

5 
F, keY /fl a. -4.15X10- 3 -1.05X10- 5 

- - - - - - - - - - - - - - - - - -
R, fl 20.3 26.5 
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Fig. III.2. Lattice displacement production, nD(x), for 5-Mev 
a-particle stopping in Si. 
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the lattice displacements produce changes in the minority carrier lif'e-

time inasmuch as a displaced atom can exhibit the properties of' a re­

combination center. Experimental evidence39, 65 has indicated that the 

number of' such recombination centers is proportional to the exposure 

1vith the result that the lifetime may be written 

1 :rrxr = 

lvhere 

1 
T 

0 

+ A I (x) e( t) 

. 
Nt ex 

( III-26) 

( III-27) 

. is the integrated ex-particle f'lux time or exposure, A.' = vcrCDnD(x), 

v is the average charge carrier velocity, and crCD is the capture cross 

section of' the def'ect center f'or the minority carriers. The spatial 

variation of' the minority carrier dif'f'usion· length is then given by 

-
1
-- 2:.. + K(x)e(t) 

L2(x)- 12 
0 

( III-28) 

where K(x) is commonly designated as the.dif'f'usion length degradation 

constant and is equal to A.~x)/D. 

A knowledge of' L(x)· in the base and surface regions of' the diode 

is required in order to determine the exposure induced changes in short 

circuit cur!_'ent. In an effort·to facilitate an analytical calculation 

of the short circuit current, it' would be .. necessary to divide the base 

region of the diode into a number of sub-regions each with a different 

-effective diffusion length, L, whereas a single average diffusion length 

-sho1,1ld be adequate for the surface region. Referring to Fig. III. 2, a· 

possible division of the base region is indicated by the .dotted lines. 

This technique will be discussed in greater detail in Section V. For . 

the purposes of this section the effects of bombardment upon the energy· 

conversion efficiency are estimated from the experimental results of 

' Section V for ex-particle bombardment of Si solar cells. 
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C. Operating Performance of an Alpha-Voltaic Device. 

The geometry found ~o be the most suitable for an a-voltaic 

device is shown in Fig. III.3(a). The surface region is substantially 

thicker than that of a conventional solar cell, and the front surface 

is completely covered with a thin metal contact. In practice broad area 

metal .contacts of this t~ype have been prepared ivith a thickness of 

· approximately 0.2 microns. . This leads to only a negligible degradation 

of the a-particle energy upon passing through the metal region .. 

. A bidirectional bombardment scheme in which a particles are incident 

upon both faces of a broad area junction diode was also considered (see 

Fig. C.l). In this device the thickness of both base regions is 

approximately equal to the range of the incident a-particles. The major 
r , 

portion of the damage produced by the a. particles is therefore contained 

in the junction or in close proximity to it in which case the charge 

carriers. created in the base regions would have. to diffuse through _these 

highly damaged regions in order to be collected at the junction. The 

charge. co.llection efficiEmcy would therefore decrease quite rapidly with 

increasing a-par~icle exposure; whereas the unidirecti~nal geometry 

limits the highly damag~d region to a position in the base region far 

removed from the junction. This results .in a more gradual decrease in , 

the charge collection efficiency. The deleterious changes occurring in 

the dark I-V characterist.ics are also expected to be more pronounced 

for the· bidirectional bombardment scheme because the ideal diffusion 

current and junction recombination-generation current are quite sensitive 

to the minority carrier lifetimes in the base region close to the 

junction and in the junction.respectively. 
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Fig. III.3. 
(b) 

Diode geometry for (a) a particle-voltaic device and 
a solar cell. 
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These Gonsiderations led to the choice of the a-voltaic device 

geometry presented in Fig. III.3. No attempt has beep made to optimize 

the surface region thickness; t, although there is no ·doubt that such 

an optimu.1Jl does exist. The thi~kness of the surface region determines 

the position of the highly damaged material relative to the junction, 

and therefore controls the charge collection efficiency. It is also 

quite obvious that the optimum thickness vrill in general be a function 

of the exposure, and this fact makes the optimization process of 

questionable value. 

In the succeeding ·paragraphs calculations are carried out for a 

Si a-voltaic device exposed to an incident alpha·flux which is . . 

characterized by a source strength in curies. In practice the a 

particles from a radioisotope would not produce a beam of particles normal 

to ·the surface. The particles would in fact enter at all possible angles 

. to the surface for a·· source in direct contact with the surface. In this 

case only half the source activity would be effective in the energy 

conversion process, whereas the other half of the activity would be lost. 

This situation could be remedied by sandwiching the source bet1.,een tlw 

.a-voltaic·devices to produce an a-voltaic capsule. Effects resulting 

from the non-normal incidence of the a particles will be discussed as 

the need arises. 

l. Alpha Generated Current·. The current arising from the electron-hole 

pairs created along the a-particle track was obtained from the irradiated 

I-V characteristic as determined from the solution of the minority 

carrier diffusion equation in the surface and base regions where . . . 

G(x) = N~(x) was used as the source term for electron-hole pairs. The 

detailed steps of this solution. can be found in Appendix c. The alpha 



.-

-33-

generated current is found to consist of terms from the surface region, 
~ 

the junction, and the base region. The analysis was carried out for a 

p-on-n ex-voltaic device in which case 

where D = d
3 

- d2, t = d.14- - dy 

L ~'(d )J pr-p 2 

X (x) = a+bx+c(x
2

+2L 
2

)+d(x3+6xL 
2

)+f(x
4
+12L 

2
x

2
+24L 

4
), n . n n n n 

Mn(x) = "/. sinh(~ ) + cosh(~_), 
n n n 

· K (x) = 'Y cosh(~) + siri.h(~ ), n n L n n 

. b 2 c 3 d 4 f 5 
H( x) = ax + 2x . + 3x + I? + 5x , 

R (x) = !::. 
1 

sinh(
1 

x ) + ~-·~cosh( L x ) , 
p . . pi pi,-/ 

!::. = cosh(-t-) 
1 Lpii 

L 
+ ( pii) 

Lpo . 
sinh(~), 

pi I 

L I t 
!::. 2 = (

1
P ) ·co_sh (r;--) + (Lpi ) ." h(_!_) -

L s~n L ' 
po pii pii ' pii 

(III-29) 

(III-30) 

( IIJ;-31) 

(III-32) 

( III-33) 

- ( III-35) 

( III-36). 

( III-37) 

and X (x) is given by Eq. (III-30) with n replaced by p. Equation (III-29) 
p 

includes the current contribution from region I of the base region but 

not that of region II (see Fig. 'III.2) .. This simplification was dis-

cussed in Appendix C where it was found, there that approximately 4% of 

~· 
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the electron-hole pairs a.re produced in region II, and therefore the 

contribution from this region can be neglected. For an actual alpha 

source the ex particles vihich enter the diode at oblique angles lead 

to the production of electron-hole pairs closer to the surface than for 

the normal incidence case with the.result that the charge collection 

efficiency and associated particle generated current are modified. For 

angles of incidence close to the normal the charge collection efficiency 

is increased over that for normal incidence while for grazing angles it 

is decreased. 

The irradiated I-V characteristic obtained in Appendix C is 

A.V. 
I = I ( e J -1) 

0 
( III-38) 

vlhere the first term .. is the low injection level diffusion term and 

represents the dark I-V_characteristic for the ideal p-n junction device 

analyzed iri Appendix C. In practice the dark I-V characteristic for a 

Si p-ri junction diode is found to deviate markedly from the ideal· 

exponential relation given in Eq. (III-38). 

2. Dark I-V Characteristic. Equation ( III-38) is. valid. for an ideal 

diode; that _is, a diode in which· the non-ideal contributions to the 

current are 'negligible in comparison to t}J.e low injection level diffusion 

current. Silicori··is one material in i·rhich the non-ideal current • 

contributions. cannot be neglected; .and therefore it is necessary to 

' 
modify Eq. (III-38) so as to account for the specific mechanisms 

responsible for the additional current. 

Appendix A presents a detailed discussion of a nUmber of mechanisms 

which give rise to· additional current .contributions. The dominant non-

ideal current contributions for a part.icle-voltaic device (see Fig. III.3( a)) 

' • I 

,·11 
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are expected to be the shunt conductance current at low applied voltages 

and the junction generation-recombination current, I (see Appendix A), rg 

in the intermediate volte.ge region. This is a very reasonable ass1.unption 

in light of the fact ·that Si po~er rectifiers63 and Si diodes with small 

area-shallow diffused· jur~ctions (~ lOf.l. junction dept~51 have oee;.1 shm-rn 

to exhibit a non-ideal cuxrent term of this type over appropriate voltage 

intervals (the voltage interval is dependent upon the material properties, 

shunt resistance, and tew~erature of the diode). Silicon solar cells 

(i.e.~ a Si diode with a broad area-shallow diff~sed junction, ~ lf.l. 

junction depth, as shown in Fig. III.3(b)), on the other hand, have been 

found to possess a non-ideal current contribution that cannot be 

. attributed to electron-hole pair recombination or generation in the 

junction (see Section IV)·. 

The junction depth for an a-voltaic device need not be excessively 

small as for a solar,cell since the production of electron-hole pairs 

by an a-particle extends substantially farther into the diode than for 

the·electron-hole pair production by the photons of the solar spectrum. 

This means that tpe surface region material can be of higher purity for 
i 

an a-voltaic device. 

In light of these facts we felt justified in assuming that the 
/. 

dark I-V characteristics for the Si broad area-shallow junction a-voltaic . 

devices analyzed in this section contain shunt conduction and junction 

recombination-generation currents in addition. to the l~w injection level 

diffusion' current (henceforth referred to as the three component I-V 

characteristic). The properties used in the calculation of these dark 

I-V characteristics are listed in Table III.III(a) and the characteristics 

are plotted in Fig. A.4 of Appendix A. 
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Table III.III. Typical material properties and associated reverse saturation 
current for a silicon p-on-n alpha-voltaic. device. 

T( "K) 200(a) 250(a) 300(b) 300(a) 300(c) 350(a) 400(a) 

t( f.L) 10 10 10 10 10 10 10 
-3 

1.00X10 16 i.OOX1o 16 1.00X10 16 1.00X10 16 i.OOX10 16 1.00X10 16 1.00X10 16 N
0

(cm ) 

n (ern - 3) 9.84X10
15 

9.84X10
15 

1.00X10 16 1.00X10 16 
1.00X10 16 

1.00X10
16 

1.00X10 16 
n -3 

1.23X10- 7 2.43X10- 1 4.40X10 3 
4.40X10 3 

4.40X10 3 5.44X106 1.20x109 
PnJcrn ) 

T (sec) 1.00X10 - 6 1.00X10 - 6 1.00X10- 5 1.00X10-6 1.00X10- 7 1.00X10-6 1.00X10-6 
p 2 

D (ern /sec) 4.57 5.10 5.95 5.95 5.95 5.86 5.47 p 
L (f.L) 21.4 22.6 77.2 24.4 7.72 24.2 23.4 

p -3 
2.01X10 16 2.01X10 16 2.01X10 16 

2.01X10 16 2.01X10 16 2.01X10 16 2.01X10 16 NA(crn ) 

p (ern - 3) 1.97X10
16 

1.99X10
16 

2.00x1o
16 

2.00X10 16 2.00X10 16 
2.01X10 16 

2.01X10
16 

p -3 
6.14X10 - 8 1.20X1_0- 1 2.20X10 3 2. 20X10 3 2.20x10 3 2. 73x1o 6 6.04X108 npjcrn ) 

T (sec) 1.00X10- 7 1.00X10- 7 1.00X10- 6 1.00X10- 7 1.00X10 - 8 1.00X10- 7 1.00X10- 7 
n 2 

16.3 16.3 16.3 16.6 16.0 Dn(crn /sec) 10.4 14.7 

Ln(f.L) 10.2 10.2 40.5 12.8 4.05 12.8 12.6 

sn (em/sec) 1.00X102 
1.00X10

2 
1.00X102 

1.00X102 1.00X102 1.00X10 2 
1.00X10

2 

!
0 

(amps) 1.18X10- 22 2.48X10- 16 9.23X10- 13 4.68X10- 12 1.94X10-1i 5.80X10-9 1.26X10-6 

N
0

, NA' n , p -obtained from the assumed room-temperature values of n and p . 
n p n p 

Pno• npo- obtained from the values of nn and Pp and the temperature dependence of n.2 
[F. J. Morin and J. P. Maita, Phys. Rev. 96, 28 ( 1954) ]. 1 

Tp' Tn -assumed values. 

Dp• Dn- determined from the room-temperature values for mobility (M. B. Prince, Phys. Rev . 
.2l_, 1204 ( 1954) ], the measured temperature dependence of lattice scattering mobility 
[G. W. Ludwig and R. L. Watters, Phys. Rev. 101, 1699 (1956)], and the theoretically pre­
dicted temperature dependence of the ionized impurity scattering mobility [E. Conwell and 
V. F. Weisskopf, Phys. Rev. 77, 388 (1950)]. 

sn' sp- assumed values. 

(a) Representative of moderately pure material. 

(b) Material of higher purity than (a). 

(c) Material of lower purity than (a). 
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3. Irradiated I-V Chara<!teristic. The I-V characteristics of a Si 

device under ex-particle bombardment were calculated from Eq. (III-38) 

for both of the cases--an ideal dark characteristic and the three 

component characteristic (that is, I H + I + Id) mentioned above. The 
· S rg 

material properties used in the calculation of the alpha generated 

current, IC-a:' are listed in Table III. III. The values of Table III. III( a) 

are representative of moderately pure Si and therefore ot the mos~ 

practical interest, whereas Table III.III(b) and (c) presents values of 

the properties for Si of higher and lower purity. The incident ex particles 

were assumed to be monoenergetic with an' energy of 5 MeV in the calculation 

of IGa. This assumption should be reasonably well satisfied with such 

. 210 241 
alpha emitters as Po or Am • Table III.IV lists the calculated 

charge carrier collection efficiencies, and.Table III.V the calculated 

ex-particle generated currents for a Si ex-voltaic device with the material 

properties given in Table III.III. 

The maximum power output and associated maximum efficiency were 

graphically determined using the calculated irradiated I-V characteristics. 

'The maximum power output .calculated for an ex-voltaic device exhibiting 

a three component dark ~~V characteristic is given in Table III.V for 

a number of ex-particle source strengths . .. 

In general the maximum power output will increase as the angle of 

incidence of the ex-particle beam is r_otated from the normal since the 

electron-hole pairs are then produced closer to the junction and are 

more readily collected. At some angle which approaches a grazing 

condition the electron-hole pairs are produced so close to the surface 

that a substantial portion are lost through recombination processes 

prior to their reaching the junction. These. two effects tend to balance 



Table III. IV. Charge collection properties of a Si p-on-n 
alpha-voltaic device under 5 MeV alpha particle bombardment 

Q 

200(a) 250(a) 300(b) 300(a) 300(c) 350(a) 400(a) T( K) 
- --

t(f.L) 10
3 

10 10 10 10 10 10 

'T (sec) 10-7 10-7 10- 6 1o-7 1o-8 10- 7 1o-7 
n 

'T (sec) 10-6 1o-6 1o- 5 1o-6 1o-7 10-6 1o-6 
p 

L (f.L) 10.2 12.1 40.5 n 12.8 4.05 12.9 12.6 

L (f.L) p 
21.4 22.6 77.2 24.4 7. 72 24.2 23.4 

-------------------------------------------·-------------------------------------------~ I 

i.41X106 1.41X10
6 

1.41X106 1.41X106 1.41X106 1.41X106 1.41X106 w 
N · h (ehia) 00 

e ,m x 

N eh, SR( elfa) 3.66X10 5 3.84X10 5 4.41X10 5 4. 01X10 5 1. 97X10
5 

3. 97X10 5 3.82X10 5 

Neh,J(eh/a) 6.15X104 6.15X104 6.15X104 6.15X104 6.15X104 6.15X104 6.15X10
4 

N eh, BR (elfa) 6.69X10
5 6. 99X10 5 8.87X10 5 7. 05X105 4.29X10 5 7.04X10 5 7 .12X10 5 

Q o. 779 0.813 0.987 0.829 0.486 0.826 0.821 

(a) Representative of moderately pure material. 

(b) Material of higher purity than (a). 

(c) Material of lower purity than (b). 

" . 
' . 
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Table III.V. Short-circuit current (in rnA) and maximum power output (in fJ.W) for 
a silicon p-on-n alpha-voltaic device under 5 -MeV alpha particle bombardment . 

T (•K) 
pin 

200(a) 250(a) 300(b) 300(a) 300(c) 350(a) 400(a) (fJ.W) 

1.48X104 I 3,25 3.39 4.12 3.46 2.04 3.45 3.42 sc 
2 .21X10

3 1.86X103 1. 95X10 3 1.45X10 3 7.03X102 1.01X103 5.94X102 p 
max 

3 
sc 3.25X10-1 3.39X10- 1 4.12X10- 1 3.46X10- 1 2.04X10- 1 3.45X10- 1 3.42X10- 1 

1 .4 8X10 P 2.05X10 2 1.66X102 1.69X102 1.22X102 5.28X10 1 7. 73X10 1 3.65X10 1 
max 

3 .25X10- 2 3.39X10- 2 4.12X10- 2 3.46X10-2 2.04X10- 2 3.45X10-2 3.42X10-2 
sc 

P 1.85X10
1 

1.42X10
1 

1.43X10 1 9.50 3. 70 5.37 1.69 max 

10-3 1.48X10 1 
I sc 
p 
max 

3.25X10- 3 3.39X10- 3 4.12X10- 3 3.46X10- 3 2.04X10- 3 3.45X10- 3 3.42X10- 3 

1.63 1.15 .1.13 6.83X10- 1 2.40X10- 1 3.13X10- 1 4.23X10- 2 

10-4 1.48 
I 3.25X10-4 3.39X10-4 4.12X10-4 3.46X10-4 2.04X:i0-4 3.45X10-4 3.42X10-4 
sc -

Pmax 1.40X10- 1 8.58X10- 2 7. 76X10-z 4.33X10-Z 1.23X10-2 1.13X10-2 4.97X10-4 

_
5 

_
1 

I
5

c 3.25X10-S 3.39X10-5 4.12X10- 5 3.46X10-5 2.04X10- 5 3.45X10-5 3.42X10-5 

10 1.48X10 P 1.15X10- 2 5. 78X10- 3 3. 3 7X10- 3 1. 78X10- 3 3.54X10-4 1.81X10-4 2.5 7X10- 6 
max 

(a) Representative of moderately pure material. 

(b) Material of higher purity tha·n (a). 

(c) Material of lower purity than (a). 
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one another f'or an isotropic distribution so that the calculations of' 

the maximum output power in this section (i.e., normal incident beam of' 

a-particles) are expected to be representative of' an actuala-voltaic 

device of equivalent activity. 
. .. 

. In Fig. III.4 the initial maximum conversion eff'iGiency calculated 

. for an a-voltaic device with an ideal dark I-V characteristic is 

'c.ompared with that f'or a device with a three cbmponent dark I-V 

characteristic as a function of' the a-particle source strength.at tempera-

tures of 200 and 300°K. The device with the "harder" characteristic 

(i.e., lower current passed at a given voltage ) is seen to yield the 

best efficiency f'or energy conversion. Also included f'or comparison 

are typical results f'rom Section V f'or the measured conversion efficiency 

of p-on-n Si solar cells under 4 MeV a-particle bombardment. The so~id 

points represent measurements made at 200°K and the other points are 
' . 

for 275°K. The ·substantially lovrer values of' the measured conversion 

efficiency result f'rom the very sof't dark I-V characteristics possessed 

by solar cells. Fig. III. 5 presents a comparison of' the temperature 

dependence of TJ f'ordevices with the two types of dark. I-V character-max . . 

istics for three o:-particle source strengths. At the higher temperatures 

the maximum efficiencies f'or both device.-types are seen to approach one 
. . 

another. This results from the f'act that at the higher temperatures the 

ideal contribution to the~ dark I-V characteristic becomes the dominant 

contribution; that is, the dark I-V characteristic becomes approximately . ~ 

ideal over the current range which corresponds to the.a*-rticle source 

strengths considered here. The initial efficiencies calculated for the 

different degrees of material purity (i.e.' the three sets .of' minority 

carrier lifetimes characterizing the three degress of purity in Table 
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Fig. III.4. Initial maximum conversion efficiency for p-on-n Si 
a-voltaic devices with (A) ideal and (B) three-component 
dark I-V characteristics. 
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' Fig. III.5. Initial maximum conversion efficiency vs temperature for 
· a p-on-n Si a-voltaic device (the solid and dashed curves 

correspond to diodes possessing ideal and three component 
dark I-V characteristics respectively). 
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III.III) are compared in Fig. III.6 as a function of source strength. 

These results show that the use of high purity material in the pre1)aration 

of an a-voltaic device results in a sizable improvement in device 

performance. In a practical situation this effect would become less 

important since the high purity material is more expensive to produce. 

4. BombarQ~ent Induced Changes in Device Performance. The results 

quoted above apply,only to the initial or predamaged state of a Si 

a-voltaic device. The defect centers which originate from bombardment 

produce a decrease in the minority carrier lifetime in that portion of 

the bulk material traversed by the incident a particles. The minority 

carrier lifetime is related to the defect center concentration through 

Eq. (III-26). Therefore the spatial variation of the minority carrier 

lifetime is proportional to the number of defect centers produced per 

unit track length per a particle, where this is shown in Fig. III.2. 

From this figure we ,see that it is reasonable to consider a single 

average defect concentration in the surface region (0 ~ x ~ 10~), 

whereas the base region must be divided into lightly damaged 

(11~ ~ x ~ 24~), heavily damaged (24~ ~ x ~ 27~), and undamaged (27~ ~ x) 

sub-regions each possessing an appropriately determined average defect 
...... 

center concentration. The more regions considered the better would be 

the accuracy of this approach. However the-bombardment produced changes 

in minority carrier lifetime cannot be directly calcul~ted from Eq. 

( III-26) because the defect cente'~ capture cross sections for holes 

and electrons are not known. 

An alternate technique can be employed which considers changes in 

the diffusion length during exposure (see Eq. (III-28)). In this case 
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Fig. III.6. Initial conversion efficiency for p-on-n Si a-voltaic 
devices of various purities at 300~ (curves A, B, and C 
correspond to the material properties of columns (b), (a) 
and (c) respectively of Table III.III). 
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the diffusion length degradation constant, K(x), is proportional to the 

number of defect centers produced per unit track length. Using the value 

of K measured at a particular a-particle energy E (and corresponding a 
position x) it is then possible .to normaii'ze the. spatial distribution 

for the K(x) at this point and proceed with the determination of the 

required average defect center concentrations. This technique is 

.considered in more detail in Section V. 

For the present discussion it is sufficient to use the results 

of Section V which deal with the.bombardment induced changes of the 

maximum conversion efficiency for p-on-n Si solar cells. The behavior 

of a p-on.,.n Si a-voltaic device· should be very similar. The results to 

be used here were obtained from the measurements at 200 and 275°K. The 

effective curve shmm by the dotted line in Fig. v.19 was used in 

·calculating the bombardment induced changes in conversion efficiency 

for a moderately pure p-on-n Si a-voltaic device at 250°K. Figure 

III.7 shows the decrease in maximum efficiency with time for four 

separate source strengths; and it is quite evident that the useful 

lifetime of the device becomes impractically short for the stronger 

alpha sources. 

The non-normal a-particle flux encountered for an actual a-

particle source would result in an even faster decrease in the maximum 

conversion e~ficiency during exposure. This results from the fact that 

the defect centers are produced closer to the junction by those a 

particles with a low angle of incidence, ·and therefore the severely 

da:naged regions produced at the end of the a-particle tracks are n() 

longer localized to a portion of the base regions far removed from the 

junction as is the case for a normal incident beam of a particles. 

'' 
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Fig. III.7. Maximum conversion efficiency for a Si p-on-n a-voltaic 
device vs exposure. 
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IV. DARK CURRENT-VOLTAGE C~~CTERISTICS FOR 
SILICON AND GALLIUM ARSENIDE SOLAR CELLS 

A. Theory. 

In the preceding section it. was noted that the ease -v;i th which 

current is passed by a forvrard "biased semiconductor diode has a sub-· 

stantial effect upon the energy conversion capability of the diode 

under a-particle .bombarrunent. A diode with a soft forward I-V character-

istic was shown to yield a lmver po-vrer output for a fixed power input 

than one with a hard characteristic. 

· The forward I-V characteristic of a semiconductor diode is generally 
I ' 

assumed to consist of an ideal diffusion term and a non-ideal term 

which is found to be prenent in most actual diodes. The various contri-

butions to the non-ideal term are described in the following paragraphs 

' and a detailed discussion of the mechanisms responsible for these 

contributions to this term can be found in Appendix A. 

The diffusion current passed by a p-n junction has been treated in 

56 detail by Shockley. . The I-V characteristic obtained by Shockley is 

just the so called ideal term mentioned earlier and is given by 

I "A.V. 
5I (V ) = I ( e J ~1). 
. d j . 0 ' 

( IV-1) 

where the reverse saturation current, I
0
,/is 

···~ 

[ 

D . ·· D ] 

Io = qAx nP~(L:) + :Pno(L;) · ( IV-2) 

Equation (IV-1) implies a ·negligible internal series resistance of the 

diode since the voltage applied to the diode is V = V. + IR . This 
. J s 

current is a lower limit for .the current which can be passed by a semi-

conductor diode and is therefore an example of a hard I-V characteristic. 

Suitably prepared Ge diodes have been shown to obey Eq. (IV-1) at room 
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temperature anJ\above .58 Hovrever, for Si and GaAs .. diodes as ~orell as Ge 

diodes at lmv temperature, the measured I-V characteristics are found 

to deviate from Eq. (IV -1) • 

In the limiting situation where the injected minority carrier 

concentration is large compared to the equilibrium majority carrier 

concen~ration, i.e., high level injection, Sah, Noyce, and Shockley53 

have found the diffusion current to be of. the form 

D +D . 
Id = ~2 qA ( ~ n)n. exp(r..V ./2). 

X ~ J 
0 

( IV-3) 

Therefore, at high injection levels the exponentialdependence of the 
. . 

· '· c"lirrent upon voltage is_ seen to be r../2 or half that for low level 

injection (cf. Eq. A-21). 
/ 

A number of mechanisms which contribute additional current in an 

·actual diode have been discussed in the literature. The current resulting 

from a given mechanism will be designated. as a current contribution to 
_;--" 

the non-ideal term of the I-V characteristic. Thus the total current 
. ' 

·passed by a semiconductor diode is 

' r..y. 
I:= I (e· J-1) + L: In(VJ.), .. · . o · n 

.... :·-··--

( IV-4) 

·.where In (Vj). represents the non-ideal curr~nt contribution to the I-V 

characteristic res~lting from mechanism_n and the sum is the non-ideal 

term. 

The specific mechanism resportsible for .. the major. -co-ntribution to 
., 

the non-ideal term is dependent upon the type of device in question. . . ' . . . ' The 

device geometry, material. properties, surface condition, and ambient. 

temperature determine the voltage range over which a particular mechanism 

is dominant. 

I , 

. : 

.I 
I 

I 
I 

i 

;j 
·' 

';i 



Shunt Conductance Current. All semiconductor diodes have a corr.mon 

contribution to the I-V characteristic, and this' is the shunt conductance 

current characterized- by a shunt resistance, RSH' in parallel 1-ri th the 

p-n junction. The I-V characteristic in this case is 

f....V. 

I = ISH + I 
0 

( e J -1) , ( IV-5) 

where ISH =Vj/RSH' This term can be large in comparison with the ideal 

current over a substantiul portion of the voltage range, since the 

reverse saturation current for a Si diode at room temperature is on the 

-12 order of 10 amperes and that for GaAs is even smaller. The current 

contribution of the shunt conductance path can be even more important 

at lovrer temperatures. 

Junction Recombination-Generation Current. Another process contri-

buting to the non-ideality of a device is the current arising from the 

·generation or recombination of electron-hole pairs in the junction. 53 
. . 

The thermal gener~tion of electron-hole p~irs is important for a junction 

under a large reverse bias 1.-lhere these thermally produced pairs are 

swept from the junction and contribute to the current. In the forward 

bias region of operation, electron-hole pair recombination is of 

importance, since the carriers injected into the junction from one 

field-free region of the diode have a finite probability for recombination 

before reaching the other field-free region. The net result of this 

process is an increase in the current flowing through -the ~iode· at a 

fixed voltage. This contrihqtion to the I-V characteristic for a linear 

· variation of potential in the junction is given by 

f....V. 
sinh( f) . 
f....(?/Jn~vj) 

2qn.A W(V.) 
I - ··J.~ J 

rg J -r -r 
po no 

f(b), (IV -6) 
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where w(v.) is the junction thickness. It is therefore to be eA~ected 
J 

that this will be the dominant contribution to the non-ideal term for 

a diode lvith short minority carrier lifetimes and a thick junction. 

From Eq. (IV-6) it can be seen that in the intermediate voltage region 

. (i.e., /I.Vj .> l_but Vj <'/!D) the exponential dependence of current upon 

voltag~ is t.../2. 

Surface Inversion Layer Current. It is well known that contamina-

ti~m of a semiconductor surface by adsorped gases .can lead to the 

. . . 1 12, 19, 44, 6o h. . t f formatlon of a surface lnverslon ayer. T lS consls s o a 

thin surface region of the opposite conductivity tyP,e to that of the 

bulk material. In the specific case of Si a p-type layer can be produced 

' iri n-type material when exposed to an oxygen rich atmosphere, and an 

n-type inversion layer results when p-type material is exposed to •·rat,er 

vapor. Therefore a p-n junction is formed in the process, and the 

current resulting from this junction must be included in the I-V 

. . 15 1 h characteristic for the diode. Cutler and Bath have calcu ated t e 

contribution of a surface. inversion layer current to the I-V character-
- -

istic of a diode. Under the assumption that the length of the inversion 

layer is not limited (this is not a good approximation for shallow 

diffUsed junctions), they find the diode forward I-V characteristic to 

be 

'(IV-7). 

2' ' 
where ~ = ~" LJs/t...p and L is the inversion layer thickness. Equation 

(IV-7) shows that the inversion layer current also exhibits- a t.../2 

exponential dependence on voltage in the lntermediate.voltage region 

(i.e., /I.Vj > 1). Therefore the general shape of the generation-recombina­

tion and inversion layer current is approximately the same vrhereas their 

; 

'' 

. ; 

' 

.I •· 
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magnitudes can be quite different. As stated previously, the relative 

magnitude of any of these contributions is a characterist~c of the 

particular diode in question. 

Tunneling Current. In the case of a diode with a very thin 

junction and high impurity atom concentration, the dominant contribution 

to the. non-ideal term is expected to be the so-called"excess-current" 

and this is indeed found to be the situation for tunnel diodes.l3, 20 

The . "excess current" arises from either the direct t_unneling of the 

charge carriers through the junction between energy states in the conduction 

and valence barrls or v.ia the intermediary localized energy- levels in the 

forbidden energy gap. The current resulting from this tunneling process 

1 1 t d b Ch th .L. 1 13 . as ca cu a e y • ynowe - e ~., a . , ~s 

( rv~8) 

. where NT is the concentration of impurity energy levels, W
0 

is the 

junction width for unity contact potential, and the constant a , defined 
. T 

in Appendix A; exhibits a very weak dependence upon temperature. The 

constant A although not determined by Chynoweth et al., must in conjunction 

with NT account for the eurrent going to zero at Vj = 0. The constant 

A depends upon the transition frequency between the impurity level 
I 

energy states in the forbidden energy gap and the available energy 

states in the valence band which are situated at the same energy. As the· 

applied bias, V., is increased, the localized impurity energy levels 
J l 

located at fixed positions in the forbidden energy gap are shifted 

relative to the available energy states in the valence band. This 

leads to a voltage dependence of NT' and therefore the exact nature of 

the distribution of impurity levels in the forbidden.energy gap must be 

known in order to quantitatively determine the current. The distribution 



-52-

of available energy states in the valence band has an energy Qependence 

of C(E-Evp) 1
/

2exp [A.(E-Efpd] for a non-degenerate semiconductor. This 

factor tends to smooth mit any structure in the. distribution of impurity 

. levels, and the total current must therefore be proportional to the 

integral of IT(V) at E over the energy .interval of overlap. for the t1v0 

distributions (the posit:Lon of the impurity level distribution being 

dependent upon junction bias). Then 

~ 1/2 . . 
IT = f E T(E)C(E-E ) expf...(E-Efp· 

0
)NT(E, V. )dE, 

vn vp J 
( IV-9) 

where E = E. - ( {!D-V.), N (E, V.) designates the concentration of 
vn vp . · J T J 

impurity levels at energy E for a junction bias of Vj, and T(E) is 

transition probability at energy E which is given by Eq. (A-44) of 

+' vDe 

Appendix A. The total number of available valence band energy states in 

the eJ1ergy interval of overlap 'is dependent upon temperature through the 

exoonential factor expf...(E-E~ ). It is therefore expected that the 
~ . . rpp 

magnitude of the tunneling current contribution to the non-ideal term 

will decrease' with decrea.'sing temperature, whereas the exponential 
. . 

dependence ~pon voltage is approximately independent of~temperature as 

deduced from Eq. (IV-8); At iow temperatures the band of available 

states in the valence ban~ is comparatively narrow so that the tunneling 

current I-V characteri'stic is expected to have a structure similar to ' 

that present in the distribution of impurity levels. 

Sheet.Resistance. In the preceding discussion it has been assumed 

that the entire junction experiences ari. identical .bias, V.. This 
J 

situation i~ however, not realized for a solar cell where a voltage 

gradient is developed in the surface region when· current flovrs along the 

path from the junction.to the electrode strips on the front surface. 

'· 

.; ·' 
I 

'I 

I 

I . 
' I 

I ~ 
! 
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The potential variation over the· cross sectional area at the junction-

68 
surface region boundary has been studied by Wysocki. He found that., 

as the current increased.- the effective area of the junction (the 

fraction of the area 1-:rhieh contributes to current flm.:r) decreased. 

Therefore the current is found to increase more slowly than the ideal 

exPonential term at A.V. > 1. - ' J 

Non-Uniformity of Material Properties. 58 Q.ueisser has shm.:rn that 

non-uniformity of material properties in the surface region and. junction 

result in regions of the. junction possessing different I-V characteristics. 

Therefore this spatial non-uniformity of the junction characteristic 

is of substantial importance -vrhen considered along with the fractional 

use of the j~ction area. In particular Q.ueisser found the I-V 

characteristic of the junction region immediately below the electrical 

contacts to be quite different from that of the regions far removed from 

the contacts. At large applied bias and associated current, the 

effective junction area in'cludes orily those regions in the vicinity of 

the electrical contacts; and th~refore it is to be expected that the 

solar cell I-V characteristic can be markedly affected. 
' 66 ' ' ' 

Recent work by Wolf and Rauschenbach has shown that the I-V 

characteristic of a. Si solar ceil in the temperature range of 300 to 

400°K can be relatively well represented by an expression containing two 

exponential terms and the shunt conductance term, 

(V-IR ·) 
I(V) = RSHs + I01 [exp(~ [V-IRs])-1] + I~[exp(A.[V-IRs])-1] (IV-10). 

where the last term on the right hand side of Eq. (IV-10) is the ideal 

diffusion term, I
01 

is the effective reverse saturation current for the 

·non-ideal term, and A is the junction non-ideality factor normally 
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assumed to be betvTeen 1 and 3. 40, 66 They were' unable to draw any con-

elusions relative to the mechanism producing the non,..ideal exponential 

term in Eq. (Dl-10) while concluding that the ideal diffusion term was 

indeed present for the p~on-n Si solar cells tested. 

In the work reported in this section the temperature ranee of 

interest vras extended down to either 100 or 200°K, and the solar cell and 

junction I-V characteristics were measured for p_-on-n and n-on-p Si 

solar cells and p-on-n GaAs solar cells. The results were analyzed 

using the two exponential model of Wolf and Rauschenbach, where an 

attempt has been made to relate each of the exponential terms to one 

or more of the basic mechanisms discussed above. 

B. Experimental Method.. 

The current voltage characteristics were measured for Si and G~s 

solar cells in the temperature range 90 °K to 360 °K_. Both p-on-:-n and 

n-on-p Si cells 1vere used, ivhereas only p-on-n GaAs cells vrere available. 

The majority of the cells' 1vere treated only with a distilled \vater and/or · 

ethyl alcohol wash. One exception to this was GaAs A-20 which received 

' I 

an etch of the cell edges with a solution of HN~3/HF/H2o in 1:1:1 

proportions followed byadistilled water wash. In this case the etch 

vlas required in order to reduce the shunt' conductance current to an 

·acceptable value. Also.given an edge etch were cells Si3A and SiL. 

These cells were etched. vrith CP4·* etch in order to observe the effect o:f 

such an etch upon the r...:v characteristic. The method of preparation along 

5 parts concentrated J-!NOy 3 parts .each cr-r
3

cooH and 48 percent HF; 

sometimes contains trs.ce amounts of Br. 

.. 
li 
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with a detailed description of each cell tested is given in Table 

rv.r. 

The solar cell I-V characteristics were measured in a light tight 

vacuum chamber at a pressure o~ about one micron of mercury. The 

chamber is shown in Fig. rv.l. The pressure was measured with a Hastings 

thermocouple type gauge. 

The vacuum chamber ivas designed in such a way that the I-V 

characteristic of a saw~le cell could be measured at a number of tempera­

tures. The solar cells were soldered to a platinum sheet and placed in 

a sample holder which was in turn bolted to the bottom of the fluid 

container. Platinum was chosen because of the fact that its coefficient 

of expansion is approxima.tely equal to that of Si .. This made possible 

tests on a majority of the Si cells at liquid nitrogen temperature with­

out complete dest:r:uction of th~ cell. The platinum sheet v1as bolted to 

the sample holder at only one point in order to allow it to freely 

contract or expand relative to the brass sample holder. In order to 

attain the desired tempel'atures, the fluid container was filled '\vith 

either liquid nitrogen c~ 90 °K)' dry ice and ethyl alcohol ( ~ 200 °K)' 

·distilled water ice(~ 273°K), or distilled water heated by ·a 100 watt 

blade type heater element ( ~ 360 °K). The, solar cell was in good thermal 

and electrical contact w1.th the vacuum chamber body so that the chamber 

became part of the electrical circuit. The sample holder was positioned 

in the chamber such that it could be subjected to a light source (a GE 

1493 tungsten lamp). A teflon sheet was placed between the solar cell 

and lamp in order to yi~ld a more diffuse light source than that of the 

lamp alone. An infrared filter was not used in conjunction with the 

light so~rce, and as a result heating of the sample cells became an 

important factor at high light source intensities. 
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Table IV. I. Properties and preparation of sample solar cells. 

Rated solar Symbol 
Size efficiency used in 

Cell Type (cmXcm) Contact (o/o) Preparation figures 

SiM IRCS0510E10-p-n 0.5X1.0 Gridded 10 D. W.&E.A. wash .6. 

SiN IRCS0510E11-p-n o.5x1.o Gridded 11 D. W. wash 0 
Si51CB Hoffman 51C-p-n o.5x1.o Ungridded 8 D. W.&E.A. wash 0 

Si3A IRCS0510E10-p-n o.5x1.o Gridded 10 D. W.&E.A. wash \1 
Si3A IRCS0510E10-p-n 0.5X1.0 Gridded 10 Etched in CP-4 and ... 

D.W.&E.A. wash 

Si1B IRCS1020E8-p-n 1.ox2.o Gridded 8 D. W. wash ... 
Si1D IRCS1020E8-p-n 1.ox2.o Gridded 11 D. Vf, wash • 
SiL IRCS1020E11-n..:p 1.ox2.o Gridded 11 D. W. &E. A, wash t) 

SiL IRCS1020E11-n-p 1.ox2.o Gridded 11 Etched in CP-4 and (J 

D. W. & E. A. wash 

SiF IRCS1020E8-n-p 1.ox2.o Gridded 8 D. W. & E. A. wash • 
GaAs RCAXSC100-p-n 1.ox2.o Gridded 4 Etched and D, W. wash 0 
A-20 

GaAs RCAXSC100-p-n 1.ox2.o Gridded 4 D.W.&E.A. wash • A-22 

Manufacturers estimates of device properties: 

Si p-on-n; junction depth of 1f! to 2f!, L "" 1f!, p "" 1 rl em, L "" 10f! to 100f!, s "" 5000 em/ sec n n p . n 
Si n-on-p; junction depth of 1f! to 2f!, L "" 1f!, p "" 1 rl em, L "' 10f! to 100f! 

p P n 
GaAs p-on-n; junction depth= 1f! ±10o/o (never more than 1.5f!), p"' 2,3X10 19 cm- 3, 

p 
L "'0.5 to 1.0f!, s ""1000 to 5000 em/sec, n "'1017 cm- 3, n n n 
L "' 1- 3f! (zinc diffusion). 

p 
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Thermocouple diffuser 

Sample holder Fluid container 

Light source 

MU -35459 

Fig. IV.l. Diagram of vacuum chamber and associated parts . 

.. 
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The sample temperature 1-ras continuously monitored by feeding the 

• output of a copper-constantan thermocouple to a strip chart recorder. 

The thermocouple was attached to the inner· wall of the sample holder. 

The current-voltage cha:ra:cteristics of the·· solar cells ivere 

measured at the four previously mentioned temperatures using the circuit 

shown in Fig. IV. 2 and the equipment shown in Fig. IV .. 3. Measurement 

of the forward bias .region of the I-V characteristic was limited to 

currents less than 200 milliamps·. The voltage drop across the .cell was 

measured byan electrometer voltmeter with the output of the voltmeter 

being used to drive one co-ordinate of an X-Y recorder. The current was 

. obtained from the measured voltage drop developed across one of a set 
I 

of precision resistors .which could' be placed in series with the sample 
' . ' 

solar cell. This voltage was also measured with an electrometer volt-

meter, and the meter output was used to feed the other co-ordinate of 

the X-Y plotter. In this way the current-voltage characteristics were 

displayed on an X-Y recorder. The measuremental uncertainties associated 

with this system are presented in Table IV.II. The I-V characteristic 

obtained in this ~ay includes the internal series resistance effects and 

as a result is referred to as the diode current-voltage characteristic. 

In .the f~nrard bias voltage range where the series resistance is 

of importance, itwas necessary to also measure the.I-V characteristic 

of the junction alone. Providing the series resistance is not too great, 

this can be achieved by using a'light source of adequate strength. In 

this work a tungsten lamp, I powered by a_ regull:!-ted DC power supply, v1as 

employed where the intensity of .. the light source was increased in a 

stepwise manner. The short circuit current and open circuit voltage were 

measured at each setting of light source intensity. ' As mentioned in 

I 
.I -
I 

,j 

i 
' .~ 

j 
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{a) 

L S N S peedomax 
H Azar strip­
chart recorder 

Houston model 

HR -96 

X- Y recorder 
Copper- constantan '-----r----,----' 

thermocouple 

Welch duo-seal 
Model1402 8 
vacuum pump 

Vacuum 
chamber 

R1=1 n 
R2=10D. 
R3=100 fl 

{b) 

R4 = I kfl 
R5=10k.0: 
R6 =100kfl 

Resistance 

and bias box 

R7 =1 MD. 

Ra 

R8 = 100-n He I ipot 
V0 = 3 Volts 

MU-35547 

~ig. IV.2. (a) Block diagram and (b) circuit diagram used in the 
measurement of the diode I-V characteristics. 
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ZN -4825 

Fig . IV.3. Apparatus used in the measurement of the diode I-V 
characterist i cs . 
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Table IV. II. Estimated systematic and random uncertainties 
associated with the measuring apparatus. 

I-V Characteristic 

Measured Diode (low Diode (intermediate 
quantity voltage) and high voltage) 

(a) (b) 

v., Random ±0. So/o ±0. So/o 
J 

Systematic ±0. 5o/o ±0. 5o/o 

VI' Random ±0. 5o/o ±0. 5o/o 

Systematic ±0. So/o ±0. So/o 

RI' Random ·±0.1o/o ±0.1 o/o 

(g) (h) 

v., Random ±0.1 mV ±0.3 mV 
J 

Systematic .$+0.3 mV .$+0.6 mV 

VI' Random ±2o/o ±2o/o 

Systematic 

RI' Random ±0.1 o/o ±0.1 o/o 

(a) X- Y plotter with inputs fed by two Keithley VTVM 1 s. 
(b) X- Y plotter with inputs fed by two Keithley VTVM' s. 

Junction (high 
voltage) 

(c) 

±0. 5o/o 

±0. So/o (d) 

±O.So/o (e) 

±2o/o (f) 

(i) 

±0.4 to 0.5 mV 

.$+0.6 mV 

±0.1 mV 

,$+0.3 mV 

±0.1 o/o 

(c) Voltage measured with Keithley and current with clip-on milliameter. 
(d) Keithley VTVM readings corrected using calibration curve. 
(e) Random error increased on lowest scale. 
(f) Specified by the manufacturer of the instrument. 
(g) Voltage measured with Digitec and current with Keithley. 
(h) Voltage measured with Digitec and current with Keithley. 
(i) Voltage measured with Digitec and current with Digitec. 



Section III, the I-V characteristic of a solar cell under illumination 

is equal to the sum of the dark I-V characteristic and the current 

resulting from the collec:tion of the electron-hole pairs produced by 

the light source, 

( IV-11) 

where Id(Vj) is the junction dark I-V characteristic, IL is the light 

generated current, and V = V. + IR . The junction dark I-V character-
J s 

istic is equal to the diode dark I-V characteristic if either R. = 0 s 

or IR <<V . The open circuit voltage produced by a given light source 
s g 

intensity is obtained from Eq. (:IV-11) with I = 0, 

(IV-12) 

. Therefore the junction I-V characteristic can be obtained providing that 

it is possible to achieve the necessary range in IL. The short circuit 

current is obtained from Eq. (IV-11) with V = 0, 

I = Id( -I R ) - IL; sc sc s . 

which is indeed equal to -IL for sufficiently small values of the series 

resistance. Therefore the junction dark I-V characteristic was 

obtained in a point-by-point manner. The circuit used. to measure the 

junction dark I-V characteristic· is presented in Fig. ·rv.4 and the 

equipment shown in Fig. IV.5. The open circuit voltage was measured with 

an electrometer voltmeter, and the short circuit current was either 

measured directly with a clip on milliammeter or was obtained from the 

voltage drop developed across a calibrated precision resistance (this 

voltage was measured by an electromet·er voltmeter-digital voltmeter 

combination). The resistance employed was always small enough so as 

to satisfy the condition that Id(-I -R ) << IL. The measuremental sc s 

uncertainties associated vrith this system are also p·resented in Table IV. II. 
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(a) 

Hastings L !l N Speedomax 
thermocouple - H Azar strip-

type pressure gauge chart recorder 
Hewlett - Poe kard I Power Designs _ Copper- constantan Madel 428A 

Model2050 thermocouple clip-an mllliameter 
de power supply 

Vacuum I Resistance box I chamber 

Keithley Oigltec Model 
Model 2008 f--- Z-200-B 

I Welch Duo Seal ~ 
de voltmeter digital voltmeter 

Madel 1402 B 
vacuum pump 

(b) 

R3 =100.0. R5=22M.0. 

R4 =1-k.O. Helipot 

MU-35548 

F~g. IV.4. (a) Block diagram and (b) circuit diagram of equipment 
used in the measurement of the junction I-V characteristics. 
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ZN - 4826 

Fig . IV.5 . Apparatus used in the measurement of the junction I-V 
characteri st i cs . 
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The solar cell temperature vras found to increase at the: higher 

light source intensities as a result of infrared heating produced by 

the tungsten la.~p. In order to minimize the effects of this heating 

upon the measured I-V characte:r:istic, the majority of cells tested vlere 

allowed to return to thermal equilibrium prior to the measurement of' 

V and I for each point. 
oc sc 

C. Results and Discussion. 

The experimentally measured diode and junction dark I-V character-

istics for the three cell types were compared with Eq. (IV-10) vrith 

Rs = 0; and the constants RSH' I
01

, 5, I
0

, and A.m were chosen so as to 

obtain a best fit of the experimental data. The value of R was then 
s 

obtained from the displac:ement of the diode dark I-V characteristic vrith 

respect to the junction dark I-V characteristic. 

For small currents the dark I-V characteristic can be approximated 

by (the magnitude of the current for which this is a valid approximation 

is a function of the test temperature, see Table IV.III) 

I(.V.) 
' J 

V. 
= RJ + I l ( 5V.) + I A.V. 

SH o J o J 
(IV-14) 

where A./A has been replaced by 5. The motivation for this step will 

become evident when the temperature dependence of the non-ideal exponential 

term is discussed. The third term on the right hand side of Eq. (IV-14) 

is negligible and can be neglected. Then the slope of the I-V character-

istic at the origin is 

di(O) 1 
-- = + 5I01 =A 

dVj RSH 

or 

1 A 
-----R = - oiol' 

SH 
. (IV-15) 
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Table IV.III. Typical temperature dependence of the different 
voltage regions for the three cell types tested. (a) 

Cell 
ty:ee 

Si p-on-n 

(SiM) 

Si n-on- p 

(SiL) 

GaAs p -on-.n 

(GaAs A-22) 

0 

Temp( K) 

90 

200 

27 5 

360 

200 

27 5 

360 

200 

27 5 

360 

Voltage re~ion (V} 

Intermediate 

v s 0.85 

v s 0.65 

v s 0.45 

v s 0.30 

v :5 0.60 

v s 0.45 

v s 0.25 

v s 1.00 

v :5 0.80 

v s 0.50 

Transition 

0.8:5 $ v s-
0.65 $ v s-
0.45 $ v :5-
0.30 $ v s-
0.60 ~ v :5 0.75 

0.45 $ v :5 0.60 

0.25 $ v-

1.00 $ v :5 -
0.80 $ v :5-
0.50 $ v s-

High 

o. 75 s v 
0.60 s v 

(a) The low-voltage region for all the cells tested corresponds to V S 0.10 V. 

~ 
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It is then possible to ootain the shunt resistance providine; I 01 and o 

are known. However, it was sometimes impossible to obtain a positive 

value for RSH once I 01 and o had been determined. This is a result of 

the inadequacies in the assumed two-exponential model. Figure rv.6 

presents the I-V characteristic for SiM at 274°K where the linear slope 

through the origin is in<licated and wherethe deviation from linearity 

vrith increasing voltage ean be seen. Applying the method of least 

squares to the four or six lowest voltage points, the value of~ and 

its variance were obtained as outlined in Appendix E. 

In line with our earlier statements, the first exponential term in 

Eq. (IV-10) is expected to result from one or more of the mechanisms 

responsible for the non-j_deal current term. Both I and the inversion rg 

layer current exhibit an exponential dependence corresponding to A = ,2 

in the intermediate volta.ge region (i.e. A.V ./2 > l and V. < 'ilL). The 
J J 'lJ 

exponential dependence fc'r these two current contributions is therefore 

dependent upon temperature, whereas the exponential dependence of the 

tunneling current is approximately independent of temperature. Combining 

Eqs. (IV-15) and (IV-10) yields 

oV. ·. _ A.V. 
r(v) = Av. + I ( e J - oV. -~1) + I ( e J - l) 

J ol J o 
( IV-16) 

where as before V. = V - IR • 
J s 

The measured junction characteristic satisfies the condition that 

V = Vj, since the effect of the series resistance is not present. For 

a broad area junction device with two thick field free regions (i.e. the 

n- and p-type regions on either side of the junction) a~d a uniform 

junction, the true junction I-V-characteristic is indeed measured using 

the light source technique described previously. ·As we mentioned in 
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MU-35956 

.Fig. IV.6. The forward I-V characteristic in the low-voltage region 
for SiM at 274°K. 



Section D! .A, the solar <:!ell junction was found to be non-uniform58 

so that the measured junction I-V characteristic is an effective one 

given by 

I(V .) = fA . J(x,y;V .)dxdy 
J ~){· J 

( D!-17) 

where the integration iS carried out over.the cross-sectional area of 

the junction. For solar cell geometry the additional complication of a 

thin surface region arises. The surface region-junction boundary is not, 

in general, an e·quipotential surface· so that the measured I-V· 

characteristic, assu.rning the junction to be spatially uniform, .is still 

an effective one given by 

I ( V . ) = fA J ( V . ( x, y) ) dxdy . J . J . . X 
( IV-18) 

The I-V characteristic measured for a solar cell under illumination is 

therefore the effective I-V characteristic of the surface region-junction 

combination which in the limit of low surface region series resistance· 

(i.e., for lo-vr surface region resistivity or gridded electrical contacts) 

reduces to the effe.ctive I-V characteristic of the junction alone. 

The current in the intermediate voltage region is low enough 

( $ 5Xl0-
4 

amps) ~o that the surface region-junction boundary is approxi-· 

mately an equipotential plane, and the measured I-V characteristic in 

this voltage range is essentially that of the junction. Returning to 

Eq. trv-16), it can be seen that for oV. > 1 
J 

8V. . A.V. 
[I(V.) - AV.] ~ I 

1
e J + I e J 

J . J 0 0 
( D!-19) 

where the ideal term is not important untilhigh voltages are attained. 

The voltage at which the ideal term makes. a perceptible contribution to 

the I-V characteristic can be determined from the point at which a log 

plot of the 'quantity· [I(V.) - /),.V.] deviates from linearity. This effect 
J J 
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is shown in Fig. IV.7·for.SiM at 274°K. T.he values of 5 and I 01 -v1ere 

det.ermined from plots of this type using those points which fall on a 
5V. 

straight line in the voltage region where (5Vj :+ 1) < 0.05e J. This 

l~st condition is satisfied as long as 5V. > 4.25. . . . . J -

· Having obtained the value's of RSH' I 01, and 5 as outlined in the 

preceding steps, it was then possible-to compare the additional 

contribution to the current (the increase in current at high voltages) 

with the ideal diffusion term. For most of the cells tested tb,is was 

accomplished by subtracting the non-ideal current term from the measured 

current. The I-V characteristic obtained in this i·my (results could. 

only be obtained over a limited voltage range as shown in Fig. IV.7) was 

used to determine the constants I
0 

and "-m of the ideal exponential term. 

For the case of the n-on-p Si solar cells the ideal contribution to the 

current was determined directly from the high voltage region of the 

· measured I-V characteristic, and then this term was subtracted from the 

total in order to obtain the non-ideal contribution and the .constants 

I 01 and 5 .. These values.for I
01 

and 5.were in turn used to determine 

RSH from the meas?red value ofJ\ 

l. P-on-N Si Cells. Diode and junction I-V characteristics 1-1ere 

2 - ··2 . ' 
measured for 0. 5cm ( 0. 5cm by lcm) and 2cm ( lcm by 2cm) p-on-n Si solar 

cells. Initially the. two cell sizes were chosen in the hope that the 

different surface-to-volume ratios might indicate the relative importance 

of the surface currents (both shunt conductance and inversion layer) to 

the I~V characteristic.· The surface-to-volume ratios for these two size 

cells are 

(. 
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Voltage (V) 

MU-35957 

Fig. IV.7. The junction I-V characteristic in the intermediate and 
high-voltage regions for SiM at 274~. 
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s 
(-y) 2 

0.5cm 
6 -1 = em 

s -1 
(-y-) 2 = 3 em 

2cm 

Itwas not possible to draw any conclusions in this regard, since the 

non-ideal current term vras found to vary by niore than a factor of two 

within each set of cells of a given size .. 

An attempt was made to minimize this variation in each group by 

giving some of the cells an edge etch prior to measurement of the I-V 

characteristic at ice bath. The effect of such an etching process 

proved to be minimal, and in fact. for a nui'llber of the cells the current 

at a given voltage Wi3-S found to increase as well as decrease in what 

appeared to be a random manner after consecutive etches. The cells 

which exhibited this type of behavior were then discarded, and the 

measured characteristics are not presented here. Results are reported 

for one cell of each type which show·ed a consistent current decrease 

after two consecutive etcli.es. It can be seen from Table IV. I that the 

majority of cells.' were tested with only an ethyl alcohol and distilled. 

water wash. 

The calculational technique used to/obtain the constants RSH'. I 01, 

5, I and f.. was outlined above and sample piots presented for SiM at o m 

A least squares fit was used to estimate the experimental error 

associated with the determination of these constants. The variance in 

the j\_ was determined fron Eqs. ( E-9) and ( E-16) of Appendix E. The 

variances in I and 5 were determined from Eqs. (E-9) and (E-10). It 
ol 

vras then possible to determine the variance in RSH using Eq. ( E-2) . The 

variances in I and f.. we1·e more difficult to ascertain since the I-V o m 

.. 
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characteristic to be fit -vlith the ideal exponential form was obtained by_ 

subtracting the non-ideal current contributions from the measured junction 

I-V characteristic which resulted in a different variance for each data 

point. The variances in o, I
01

, and RSH are conveyed to these points 

through Eq. (E-17) where I~(v.)' is the I-V characteristic 
J J 

to be fit 

( ~ .. v. . ) ivi th the ideal term I e J -1 . 
0 

The variance of a given data point was 

determined from Eq. (E-18), and the variances in I and f... were determined o m 

from Eqs. (E-19) and (E-20). Representative experimental errors for 

each type of cell tested are presented in Table D!.IV. 

The errors quoted in Table IV.IV for SiM are representative of the 

set of p-on-n Si cells tested with the exception of the ideal junction 

2 
characteristic measurements ivhere the error is less for the 2cm cells, 

since I ./P. is smaller for these cells, Also for the junction character­
J J 

istics measured using the clip-on milliameter, the error in the measured 

values of current is approximately ±2jo. Although this increases the 

value of crT /I. in Eq. (E-18) with a resulting increase in lni:, it vlill 
-i ~ . ~ 

not result in a sizable jncrease in crlnio and cr"-m' as uncertainties in 

I 01 and 5 produce the dorr~nant contribution in Eq. (E-18). Applying this 

fitting technique to the I-V characteristics measured at the various 

test temperatures, the values of the fitting constants 1vere obtained. 

The fit at the four temperatures for SiM are shown in Fig. IV.S vrhere 

it is seen that a reasonably good fit can be obtained at 364°K and 274~, 

whereas a small deviation exists at 202°K and the fit is relatively poor 

at 90°K. The I-V characteristic measured at 90°K is seen to exhibit a 

structure. Figure IV.9 presents the fit obtained for SilB at the four 

temperatures, and it is seen that the results are qualitatively the same 

as for SiM. In these figures the solid dots indicate the deviation of 
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Table IV.IV. Typical errors in the I-V characteristic 
fitting parameters for the three cell types 

Cell SiM SiL (unetched) GaAs A-22 

Fitting 
0 

Error 
0 

Error Error 
constants T=274 K (±o/o) T=274 K (±o/o) T=357°K (±o/o) o'' 

A(1o-6 A/V)(a) 17.2 3.80 1.54 3.20 5.14 3. 70 

RSH(kfl) 70.7 4.80 1.06X103 7.4 3.21X102 6.30 

6(V- 1) 17.0 0.35 20.3 1.30 15.6 0.48 

Io1 (A) 2.o4x1o-7 1.90 2.63x1o-8 9.5 1.29x1o-7 2. 70 

"- (v- 1) 
m 41.2 4.0 45.7 5.0 28.6 8.9 

log I 
0 

-13.265 3.0 -13.216 4.3 -11.464 7.0 

R (fl) (b) 
s 1.80 10.0 1.00 8.0 1.16 8.0 

(a) In some cases this error is larger owing to a poor signal-to-noise ratio. 

(b) Total error including all uncertainties 
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Fig. IV.8. The diode and junction I-V characteristics for SiM. 
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Fig. IV.9. The diode and junction I-V characteristics for SilB. 
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diode characteristic from the junction characteristic. The values of 

RSH" I
0

F o, I
0

, and A.m used to fit the measured I-V characteristics 

are listed in Table IV.V for both sizes of the p-on-n Si solar cell. 

The results shovl that it vras impossible to fit the set of I-V 

characteristics for each cell using a constant value for A vrhich ve 

would .expect for a current contribution controlled by the process of 

electron-hole pair recombination (this includes the high and low injection 

level diffusion currents, the junction recombination-generation current, 

and the inversion layer eurrent). The factor O=A./A is however relatively 

insensitive to temperature which is the characteristic behavior of the 

tunneling current. At the low·er test temperatures the low voltage 

portion of the I-V charaeteristics appears to be controlled by a mechanism 

which is a much stronger function of voltage than at the higher test . 

temperatures. TI.'le structure in the I-V characteristic for SiM at 90 °K 

(that is, the inflective nature of the curve) is consistent vri th a 

tunneling current controJ~ed non-ideal current term. The tunneling 

current term for a singlE~ intermediary energy state (i.e. one dominant 

type of impurity,center) increases with increasing applied bias through 

the barrier penetration probability given by the exponential term in 

Eq.·(rv-8) until the tunneling process no,longer corresponds to conserva-

tion of energy. Referring to Fig. A.2(b) this situation corresponds to 

the case of Efp < E of in~urity center B. The current then levels out 

or decreases depending upon the distribution of the other impurity energy 

levels in the forbidden gap and the magnitude of the other current terms 

contributing to the I-V characteristic. For the specific I-V character-

istic under consideration (that of SiM at 90°K), the current increases 

at a more rapid rate once again as.the ideal diffusion current term 

comes into play. 
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Si M 

Si 
51GB 

SiN 

Temp 

(•K) 

90 

202 

274 

361 

201 
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35 7 

92 

206 

274 

361 

Si 3A 204 

274 

362 

Si 3A 
etch 

Si 1B 

' . 

92 

204 

274 

362 

90 

202 

274 

365 

'l..=q/kT 

(V-1) 

129 

57.5 

42.4 

32.2 

57.7 

42.4 

32.5 

126 

56.3 

42.4 

32.2 

Io1 
(A) 

4.00X10-8 

9.4 7X10-9 

2.04X10- 7 

1.26X10-5 

0 
( v-1) 

11.6 

17.5 

17.0 

15.8 

2.53X10-8 16.2 

5.15X10- 7 15.2 

2.00X10-5 14.9 

3.95X10-7 

6.10X10-8 

5.04X10-8 

·3.90X10-6 

8.59 

14.3 

19.0 

17.8 

56.9 2.82X10-8 15.9 

42.4 2.65X10- 7 16.5 

32.1 1.18x1o_5 15.8 

126 

56.9 

42.4 

32.1 

129 

57.5 

42.4 

31.8 

5.35X10-8 11.1 

2.23X10-9 18.7 

4.32X10-8 19.1 

3.68X10-6 18.7 

8.10X10- 7 

3.16X10-6 

1.o3x1o-5 

1.23X10-4 

12.5 

13.9 

15.2 

15.8 

Table IV. V. I-V characteristic fitting parameters for the p-on-n and n-on-p 
silicon and p-on-n gallium arsenide solar cells. 
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2.03 
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(V'!)_) 

51.4 

59.7 

41.2 

36.2 
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1.48 

4.03X10
2 

4.24 

3.58 9. 79X10- 22 56.2 6.66X102 

2.57 7.71X10- 15 44.0 7.95X10 

2.03 6.83X10-9 32.2 2.42 

11.4 1. 33X10- 31 

3.04 4.28X10-22 

2.22 2.03X10- 14 

1. 72 5.41X10-9 

67.1 

57.6 

42.2 

32.0 

5. 73X10 2 

6.14 

Cell Temp 
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31.8 
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3.40X10-6 

1.26X10-13 

6.35X10-11 

1.29X10-7 

3.41 

6.14 

10.5 

22.6 

20.3 

15.6 

A 

12.9 

4.40 

3.34 

1.99 

I 
0 

(A) 

1.44x1o- 2 7 

3.15X10-22 

2.38X10-14 

2. 79X10-8 

2.93 1.47X10-20 

2.09 6.09X10- 14 

1.44 3.15X10- 8 

2.58 5.57X10-21 

1.97 2.32X10-i3 

1.45 2.86X10-8 

3.43 

2.46 

2.00 

16.7 

6.92 

3.04 
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1.84X10-13 

1.24X10-7 

1.46X10-28 

5.52X10-20 

2.12X10-12 

1.21X10-29 
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3.44X10-12 10.4 

4.14 

2. 79 
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1.05X10-20 

1.41X10-13 

3.40X10-8 

56.9 

41.9 

31.9 
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0 

and X.m were determined directly. 
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1. 94X102 

5.39 

3.89X105 

2.35X104 

3.21X102 
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The diffusion reverse saturation current was calculated from a 1nodified . 

form of Eq. (IV-2) using material properties typical of those encountered 

in a p-on-n Si solar cell. Equation (IV-2) was corrected to account for 

the thin surface region of a solar cell ,,rith the result that the diffusion 

reverse saturation current is given by (see Appendix A) 

D 
+ qA P (_ p). 

x-no L 
( IV-20) 

p 

The material properties used in the calcUlation are listed in Table IV.VI. 

The measured and calculated values of the diffUsion reverse saturation 

2 
current are compared in :F'ig. IV.lO for the 0.5cm cells and in Fig. 

2 
IV.ll for the 2cm cells. The magnitude and temperature dependence are 

seen to be in good agreement for both cell sizes. In addition the 

values of f... are compared with f...= qjkT in Figs. IV.l2 and IV.l3 for the 
m 

two cell sizes. Again the agreement is seen to be good at all tempera-

tures except liquid nitrogen where the measured points fall quite close 

to the curve for A= 2. This is in agreement with the prediction of Sah, 

Noyce, and Shockley53 for the high injection level condition of a diode 

(see Appendix A)· vrhere the current is given by 

3/2 D +D 
Id = q2 ( nL P)A n:exp(f...V./2), 

X J. J 0 . 
( IV-21) 

Where L-2 --(D-1 + ·D-1)/( -.-.· + ..,. ) . h ( ) · , T e constant in Eq. IV-21 was o n p po no 

calculated using L
0 

= l.OlXl0-3cm and ni = 8.88Xlo-15cm-3 in addition to 

the same set of material properties employed in the calculation of I 
0 

for these cells (see Table IV.VI). The calculated values and the 

experimental results are tabulated below, and the agreement is seen to 

be relatively good in view of the rat.her large experimental errors. 



-80-

8 

10 

0 14 -
C' 

.3 16 

18 

20 

22 

24~~~~~--~~~~ 

20 60 

·~' 

MU-35837 

Fig. IV.lO. The diffusion reverse saturation current for the 0.5-cm2 

p-on-n Si solar cells. 
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Fig. IV.l2. The ideal exponential factor,A, for the 0.5-cm p-on-n 

Si solar cells. m 
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2 Fig. IV.l3. The ideal exponential factor, A , for the 2-cm p-on-n 
Si solar cells. m 
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Table IV. VI. Diffusion reverse saturation current and typical material 
properties for p-on-n and n-on-p silicon solar cells. 

p-on-n n-on-p 

200 250 300 350 200 250 300 

2.00X10-4 2.00X10-4 2.00X10-4 2.00X10-4 2.00X10-4 2.00X10-4 2.00X10-4 

1.00X10 
16 

1. oox 10 16 1.00X10 16 1.00X10 16 
1.50X10 

17 
1.50X10 

17 
1.50X10

17 

9.84X10 15 9.84X10 15 1.00X10 
16 

1.00X10 16 
1.50X10

17 
1.50X1017 1.50X10 17 

L23X10- 7 2.43X10- 1 4.40X10
3 

5.44X10
6 1. 21X10-8 2.39X10- 2 4.40X10

2 

1.00X10-6 1.00X10-6 1.00X10-6 1.00X10-6 5.00X10- 8 5.00X10- 8 5.00X10- 8 

4.57 5.10 5.95 5.86 2. 73 3.44 3.88 

2.14X10- 3 2.26X10- 3 2.44X10- 3 2.42X10- 3 3. 70X10-4 4.15X10-4 4.40X10-4 

4.44X10 
17 4.44X10 17 4.44X10 

17 
4.44X10 

17 
2.01X10

16 
2.01X10 16 2.01X10 16 

3.19X10
17 3. 72X10 17 4.00X10 

17 
4.14X10

17 
1.97X10

16 
1. 99x1o 

16 2.00X10 16 

3. 78X10-9 6.42X10- 3 1.10X10
2 

1.31X105 6.14X10-B 1.20X10- 1 2.20X10 3 

5.00X10- 8 5.00X10-8 5.00X10- 8 5.oox1o- 8 1.00X10-6 1.00X10-6 . 1.00X10-6 

4.78 6.33 7.80 8.94 1.00X10 1.4 7X10 1.63X10 

4.89X10-4 5.64X10-4 6.24X10-4 6. 70X10-4 3.22X10- 3 3.83X10- 3 4.04X10- 3 

5.00X10 3 5.00X10 3 5 .00x10
3 

5.00X10
3 

5.00X103 5.00X103 5.00X10
3 

4.65X10-23 9.59X10- 17 1.86X10- 12 2.28X10-9 4.42X10- 23 1.00X10- 16 1.92x1o- 12 

N 0 , N A' nn, pp- obtained from the assumed room-temperature values of nn and pp. 

350 

2.00X10-4 

1.50X10 
17 

1.5 OX10 
17 

5.44X10
5 

5.00X10- 8 

4.15 

4.55X10-4 

2.01X10 
16 

2.01X10 16 

2. 73X10 6 

1.00X10-6 

1.66X10 

4.08X10- 3 

5.00X10
3 

2.41X10-9 

Pno• nj)0 - obtained from the values of nn and Pp and the temperature dependence of ni2 [F. J. Morin and 
J. P. Maita, Phys. Rev. 96, 28 (1954)]. · 

; , T -_assumed values. 
p n 

D , Dn- determined from the room-temperature values for mobility [M. B. Prince, Phys. Rev. 21., 1204 
p( 1954)], the measured temperature dependence of the lattice scattering mobility [G. W. Ludwig and R. L. 

Watters, Phys. Rev. 1.Q.!, 1699 ( 1956)], and the theoretically predicted temperature dependence of the 
ionized impurity scattering mobility [E. Conwell and V. Y. Weisskopf, Phys. Rev. TI 388 ( 1950) ]. 

s -assumed values. 
p 
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Cell log I ,calculated 
0 

log I ,measured 
0 

SilD -28.488 -26.84 ± 3-19 

SiM -29.100 -24.27 ± 6.47 

SiN -29.100 -28.11 ± 1.28 

Si3A -29.100 -30.88 ± 3.76 

The parameters o and I
01 

for the non-ideal exponential term are 

presented in Figs. IV.l4 and IV.l5 in the form of ratios to their ice 

bath values. Figure IV.l4 shows o(T)/o(273°K) for both large and small 

cells where the solid line corresponds to &.=~/2 as is expected for 

inversion layer and junction recombination-generation currents over the 

intermediate voltage region. The results are seen to exhibit a nearly 

temperature independent behavior lvith o( T) for the individual cells shmv-

ing both slight increases and decreases with increasing temperature. The 

results are in better agreement with the temperature dependence expected 

of tunneling currents. Figure IV.l5 presents the results obtained for 

the ratio [I01(T)/I01(273°K) J where the curve represents the current 

ratio calculated for the rion-ideal term consisting entirely of the I rg 

The current due to recombination of electron-hole pairs in tbe junction 

is given by Eq. (IV-6) with· 

E 3 3 " ·· E 
- g 

2kT = 
2rrm k - · - ( g ) e 2 2 -2( 2 ) T exp 2kT . 

h 

In the intermediate voltage region, Eq. (IV-6) becomes 

.. E 

I - ::g__ 'AV 
I ~ CT5 2e 2kT exp( 2j) = 
rg 

'AV. 

Iol,rg exp(f) 

( IV-22) 

( IV-23) 
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Fig. IV.l4. o(T)/o(273°K) for both sets of p-on-n Si solar cells. 
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vrhere 

.r;-:;a ( *n-v . ) 
I>O no J 

f(b)' 

and all the terms in C·are relatively insensitive to temperature. 

Therefore the effective· reverse saturation current ratio is given by 

I (T) 
rg 

I \ TIB) rg 
( T )5/2 (Eg· -1 -1 

= - exp 2k [T -TIB J ) ' 
TIB 

(IV-25) 

It can be seen that the e:x:perimentally measured points deviate sub-

stantially from the calculated curve. It is quite evident from :F'igs .. 

IV ·+4 and IV .15 that the edge etch vras not able tO' produce a non-ideal 

I-V characteristic which closely approximated either that for a surface 

layer current or a junction recombination-generation current. Table . 

IV. V shows that the magnitude of o and I
01 

do hmvever. change subsequent 

to the etch for Si3A with I decreasing by about a factor of five and 
ol 

o increasing by approximately 15%. As far as the results for this one 

cell can be interpreted as being representative of the set, it is 

evident that the non-ideal current term is related in some degree to 

the surface state of the device._ The temperature dependence of o, the 

structure in the low temperature I-V characteristics, and the changes 

subsequent to etching indicate that the dominant contribution to the 

non-ideal .current term. is a tunneling current which, apparently, is at 

. least partially controlled by the surface state of the device. 

2. N-on-P Si Cells. It was found that in a n~~ber of the test runs for 

the n-on-p cells the magnitude of the non-ideal current term was much 

less than the ideal current term. This made it possible to directly 

fit the high voltage region of the measured I-V characteristic "\vith the 

' 
' . ' . ' 

'' . ' 

' . i 

. ' 

; 

'i 
' ; 

- ·i 
I 
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ideal exponential relation. Therefore the errors associated vli th tl1e 

determination of ~ and ! for these n-on-p test cells were much less than 
m · o 

those associated with the fitting technique used for the p-on-n Si 

solar cells (i.e., fitting the difference between the measured current 

·and the non-ideal exponential current with the ideal exponential relation-

ship) ... Typical errors associated -...rith such a fitting process are listed 

in Table DJ.DJ for SiL (unetched) at 274°K. The non-ideal term of the 

I;.V characteristic was then obtained by subtracting the ideal current 

from the measured characteristic. After correcting for the slope through 

the origin as in Eq. (IV-17), the method of least squares was used to 

find I 01 and 5; For the case of SiL at 274°K the errors listed in 

Table DJ.IV are seen to ce quite close to those for .the p-on-n Si cells. 

Figure DJ.l6 shows the fit obtained for SiL at 202, 274, and 360~. 

These fitted I-V characteristics are seen to deviate only slightly from 

the measured points but still enough to show a weak structure which 

becomes more pronounced as the temperature decreases. 

In Fig. IV.17 a comparison is made between 0=~/2 and the values 

obtained from the measured characteristics for the t-...ro n-on-p Si cells. 

As for the p-on-n .cells the experimental results show that the exponential 

factor, 5, is only slightly temperature dependent. The experimentally 

determined ratio of the effective reverse saturation curre~t, I
01

(T)/I
01 

(273°K), is compared in Fig. IV.l8 with that for I as calculated from rg 

Eq. (IV-25). The agreement is good at the higher ta~peratures, but a 

substantial deviation was found to exist at 202°K. Despite the agreement 

at high temperature, it is highly improbable that I is the dominant . . . rg 

contribution to the non-ideal term in light of the discrepancy in the 

observed temperature dependence of 5. 
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The values of RSH' I 01, <), I and A. used to fit the I-V characteristics-
o m 

for the n-on-p Si cells are listed in Table rv.v.· It is evident fro1n 

Figs. IV.l7 and IV.l8 and Table IV.V that the edge etch on SiL had 

little effect upon either the m~gnitude or temperature dependence of 

I
01 

and o. 

The diffusion reverse saturation currents obtained from the measured 

characteristics for both cells are compared in Fig. IV .19 1-ri th the current 

calculated from Eq. (IV-20) (indicated by the solid curve) and the 

agreement is seen to be relatively good. The material properties used 

for the calculation are listed in Table IV.VI. The exponential factor 

A. is compared with A.=q/kT in Fig. IV.20, and the agreement here is 
m 

quite good. 
/ 

3. P-on-N GaAs Cells. The three terms of the I-V characteristics 

measured for the GaAs cells ·were determined in the same manner as for 

the p-on-n Si cells. The errors encountered are of the same order of 

magnitude as those existing for the p-on-n Si cells and are listed in 

Table IV.IV for GaAs A-22 at 357°K. 
; 

The material properties typical of the GaAs solar cells used in 

this study are not as vTell knovm as those for the Si cells, and as a 
·' 

result the magnitude of the measured diffusion reverse saturation currents 

was not directly compared with theoretical calculations based upon 

Eq. (IV-20). As an alternative the temperature dependence of I was 
0 

2 . 2 
compared ivith that predicted by Eq. (IV-2) using npo = ni/NA, Pno = ni/ND, 

D = (kT/q)~ ·hand n~ = N N eA~(- E /kT) = aT3exp(- E /kT). Also making n,p e, l c v g g 

use of the carrier mobility temperature dependence for GaAs; that is, 

Eq. (IV-2) becomes 
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and the ratio of the diffusion reverse saturation current at temperature 

T to that at ice bath is 

( IV-27) 

A linear temperature dependence 1-ras assumed for the forbidden energy 

gap using the experiment<illy measured values of E (300 °i() = 1.40 eV and g . 

E (90 ''K) = 1.47 eV.3.2 A linear extrapolation was made using this data 
g 

to find E at 350 and 4oo~. In Fig. IV.21 the measured ideal exponential 
g 

factor, f.. , is compared 'vith A.=q/kT (indicated by the solid curve) and . m. 

the agreement is seen to be good. The temperature dependence of the 

·. reverse saturation current as given by· Eq. (IV -27) (the solid curve in 

Ji'ig. IV.22) and the measured values are seen to be in relatively good 

agreement. 

In Fig. IV.23 the ratio o(T)/o(273°K) for the two cells tested is 

compared with that for f:Ff.../2. The results for GaAs A-20 shovr no 

resemblance to the theoretical curve and in fact show a ~arked deviation 

from the results!of all the other cells tested. This behavior may 

possibly arise from the presence of some form of.shunt conductance 

current path which could not be treated properly with a simple shunt 

conductance. Further application of the edge etch technique described 

in Section IV ·B might have brought about a similarity in the I-V 

characteristics for this cell and those of GaAs A-22. The results for 

GaAs A-22 are seen to be in good agreement vrith the theoretical curve 

above 274 °K but. show a de~viatioh at 200 °K. The non-ideal effective 

reverse saturation current ratio is presented in Fig. IV. 24 vrhere the 

results for gaAs A-22 also agree well with the theoretical curve above 
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274 °K and shmv a substantial deviation at 200 °K. The theoretical curve 

as calculated from Eq. (TV-25) applies to the I It is therefore rg 

. apparent that an additional non-ideal current contribution becomes 

important for T < 250°K. The results for GaAs A-20 are again seen to 

be in poor agreement 1vi t11 the calculated curve. The values of RSH' I 01, 

5_, I , and /\. used to fit the I-V characteristics for the p-on-n GaAs 
o · m 

solar cells are listed in Table rv.v, and the curves thus obtained are 

shown in Fig. rv.25. It was possible to fit the measured I-V character-

istics reasonably 1vell although a structure in the curve is noticeable 

at the lowest temperature. 

4. Series Resistanc~. AB mentioned earlier the series resistanc~ of 

each cell was obtained from the displacement of the diode I-V character-

istic with respect to the junction I-V characteristic; that is, the 

difference between the diode and junction voltages which correspond to 

an identical current. Therefore the series resistance is given by 

( IV-28) 

A number of the cells tested exhibited a series resistance which 

was dependent upon current (see.Fig. rv.26)~ This behavior is a result 

of the fact that the surface region-junction interface is not an 

equipotential surface. A:3 the current is increased, the effective area 

of the junction decreases (this was discussed in Section IV.A) as does 

the length of the surface region path through which the current must 

pass. In this way the contribution to the series resistance arising from 

the surface region decreases with increasing bias. For large short 

circuit currents and the corresponding forward biased currents only the 

junction area in close proximity to the electrode strips is effective in 
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contributing to the current. In this current limit, the measured 

effective series resistarJ.ce w·ill approach that of the contacts, the 

base region, and the portion of the surface region near the contact 

strips. 

The results obtained for SiM are presented in Fig. IV.26 where it 

can be. seen that the effective series resistance decreases as the current 

increases and tends to1..rard a constant value. This indicates that a 

voltage in excess of open circuit voltage must be applied to the surface 

region-junction combination in order to pass a current equal in magt1i tude 

to the short circuit current. The errors indicated are total errors 

including both random and systematic uncertainties. The results are in 

agreement with the expected temperature dependence, although the 

magnitude of the change cannot be explained on the basis of resistivity 

changes alone. In Fig. J~.27 the effective series resistance is 

presented for one cell from each of the four' cell classes tested. 

Both GaAs and Si p-on-n cells show the same qualitative shape, ·while 

wihin experimental error the n-on-p Si cell exhibits a constant series 

resistance. The ,saturation series resistance (that is, the series 

resistance determined in the high current limit) for each of the cells 

tested is presented in Table IV.VII. The/series resistances measured for 

Si5lCB are seen to be greater than those for the other p-on-n Si cells 

which is to be expected since Si51CB was the only ungridded cell tested. 

D. Conclusions. 

We had initially hoped for a unique detei,'mination of the mechanism 

responsible for the non-ideal term in the dark I-V characteristic. This 

was not realized and it is only possible to draw tentative conclusions 
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Table IV. VII. Series resistance of the p-on-n and n-on-p silicon 
solar cells and the p-on-n gallium arsenide solar cells. 

0 

Temperature ( K) 

Cell 90 200 275 360 

SiM 21.0±1. 7 4.80±0.60 1.80±0.36 1.80±0.27 

Si51CB 32.0±1.6 4.30±0.34 2.30±0.21 

SiN 20.0±1.5 6.00±0.66 2.10±0.48 1.20±0.25 

Si3A 11.2±1.1 3.20±0.64 1.40±0.31 

Si3A (etch) 37 .0±2. 9 12.0±0. 9 2. 7 5±0.50 1. 70±0.31 

Si1B 2.50±0.22 1.40±0.12 1.00±0.09 0.81±0.06 

Si1D 5.40±0.60 1.50±0.11 1.00±0.10 0.65±0.06 

SiL 6.50±0.88 1.00±0.15 0.63±0.07 

SiL (etch) 6.30±0.63 o. 95±0.19 0.65±0.07 

SiF 42.0±1.6 2. 30±0.09 o. 70±0.04 

GaAsA-20 2.20±0.42 1.80±0.45 1.60±0.24 

GaAsA-22 o. 90±0.27 1.00±0.20 1.16±0.16 
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in regard to the current contributions to the non-ideal term for each 

cell type. 

For all the cell ty2es tested the ideal current term was isolated 

from the measured I-V characteristic and found to be in relative~y good 

agreement 1vi th theory. 'rhe deviation of the measured ideal current term 

from the simple exponent:ial relation employed for the ideal term in 

Eq. (IV-10) arising from the incomplete use of the junction (associated 

with the IR voltage drop in tlie surface region) was not discernible since 
s 

the limiting effective junction area was estimated to be of the order 

of 10 to 20% of the totaJ_ junction area (the electrical contacts cover 

approxi...llately lOU/o of the front surface) . Variations of this order of 

magnitude fall 1vel1 within the quoted experimental error. 

The junction recombj.nation-generation current mechanism and/or ' 

the surface inversion layer current mechanism were found to mru(e a minor 

contribution to the measured non-ideal current term for the p-on-n Si 

solar cells. The observed temperature·dependence of the non-ideal 

exponential factor was found to be approximately that expected for the 

tunneling current mechanism, although the magnitude of the measured 

curve could not be compared vrith theory inasmuch as the analysis of this 

mechanism is as yet incomplete. 

It is evident that the edge etch produced a substantially greater 

change in the effective reverse saturation current than in the non-

ideal exponential factor for the p-on-n Si cells. These results are 

consistent with a tunneling current mechanism. which is dependent upon 

the surface state of the diod~ since it is possible that the concentration 

of energy states contributing to the tunneling process undergoes a sizable 

change upon etching, wher·~as the barrier penetration probability remains 
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virtually unchanged. This indicates that the tunneling process must 

be, in part, associated \vith energy states existing in a surface 

inversion layer or in the surface region. The latter is a possibility, 

since it was not practicable to. completely eliminate etching of those 

regions of the front surface bordering the cell edges. It therefore 

appears reasonable to as•>ume that the non-ideal current term is primarily 

due to the tunneling current mechanism for the p-on-n Si solar cells. 

The results obtained for the n-on-p Si solar cells -vrere also not 

consistent i-lith the junction recombination-generation current mechanism, 

although the discrepancy was not as great as for the p-on-n Si cells. 

The temperature dependence of t·he non-ideal e}."POnential factor, o, 

indicates that the non-ideal current term may well be controlled by the 
/ 

tunneling current mechanism. The negligible effect of the edge etch· 

upon the effective reverse saturation current and the non-ideal exponential 

factor for the n-ori-p Si solar cells is consistent i'lith a current mechanism 

primarily controlled by the bulk material properties. 

The non-ideal term measul:'ed for one of the p-on-n GaAs solar cells 

.was found to agree 1-1ell vri th the junction recombination-generation 

mechanism at the two higher test temperatures. The results show that 

another· current producing mechanism enters at 200 °K, and the measured 

temperature dependence of the non-ideal exponential factor indicates 

that this may be the tunneling current mechanism. It was therefore 

concluded that the non-ideal term was composed of these tvm current 

producing mechanisms which is in agreement with the conclusions arrived 
. 35 

.at by M. F. Lamorte in a study of the solar energy conversion properties 

of GaAs solar cells. 
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It also seems quite reasonable to conclude that, for the case of 

solar cells possessing .tunneling current controlled non-ideal current 

terms, the incomplete us·= of the junction "1-Till have a marked effect 

upon the measured I-V characteristic of this term. This results from· 

the non-uniform surface region properties of solar cells as observed by 

Queisser
49 who measured the I-V characteristics for various regions of 

the junction. 

The reported values of the shunt resistances must be regarded as 

only approximate, since their determination is quite sensitive to the 

form of the non-ideal current term in the limit of zero applied bias. 

The form obtained from the second term.in Eq.(IV-10) is substantially 

different from that for I and the form for a tunneling current is rg 

not even lrnmm in the low voltage limit . 

The series resistance of the ungridded p-on-n Si solar cell was 

found to be greater than that for the gridded cells. This is to be 

expected, since the gridded cell makes more effective use of'the junction 

area thus allowing a larger current to be passed at a given voltage 

than its ungridded counterpart. The observed temperature dependence 

of the series resistance was greater than that expected from resistivity 

considerations alone. The rather high series resistance measured for 

some of the cells at low temperatures possibly arises from poor electricai 

contacts, since in a number of the test runs at LN temperature the 

surface or base region el1=ctrodes separated from 'the cell and produced 
I 

an open. circuit. 
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V. ALPHA PAHTICLE BOMBARDMENT OF SILICON 
AND GALLIUM ARSENIDE SOLAR CELLS 

In Section III the performance of an a-voltaic device vras analyzed 

for an incident alpha fllcr normal to the diode surface. For the 

practical situation described in this section; namely, a Si or Ga.l\.s 

solar cell exposed to a t.hin film of alpha emitting material but not 

in direct contact with it, the angular distribution of the incident 

a-particles is neither isotropic nor normal incident but falls some-

where between these two limits. In addition, for the experimental 

w·ork described in this section the source is circular and the test cell 

rectangular, resulting in no radial s;y1llmetry. How~ver, in the latter 

part of this section the a-particle flux incident upon a test cell is 

calculated by replacing the rectangular cell >nth a circular disk of 

the same area. This has the effect of overestimating the magnitude of 

the a-particle flux incident upon the test cell. 

In light of this SJI1llmetrizing step and the fact that an exact 

determination of the stopping power law for a general angular distribution 

of the incident a-particles is quite complicated, we decided to analyze 

the experimental results of this section on the basis of the formulation 

of Appendix B. The effects of the incident a-particle angular distribution 

and spectrum width are estiwated in Section V.C as the need arises. 

The electronic and atomic collision stopping power curves were 

calculated in the same manner as described in Section III.B. The energy 

as a fQ~ction of track length for 4MeV a: particles (this is the energy 

of the a-particles employed in this work, see Section V. C) i'las then 

determined from a numerical integration of the stopping pov1er curve of 

I, 
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Fig. B.l8, and the result is presented in Fig. B.20 of Appendix B. 

This figure \vas then used in- conjunction with Fig. B.lO to obtain the 

spatial variation of the electronic stopping power [dE (x)/dx] 
1 

which a e 

is represented by the solid curve in Fig. V .1. As in Section III. B t})e 

electronic stopping power 'i\'as approximated by a polynomial iri x (see 

Eq. (III-22)) where the method of least squares was used to find the 

best fit vrhich is shown by the dotted curve in Fig. V .1. The energy 

required to produce an electron-hole pair was again assumed to be a 

constant along the ex-particle track length (the value of 3. 55 eV 1vas 

again used) so that the spatial production of electron-hole pairs is 

given by 

( ) 1 I 2 3 4 g~ X = -[dE dx] l = a+bX+CX +dx +fx 
"" .'E a e 

(V-1) 

where the values of the constants obtained from the least squares fit' 

for E = 4MeV are listed in Table III.II. The results of Appendix B ao 

were again used in the calculation of the spatial production of lattice 

displacements. The method of calculation was outlined in Section III.B 

where the spatial lattice-displacement production rate was found to be 

(V-2) 

Figure B.l6 of Appendix B shovrs the number of lattice displacements 

produced by an a particle of energy Ecx peFunit track length. Using this, 

the spatial production of lattice displacements per incident a particle, 

nD(x), was determined and is shown in Fig. v .. 2. Following the suggestions 

put forth on pages 25 and 29 of Section III.C, the average number of 

lattice displacements produced per incident a particle vrere determined 

for the surface region and base region from Fig. V.2. Consideration 

of Fig. V.2 resulted in the decision to divide the base region into 

three sub-regions (a lightly damaged region, a high damaged region, and 
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an undamaged region) each with a different average lattice displacement 

production, ivhereas the surface region vras characterized by a single 

average lattice displacement production. The division of the base region 

is indicated by the dotted lines in Fig. V.2. The average values are 

then found to be 

8-1 ( ) nD = 2.3 ~ for 0 < x < d
1 

surface region 

nD = 8.88~1 for d2 < x < d
3 

(lightly damaged base region) 

nD = 249~1 for d
3 

< x < d4 (highly damaged base region) 

nD = 0 for d4 < x (undamaged base region). 

(V-3) 

The I-V characteristic for a solar cell under ex-particle bombard-

ment was obtained from a solution of the minority carrier diffusion 

equation applied to the surface region and base region where N_,g (x) 
, ~ex 

was used as the minority carrier source term. Details of this develop-

ment can be found in.Appendix C. The surface region and the three sub-

regions of the base region 1v-ere characterized by different effective 

dif~~sion lengths. In Section III.B the effective diffusion length L 

was found to be related to the average defect center concentration 

( d ' 1 t' th l t.L-. d' l t . t.' n e( t) assume equa o e a "~ce ~sp acemen concem:;ra ~on, D -p:- , 
X 

through the relation 

l 
-2 = 
L 

(V-4) 

where K = vcrCDnD/DAx. The alpha generated curr~nt was· found to consist 

of independent terms .from the surface region, the junction, and the 

lightly damaged sub-region of the base region.· The analysis was· carried 

· out for a p·-on-n solar cell vTith the result that the alpha generated 

current is 
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where D = (d
3 

- d2), t = (d4 - d
3

), and the remaining quantities are 

defined by Eqs. (III-30) through (III-37). In the derivation of 

Eq. (V-5), the current contribution from the highly damaged sub-region 

of the base region has been neglected. This is quite reasonable for the · 

da:rnaged state of the solc::.r cell, since this region then becomes a strong 

sink for excess electron hole pairs. Even in the undamaged state th~s 

leads to a minor correction. Consider, for example, the situation of a 

material.with an infinite diffusion length (this will overestimate the 

actual contribution from the highly damaged sub-region which is the 

farthest removed from the. junction) in which case the fractional 

contribution from this sub-region is 

. l.075Xl06 
_ __:...;; _ __,... = 0 . 043' 
Ll23Xl0b 

(v-6) 

where Eq. (III-33) gives H(x) and the fitting constants of Table III.II 

were used in the calculation. The error introduced by neglecting the 

highly damaged sub-region current contribution will therefore al1.,rays 

be less than about 4%. 
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{ 

M ( dl) J [X ( 0) -')' L X I ( 0) ] } 
(I /N a) = r [x r d ) n - L X' ( d ) - · n n n n 

Get cc' .LJn n' 1 Kn(d
1

) n n · 1 . Kn(d1 ) 

lim e = 0 

(V-7) 

lvhere U (x) = X (x) + L X' (x). p p p p 

At an exposure level for which the "base region properties are sub-

stantially changed vrhile the surface region properties are virtually 

unaffected (this condition is indeed realized since the surface region 

has a much higher impurity level and correspondingly shorter minority 

carrier lifetime than the base region), Eq." (V-5) can be simplified. 

' 
For Lpii ~ t/2 = 1.5~, ~ and ~. become 

t L II t 
·~ ~ cosh(-L-)(1 Lp ) ~ eosh(-L-) 

pii po pii 
(v-8) 

and 

t L I L I L I t 
.62 ~ cosh(-L-)(Lp 'Lp r~ r cosh(-L-) 

pii po pii pii. pii 
(V-9) . 

since Lpii < Lpi <: Lpo. 'Also if Lpi · ~ D/2 = 7. 75~, we find that 

p (D) 
p 

, .t D .· L I / t D L I 
~ cosh(-L-)cosh(L""""")' [L~ P ] ~·cosh(-_ -)cosh(-)(-LP ) , (V-10) 

. pii - pi .upii , .upii Lpi pii 

and 

R (D) 
P· 

p ( 0) 
p 

t . 
~ cosh(-L-)' 

pii 
(V-11) 

t D L I t . n· L I 
<::::: cosh(-L-)cosh(y;-)[ l+LP ] ~. cosh(-L-)cosh(r;-)x(_E_) .(V-12) 

· pii pi pii pii pi Lpii 
) 

i, 
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Then the base region con-tribution to the alpha generated current 

becomes 

(V-13) 

Therefor~, in this limit that L II < L I < L , L ~ L ~ d1, p p po n no 

1 II < t/2, and 1 T < D/2 the alpha generated current is given by 
p - P- -

n n n n [X ( 0) -'Y 1 X' ( 0) ] } 

/ 

1
-o_. II } [X (d )+1 I.X'(d )] 

cosh(LD ) P 3 P · P 3 
pi 

(V-14) 

Further consideration of the condition that 1pi < ( ~ -d2) ""' Hex allovrs 

us to approxilnate g (x) with the constants g and g b for the surface 
CX OS 0 

and base regions respectively, since the electronic stopping power is 

nearly constant over the first few microns of the ex-particle track 

(see Fig .. V.l). Therefore, the base region contribution to the alpha 

generated current becomes 



and Eq. (V-14) becomes 

--= . 
aN 
""a 
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(V-16) 

The current contributiom; from the surface region and the junction 

region are approximately constant for medium eA~osure levels so that 

these tvlO terms can be replaced by a constant, I . Then using Eq. ( V -4) 
c 

in Eq. (V-16) yields 

1 

( r :::r )2 
Go.: (; 

. 1 
and when~ is small 

Eq. (V-17) 1~comes ' 

= 1 [ . 1 + 'KeJ 
2( • )2 L2 q g.N oo a po 

in comparison to K8 (using L I < L 
P po 

-1/2 
$ 

-1/2 
= Ic + K1 e 

(V-17) 

in Eq. (V-4 )), 

(V-18) 

- -1/2 
Therefore Ic and K can be obtained from a plot of IGCX versus e . 
The applicability of these limiting equations will be discussed in 

connection w·ith the experimental results presented in Section v·.c. 

B. Experimental Method. 

Irradiations were performed using p-on-n and n-on-p Si solar cells 

and p..:.on-n GaAs solar ceils, \vhich were purchased from commercial 

sources. The Si cells were IRC type 1020 with rated solar efficiencies 

of 9% and 11%; while the GaAs cells were RCA type XSClOO '\vith a rated 

solar efficiency of approximately 4% .. Prior to mounting in the 

irradiation chamber, all.the sample cells received identical treatment. 

Thesa.'llple cells first received an ethyl alcohol vrash which '\·ras follm·red 

by a distilled w·ater rinse, and finally they vrere dried in an air jet. 
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The air jet was used in order to insure the removal of all.liquid from 

the narrow region between the rear surface of the cell and the mounting 

plate, 

Before being placed in the. bombardment chamber, the sample cells. 

were soldered onto a two-inch square copper or brass mounting plate 

using a conducting silver impregnated glue. The copper mounting plates 

were 3/32-inch thick and the brass mounting plates 1/16-inch thick. 

Owing to the fact that the irradiation chamber was situated in a glove 

box, it was considered desirable to perform the preparation and solder­

ing steps outside of the glove box. Subsequent to soldering, the mount­

ing plate ahd attached cell were passed into the glove box and bolted to 

the top of the irra~iation chamber. 

The irradiation charr~er consisted of a cylindrical brass vacuum · 

chamber with a source holder containing the source affixed to the 

chamber base. Through the chamber top was passed a rod and an attached 

shield plate. The shield could be inserted between the sample cell and 

source by rotation of the· rod in a sealastic fitting. The irradiation 

chamber .is shownrin Fig. V.3 and v.4. When measurements were made at 

200°K, it was necessary to heat·the rod and sealistic fitting with 

beating tape in order to maintain the desired chamber pressure. 

An operating·pressure of approximately 100 microns was chosen to 

insure negligible a-particle energy loss in the path length betvreen 

source and sample and to minimize the possibility of water vapor adsorption 

on the sample cells during irradiation. 

An Americium 241 a-particle source was used for the irradiations. 

The source material was plated onto the central portion of a platinum 

disk and covered with a 0.35 mil Al foil. The disk was then mounted 
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Fig. V.3. Diagram of irradiation chamber. 
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ZN -4828 

Fig . v.4. Photograph of the irradiat ion chamber, the fluid container, 
and the g love box interior. 
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into the source holder unit and held in place with a retaining ring. 

The source was calibrated. in position in the vacuum chamber and found 

to have an activity of (5.3±0.1) millicu~ies. 48 The calibration was 

accomplished by attaching to th~ chamber bottom a· long cylindrical unit 

containing an ORTEC SBDJ025 Si solid-state detector. The solid state 

detector was attached to a rod (located on the central axis of the 

cylindrical body) which had approximately two inches of axial travel. 

This allowed the detector to be situated far enough from the source 

so that the electronic counting equipment employed was not saturated. 

Counting rates were measured for a number of source-detector separations 

and used in conjunctionwith a machine calculation to determine the 

source strength. 

Both the Si and GaAs solar cells were irradiated at temperatures 

of: 273 °K and 200 °K. A styrofoam container was used to hold the 

irradiation chamber in either a distilled water and ice solution at 

273 °K or a dry ice and ethyl alcohol solution at approximately 200 ~. 

The operating temperature; radiation exposure level, and other properties 

for each cell are;" presented in Table V.I. 

The initial plan was to irradiate the solar cells until the short 

circuit current had decreased by a factor/of five which should correspond 

to a decrease.in:-maximum efficiency·of inore than an order of magnitude. 

This was easily realized in a one-day rur1 for the p-on-n Si cells, whereas 

the n-on-p Si cells requi:red a two-day exposure time. For the p-on-n 

GaAs cells, an exposure time of ten days was required in order to attain 

the desired reduction in short circuit current. Three of the p-on-n Si 

cells were irradiated for longer than one day. 

-. 
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Table V.I. Properties and test conditions of sample solar cells. 

Rated solar (a) Test Exposure 

efficiency temp 
level (a• s) 

Symbol used 
Cell Type (o/o) (o K) (X 10

12
) in figures 

SiP p-on-n 11 275 0. 753 0 
Si H p-on-n 11 200 5.94 0 
Si 4 p-on-n 11 275 1.21 \} 

Si G p-on-n 11 200 0.812 tJ. 
Si 0 p-on-n 9 275 1.11 0 
Si R n-on-p 11 275 1. 27 • 
Si 10 n-on-p 11 275 5.40 • 
Si K n-on-p 9 200 1.35 ' Si J n-on-p 11 200 1.40" • 
GaAs A-21 p-on-n 4 275 7.11 f) 

GaAs A-22 p-on-n 4 zoo 5.60 () 

Manufacturers 1 estimates of device properties: 

Si p-on-n; junction depth of 11.1. to Zt.J., L :::: 1t.J., p :::: 1rlcm., 
L :::: 101-1 to 100", s :::: 5,000 cm/s~c. n p , r n . . 

Si n-on-p; junction depth of 11.1. to Zt.J., L :::: 1t.J., pp :::: 10 em. , 
L :::: 101.1. to 1001.1. p 

n 
GaAs p-on-n; junction depth= 11.1. ± 10o/o (never more than 1.5 t.J.), 

p ::::2.3X1o19cm.-3, L ::::0.5-LOt.J., 
P n -1 17 -3 

s :::: 1,000 -+ 5,000 em sec , n :::: 10 em. , L :::: 1-+ 3t.J.. 
n n p 

(Zinc diffusion) 

(a) Cells are rate.d at 100mW/cm2 input photon energy flux. At an 
equivalent input energy flux for an alpha-voltaic device the 
results of Section III predict n = 14.5o/o. 

max 



., 

-124-

·Each experimental run started when the shield plate vras rotated 

so as· to eXpose the sample cell to the alpha flux. At this time the 

open circuit voltage and short circuit current were measured in rapid 

succession. This was followed py a number of consecutive measurements 

of the short circuit current during the time interval when this short 

circuit current changes rapidly. The open circuit voltage 1vas read 

less frequently during the same time interval. At such time as it 
. ' 

became possible, the complete I-V characteristic was swept out with an 

X-Y recorder. Periodic measurements of the open circuit voltage and 

short circuit current continued between measurements of the complete 

I-V characteristics. In addition the short circuit current was 

continuously monitored using a Bristol circular recorder. The short 

circuit current-was measured by way of the voltage drop across a 

calibrated precision resistance. The open circuit voltage was measured 

with the·circular recorder for values less than 100 mV and with an 

electrometer-voltmeter digita'l-voltmeter combination for values greater 

than 100 mV. 'In effect, t~e electrometer voltmeter was used as an 

impedence transformer, s:ince the digital voltmeter had a relatively low 

input impedence but a much greater accuracy. In the measurement of the 

complete I-V characteristics the output of- two electrometer voltmeters 

were used to drive the co-ordinates of an X-Y recorder. The random and 

systematic uncertainties arising from the use of these measuring devices 

are listed in Table V. II. The circuit used is· shown in Fig. V. 5 and 

the equipment used in Fig~ v.6. 

The dark I-V characteristics were measured two or more times prior 

to and subsequent to irradiation for most of the cells. The purpose of 

this was to observe any inherent drift in the I-V characteristic of a 

' . 
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Table V. II. Uncertainties associated with the measurement of the dark and irradiated 
I-V characteristics. 

Open-circuit 
voltage and 
short circuit 
current(a) 

I-V Characteristic 
Measured 
quantity 

V(V < 100 mV) 
Random 

Systematic 

V(V > 100 mV) 
Random 

Systematic 

I(I < 5X1o- 8 A) 

Random 

Systematic 

VI(I> 5X10-BA) 

Random 

Systematic 

RI' Random 

±0.2% of F. S. 

:::-0.5 mV 

±0.4 to 0.5 mV 

;$0.3 mV 

±0.2% of F. S. 

:::'0,5 mV 

±0.25% 

Dark(b) 

±0. 2% of F. S. 

:::-0.5 mY 

±0.4 to 0.5 mV 

;$0.3 mV 

±0.5% of F. S. 

:::-2% 

±0. 2o/o of F. S. 

:::'0,5 mV 

±0.25% 

Irradiated (c) 

±0.5% of F. S. 

:::-0.5% 

±0.5% of F. S. 

:::-0.5% 

(d) 
±0.5% of F.S: 

:::-5% (e) 

(a) 

(b) 

(c) 
(d) 
(e) 

Voltage measured with circular recorder (V < 100 mY) or Digitec (V > 100 mY) 
and current with circular recorder. 
Voltage measured with circular recorder (V < 100 mY) or Digitec (V > 100 mY) 
and current with EH Meter (I < 5X10-8A)or circular recorder (I> 5X1o-BA). 
XY Recorder with inputs fed by a Keithley and an EH meter. 
Oscillations were observed at times thus leading to larger errors. 
Corrected for by calibration with the circular recorder. 
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Westronics Model 
2705 strip-

chart recorder 

Copper- constantan 
thermocouple 

I rrad lotion 

chamber 

Klnney·'KC-5 

vacuum pump 

(b) 

To X-Y recorder 

Oigitec Model 

z- 200-8 
Digital voltmeter 

HR-96 
X- Y recorder 

X-Y recorder 

R1-0to 111,111 .Q decode resistance 
box 

R2-5oo-n Helipot 

R3 -500- .Q t;lelipot 

v0 -1.5 v 

MU-35550 

Fig. V.5. (a) Block diagram and (b) circuit diagram of equipment used 
in the measurement of the dark and irradiated I-V 
characteristics. 
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ZN -482 9 

Fig . v .6. The apparatus used in the measurement of the dark and 
irradi ated I-V characteristics . 
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given cell. In these measurements the voltage was measured with the 

circular recorder for values up to 100 mV and with the electrometer 

voltmeter-digital vo:I:tmeter combination for values above 100 mV. The 

current was 'obtained f'rom the v:oltage drop across a calibrated precision. 

resistance as measured by the circular recorder for currents greater 
. -8 . 

than 5Xl0 A and a micromicro ammeter was used to measu,.re lower currents. 

The uncertainties in these measurements may also be found in Table V.II. 

The circuit used for these measurements ·is also shown in Fig. V.5 and the 

equipment used in Fig. v.6. 

In all but one cell the irradiation was continuous. This special 

case was SiH for which tlte dark I-V characteristic was measured period-

ically during exposyre. This wa's accomplished by shielding the sample 

cell from the alpha flux during the measurement of each dark I-V character-

istic and resuming the irradiation immediately thereafter. 

C. Results and Discussion. 

Th~ experimental results presented in this section ·are, whenever 

possible, compared with theoretical ~alculations for ~ device with solar 
' ~ . 

cell geometry ( s~e Fig. fii. 3) .· . ·- The short ·circuit current calcuiat ions 

are based upon an incident a-particle flux that is normal to the front 

surface of the solar cell and is assumed to be monoenergetic. Subject 

to these conditions the short circuit current was calculated using 

Eq. (V-5) and the electron-hole pair production rate, ga(x), obtained 

from the calculated electronic stopping power presented in Fig. V.l. 

Prior to the presentation of these results, it is necessary to in-

vestigate the departure o:f the actual situation (that is, a radioisotope 

alpha source) from the idealized case used in the calculations. 
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1. Al-pha Source Angular Distribution and Energy Spectrum. The a­

particle flux incident upon an incremental area of the solar cell surface 

is not in practice isotropic as a result of the finite size of the alpi1a 

source employed and of the separation existing betvreen the alpha source 

and the target solar ceD.. This separation in conjunction vri th the size 

of the· source and the cel.l determines a maximum angle of incidence 

relative to the surface normal. For the purpose of this discussion 

(to be of a semi-quantitative nature) it is acceptable to replace the 

rectangular solar cell by a disk of equal area·. The effective radius of 

the solar cell is then 0.314 inches, and the diameter of the source is 

0.625 inches. The spacing betvreen the solar cell and· source is 0.672 

inches(for the l/16~inch thick brass mounting plates) and may be in 

error by as much as 0.031 inches. This geometrical configuration and the 

ass'ociated maximum angl~s of incidence are shovrn in Fig. V.?(a). Also 

shown in'this figure is the maximum angle of incidence for the alpha 

flux incident upon an actual test cell. It can therefore be seen that 

replacing the solar cell 'by an effective disc was not a bad approximation . 

. Figure V.?(b) presents a rough estimated of the angular distributions 

(in three dimensions theJr would-be cones) expected at the outer edges and 

at the center of the solar cell. The maximum angle of incidence occuring 

at the edge is approximately 43°, and the axis of the cone is at 

approximately 25° to the invrard normal at the surface. At the center of 

the cell the·cone axis is perpendicular to the surface, and the angle of 

incidence ranges up to 25 o. From the approximate angular distributions 

of Fig. V.?(b), it is seen that the majority of incident a particles 

travel in a direction closer to normal incidence than to the 43 o 

maximum. The 25° limiting deviation should therefore be a more suitable 
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Fig. V.7. Source-solar cell geometry and approximate angular 
distributions for the incident a particles. 
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approximation to a mean angle of deviation from the normal than 43o. 

The perpendicular depth of penetration, R', for an a particle incident 

at this angle is related to the range by 

R' = R cos(E~ ) ~ 20.3 cos(25°) = 18.4~. 
et mean (V-19) 

This two-micron difference should have a relatively minor effect upon 

the calculated electron-hole pair production rate, g (x) (this can be a 
seen from Fig. V.l), whereas it may have a substantial effect upon the 

calculated lattice displacement production rate, nD(x)Na' over the 

latter portion of the a-particle track (this can be seen from Fig. V.2). 

As will become evident later, the calculated lattice displacement rate 

is only used in a quantitative manner when analyzing changes in the 

short circuit currerit occurring at high exposure levels. Only those 

.regions of the solar cell within eight microns or so of the surface 

are important· for high exposures (the remaining material has been 

damaged so highly that it contributes little to the short circuit 

current), and.thus the effect of the spread in the incident alpha flux 

is minimized. The effect of .this angular spread will be discussed later 

in connection with the measurement of the diffusion length degradation 

constant. 

The incident a-particle spectrum is shown in Fig. v.8. Included 

·for comparison is the basic a-particle spectrum for Am-241.* It is 

evident that the actual spectrum is not a delta fUnction and in fact the 

width at half maximum is ±4oOkeV. This corresponds to a ±2 micron 

* This spectrum was furnished by Nuclear Diode Inc. along with the Si 

surface barrier detector used in measuring it. 
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(a) 

(b) 

ZN-4861 

Fig. V.8. Energy spectrum for (a) the a particles emitted from Am241 
and (b) the a particles incident upon the solar cells (at 50 
volts detector bias). Relative abundances of a's from Am241 
are 5-534 Mev (0.35%), 5.500 Mev (0.23%), 5.477 Mev (85%), 
5.435 Mev (12.6%), 5-378 Mev (1.7%); from D. Strominger, 
J. M. Hollander and G. T. Seaborg "Table of Isotopes," Rev. 
Mod. Phys. 2Q, 585 (1958). 
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uncertainty in the range of the a particle; and, therefore, the comments 

made abovewith regard to the effect of the incident a-particle angular 

spread upon the calculations of ga(x) and nD(x) apply equally well in 

connection with the ener~y spread. 

2. Initial Energy Conversion Properties. The short circuit current for 

the Si solar cells in the undamaged state was calculated from Eq. (V-7) 

for temperatures of 200°, 250°, and 300°K. The material properties 

listed in Table IV.VI (properties representative of commercially available 

Si solar ~ells) "I'Tere used in the calculation along with the polynomial 

fitting constants for a 4MeV a particle (see Table III.II). Table 

V. III presents the total charge collectio~ :·efficiency and the number of 

electron-hole pairs'collected per incident a particle by each region of 

the diode. The calculations were performed for both p-on-n and n-on-p 

Si solar cells. 

As stated in Section V.B, the open circuit voltage was measured 

immediately upon initiation of the test run. The first measurement of 

the short circuit current took place as soon as possible after the open 
! 

circuit voltage was obtained. The short circuit current was measured 

by applying a reverse bias to the diode sufficient to null out the 

voltage developed by the diode. This process took on the order of 10 

to 30 seconds with the result that an extrapolation of the experimental 

results was required in order to determine the initial value of the 

short circuit current. ~~e extrapolation process was aided through the 

use of the initial dark I-V characteristic and the initial value of the 

open circuit voltage (see Eq. (IV-12)). The results of this extrapolation 

technique are shown in Fig. V.9 for SiJ. Table V.IV lists the measured 

short· circuit currents obtained for all the cells tested along with the 



-134-

Table V.III. Calculated charge collection efficiency for p-on-n and n-on-p silicon 
solar cells under 4 MeV alpha particle bombardment. 

p-on-n n-on-p J_ 

zoo Z50 300 zoo Z50 300 

d
1 

(em) Z.OOXi0- 4 Z.OOXi0- 4 Z.OOXi0- 4 Z.OOXi0- 4 Z.OOXi0- 4 Z.OOXi0- 4 

dz(cm) Z.50Xi0- 4 Z.50Xi0- 4 Z.50X10- 4 Z.50Xio- 4 Z.50Xi0- 4 
Z.50Xi0-

4 

Ra(cm) Z.03Xi0- 3 Z.03Xi0- 3 Z.03Xi0- 3 Z.03Xi0- 3 Z.03Xio- 3 Z.03Xi0- 3 

Ln(cm.) 4.89Xi0- 4 5.64Xi0- 4 6.Z4X10- 4 3.ZZX1o- 3 3.83Xio- 3 4.04Xi0- 3 

L (em.) Z.14Xi0- 3 Z.Z6Xi0- 3 Z.44Xio- 3 3. 70Xi0- 4 4.15Xi0- 4 4.40X10- 4 
p 

1.1ZXio6 
1.1ZXi0

6 
1.1ZXio

6 
1.1ZXi0

6 
1.1ZXi0

6 
1.1ZXio

6 
Neh 

Neh, SR 9.17X10
4 

9.41Xi0
4 

9.58X10
4 

7.18Xi0
4 

7.48Xi0
4 

7. 70Xio
4 

N Z. 72Xi0
4 

Z. 72X10
4 

Z. 72X10
4 

Z. 72Xi0
4 

Z. 72Xi0
4 

Z. 72Xi0
4 

eh,J 
6.94Xio

5 
7.09Xi0

5 
7.Z8Xi05 7. 77Xi0

5 
8.08Xio

5 
8.11Xto

5 
N eh,BR 

8.13Xi0
5 

8.31Xto
5 

8.51Xi0
5 

8. 76Xto
5 

9.11Xi0
5 

9.15Xi0
5 

N eh,T 
Q 0. 724 0. 740 0.757 0. 780 0.811 0.814 

di - assumed 

dz = d 1+W, ~ssumed W = 0.5 fl. 

L, L -n p 
see Table IV. 7. 
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Fig. V.9. Extrapolation technique used to determine Isco• The curves 
are (a) the extrapolation of the short-circuit current to zero 
time and (b) the comparison of V0 c 0 and Isco with the initial 
dark I-V characteristic. ' 



Table V. IV. Initial energy conversion properties for the silicon and gallium arsenide 
solar cells under 4 MeV alpha particle bomb_ardment. 

Cell T(° K) N (a/sec) I I 
1 

Q , meas Q , calc v v I p 
\nax,o a sco,1neas sco,ca c o o oc,o mp,o mp,o max,o 

(f.LA) (f.LA) (mV) (mV) (f.LA) (W) (%) -
SiP 275 8.2X106 

1.29 1.105 0.860 o. 749 27 ~ 1 14.6 0.670 9. 76X10- 9 0.186 

Si 4 275 8.5X106 1.37 1.145 0.884 0. 749 

Si 0 275 8.2X10
6 

1.31 1.105 0.873 .0. 749 58.0 35.0 0.650 2.28X1o- 8 0.434 

Si G 200 8.2X10
6 

1.31 1.070 0.873 0.724 133 80.0 0. 793 6.34X10- 8 1.21 

Si H 200 8.6X106 
1.41 1.120 0.898 0. 724 286 195 1.087 2.12X10- 7 

3.85 

SiR 275 8.0X10
6 

1.30 1.170 0.890 0.812 101 55.0 0.697 3.83X1o- 8 
o. 749 

8.0X106 I 

Si 10 275 1.28 1.170 0.877 0.812 --- --- --- --- --- ..... 
w 

Si K 200 8,2X106 
1.29 1.151 0.860 o. 780 353 290 1.074 3.11X10- 7 

5.94 g.. 
I 

Si J 200 8.2X106 1.30 1.151 0.867 0. 780 310 2,14 0.950 2.05X10- 7 
3.90 

GaAs A-21 275 8.2X106 
0.198 0,266(a) 0.151 0.203 (a) 226 155 0.158 2.45X10- 8 0.467 

GaAs A-22 200 8.2X1o
6 

0.330 0.266 (a) 0.252 0.203(a) 680 565 0.300 1.70X1o- 7 3,23 

(a) Calculated from Eq. (5.21) with d
1 

= 1f.L, Ln = 1f.L and L = 2f.L p . 

•, ... 
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short circuit currents calculated from Eq. (V77)· The calculated and 

measured values of the charge collection efficiency are compared in 

Fig. V.lO(a) for the p-on-n Si solar cells and in Fig. V-lO(b) for·the 

n-on-p Si solar cells. It can.be seen from this comparison that the 

minority carrier lifetime and associated diffusion length in the base 

region must be greater than the assumed value, since we feel the spread 

in the incident a-particle energy spectrum and angular distribution 

cannot account for a discrepancy of this magnitude. We shall later 

find that the charge collection efficiency for the base region can be 

used to estimate the diffusion length in that region. 

The measured values of the initial open circuit voltage are also 

listed in Table V.IV. The initial values of the open circuit voltage 

and short circuit current were used in conjunction with the initial 

dark I-V characteristic to construct the initial irradiated I-V 

characteristic. (see Figs. V.l6 and V.l7) From the Irradiated I-V 

characteristics constructed in this manner the initial values of 

maximum power, voltage at maximum power, current at maximum power, and 

maximum efficiency have been determined; and the results are presented 

in Table ·v.rv. As expected from theoretical considerations the 

efficiency increases with a decrease in temperature for all three types 

of cells tested. The maximum efficiency is found to be consistently 

higher for the n-on-p Si solar cells that for the p-on-n Si solar cells 

eve~ though the charge collection efficiency is approximately the same 

for these two cell types. The superior performance of the n-on~p Si 

solar cells arises from the hard dark I-V characteristics exhibited by 

these cells as compared to the p-on-n Si cells. The results also support 

' 
the contention stated in Section III.A that the maximum efficiency should 
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Fig. V.lO. Comparison of measured and calculated charge-collection 
efficiencies for (a) the p-on-n Si solar cells and (b) the 
n-on-p Si solar cells. 
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increase as the forbidden energy gap increases. This is evident from 

the results presented in Table V.IV "YThen it is noted that the GaAs 

solar,cells (E ~· 1.35eV) yield maximum efficiencies comparable to those 
g 

of the Si solar cells (E ~ l.leV) at much lower values of the short . g . . 

circuit current. Therefore, the maximum conversion efficiency of a 

GaAs solar cell.with a short circuit current in excess of one !-LA would 

. be greater than that for a Si solar cell.with an equivalent short 

circuit current. 

3. Bombardment Induced Changes in Device Performance. The lattice 

displacements produced in a solar cell during a-particle bombardment 

give rise to a decrease in the minority carrier lifetime and mobility in 

that port~on of the material traversed by the a particles. The changes 

in minority carrier lifetime are in general observed at substantially 

1 1 th th h . b'l't 44,84 Th ' lower exposure eve s an e c anges ln mo l l y. ese cnanges 

in the material properties are responsible for the observed degradation 

in the power conversion properties of the Si and GaAs solar cells tested. 

The results for the exposure induced changes in short circuit current 
I 

are presented in Figs. V.ll through V.l4. 

' Prior to a detailed discussion of these results, one important 

point should be made. Despite the fact that the electronic properties 

of a material are quite sensitive to radiation damage, a device composed 

of said material with relatively high impurity concentration can exhibit 

an apparent resistance to radiation damage, from a device standpoint. 

This type of behavior will be encountered when considering the experi-

mental resultq for the GaAs solar cells. We have determined the 

sensitivity of a device to radiation damage from the exposure induced 
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changes in its performance, whereas the sensitivity of the material to 

radiation damage is determined from the measured values. of the diffusion 

~ength degradation consta.nt (see Eq. (v-4). 

Short Circuit Current. We,see in Fig. V.ll that the test runs f9r 

the p-on-n Si solar cells at both 200°K and 275~ yield near~y identica~ 

resruts for the fractional change in short circuit current with exposure. 

In addition, the approximate equality of measured values of the initial 

short circuit current for these cells indicates that the minority 

carrier diffusion lengths are very nearly the same at the two test 

temperatures. Therefore, it is evident that the type of radiation damage 

produced is the same at both temperatures. This type of a temperature 

independent behavior has been observed for the electron bombardment 
64 

produced A-center in n-type Si. As a resrut of the techniques used• 

in the preparation of Si solar cells, the surface region possesses a 

·. much higher impurity concentration than the base region with the resrut 

·. that the base region is the first to exhibit radiation damage. This 

means that the base region is primarily responsible for the observed 

degradation in short circuit current and the.other energy conversion 

properties. Bearing this 'in.mind, it is evident that the location within 

the energy gap of these energy states arising. from the bombardment 

·induced recombination centers (those lattice. displacements which act as 

recombination center·s, hereafter referred to as the defect recombination 

centers or DRCts) must lie well below the Fermi level which is situated 

below but near the bottom of the conduction band for the n-type material 

used in these p-on-n cells. Therefore the DRC energy states must also 

lie well bel~w the bottom of the conduction band. A DRC energy state 

located near the bottom of the conduction band worud have a finite 

'·. 
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Fig. V.ll. Short-circuit current ratio, Isc/Isco' vs exposure for the 
p-on-n Si solar cells. (Key in Table V.I.) 
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probability of being unoecupied by electrons and therefore incapable of 

-contributing to hole recombination. This probability (that is, the 

Fermi-Dirac distribution function) would then exhibit a temperature 

dependence in contrast to the opserved results. The solid curve in 

Fig. V.ll represents a calculation of I /I which is discussed below 
. · BC SCO 

(see page 147) .. 

The results for the n...;on-p Si solar cells as depicted in Fig. V.l2. 

show a marked temperature dependence. It isunlikely that this difference 

is attributable to different initial minority carrier lifetimes at the 

two temperatures since the measured initial short circuit currents are 

nearly identical for both temperatures. There is no a· priori b~sis 

for believing-that the DRC's produced in the base p-type material are 

identical to those produc:ed in/the base material of the p-on-n cells • 

.. We cannot therefore use the res.ults obtained for these cells to further 

isolate the position of .the DRC energy states prod~ced in the _p~on-n 

cells by the ex particles. In order to !=xplain the behavior of the 

n-on-p cells, the DRC ene-rgy states produced in the base p-type material 

must be situatedrnear the top of the valence band whereupon the tempera-
/ 

ture will affect the probability of occupancy for these energy states. 

Assuming the DRC produced at ·200°K and 275°K to be identical, the 

greater resistance-to radiation damage at ·275~ can only be realized 

for DRC energy states lying above the Ferini energy, since in ·.this situa-

tion the number of empty energy states decreases with increasing tempera­

ture.·- As mentioned above, it is not possible to exclude the possibility 

of a temperature dependence in the nature or production rate of the DRC. 

Therefore, the resUlts ·presented thus far do not allow us to choose 

between these possibilities with any reasonable degree of certainity. 
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Fig. V.l2. Short-circuit current ratio, Isc/Isco' vs exposure for the 
n-on-pSi solar cells. (Key in Table V.I.) 
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It is difficult to draw conclusions about the temperature dependence 

of the device radiation resistance for the p-on-n GaAs solar_cells 

inasmuch as only one ceLl was tested at each temperature. Therefore 

. the spread in data for GaAs cells at ·a fixed temperature is not know .. 

If for the time being we assume the spread in data for these cells to 

· be approximately the same as that for the p-on-n Si cells, it is apparent 

from Fig. v.13 that the cell tested _at 275°K is more resistant to 

_radiation damage from a device standpoint. This behavior is consistent 

with an initi~l base region diffusion length for GaAs A-22 in excess 

of that for GaAs A-21, and the existence of such a situation can be infer.­

red from the greater initial short circuit current for GaAs A-22. In 

view of these facts,, it is not possible to obtain any information 

relative to a temperature dependence in the nature and production rate 

of the DRC or of the position of the DRC energy states in the forbidden 

energy gap. 

In Fig. V.l4 a comparison is made for all the cell· types tested. 

The p-on-n GaAs solar cells exhibit the strongest device radiation 

resistance which is in part a result of the short initial diffusion 

lengths of these cells as deduced from their low initial short circuit 

currents. Then-on-pSi solar cells show-less resistance to radiation 

·damage than the ;p.:on-n GaAs cells and the I>-on-n Si solar cells are 

the least resistant." The n-on-p Si cells possess base region diffusion 

lengths that are only slightly· less than those of the p-on-n Si c-ells 

(see Table V.VII). Therefore the large difference in device radiation 

resistance for the p-on..;n and n-on-p Si solar cells cannot be entirely 

attributed to differences in the initial diffusion lengths. The basic 

nature of the DRC and/or their production rate must be different for 
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these two cell types. ~1is will be returned to when we consider the 

experimentally measured •ialues of the diffusion length degradation 

constant. In connection with the present discussion, it should be 

. pointed out that although the p_-on-n GaAs solar cells are the most 

resistant to device radiation damage, the measured short Gircuit 

currents are lowest for "'~hese cells at intermediate exposure levels 
. 11 
(9~10 a's). 

In Fig. V.ll a comparison was made between the experimental results 

and a calculation of I /I for a p-on-n Si solar cell at 250~ based 
sc sco 

upon a modified form of Eq. (V-5). The calculation was simplified by 

assuming the electron-hole pair production rates in the surface and 

base regions to be spatially uniform and given by g and g b 
OS 0 

respectively. In this case Eq. (V-5) becomes 

·In the calculation the properties listed in Table IV.VI were used for 

the,initial properties, except that the surface region thickness was set 

-4 
equal to l.5XlO :em. The reason for this change will become evident 

when we estimate the initial diffusion lengths in the base and surface 
.. 

regions. The changes of the diffusion lengths in the surface region 

and the sub-regions of the base region were calculated using Eq. (V-4) 

upon normalization of the .K(x) curve (K(x)a:nD(x) of' Fig. V.2) to the 

experimentally measured values of K (see Table V. V) • The values of K 

for the surface region and the subregions of the base region w~re found 

to be 
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d - -
- 1 J 4 ( ) 4 4 -11 --2 -1 K = - · K x dx ~ · • 3 XlO 1-f. 0: nii · t ¢~.3 

(V-21) 

Kniii = o. 

The experimental results and the curve calculated using Eqs. (V-20) and 

(V-2l),are.seen to be in. qualitative-agreement where the calculated 

curve is consistently above the measured Va.lues. This is a result of 

the averaging process used for the three sub-region analysis. The 

three sub-region model underestimates ,the amount of damage produced 

over the latter·part of the a-particle track, and as a result the 

experimentally measured short circuit current·decreases at a faster 

rate that the calculation. The averaging process however leads to an 

overestimate of the DRC concentration in sub-region I with the result 

that at intermed~ate exposure levels (e > 1011 o:'s) the calculation and - - . 

experimental results are seen to be in relatively good agreement. Finally 
' ' 12 / ' 

at high exposure levels(e ~ 10 o:'s) the experimental results decrease 

at a faster rate than the calculat·ion. This indicates that either the 

DRC introduction rate was underestimated for the surface region or the 

DRC concentration is high enough to produce substantial .changes in the 

diffusion coefficient in the base region. It is highly probable that 

the calculation could be brought into better agreement with experiment 

by dividing the base region into a greate~ number of sub-regions. 
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Open Circuit Voltage. The fractional change in open circuit voltage 

with increasing exposure for a given solar cell is expected to be slower 

than the :fraction~l change in short circuit current. The relation 

between IGa and V
0

c as obtained from Eq. (III-12) is 

v oc 
1 IG . 

·-- ln(- + 1). 
o Iol 

(V-22) 

where o = A/A. Figure V.l5 shows that V /V does indeed decrease oc oc,o 

more slowly than Isc/Isco for each of the three cell types. 

Maximum Efficiency. During the initial period of a test run, it 

was not possible to obtain the complete irradiated I-V characteristics; 

and therefore it was necessary to construct the characteristics.in this 

exposure interval using the same method.we previously employed to 

determine the initial irradiated I-V characteristics. The plots of 

I /I and V /V were used to get the intercepts at a given sc sco oc oc,o . . . 

exposure level, and they were connected using the initial dark I-V 

characteristic of the solar cell, since this was observed to change only 

slightly over this exposure intervaL Figures V .16 and V .17 show the 

I 
irradiated I-V characteristics obtained for SiH (p-on-n) and SiJ (n-on-p) 

respectively where the solid dot curves are the constructed I-V 

characteristics, and the other curves are the measured I-V characteristics. 

It was then possible to graphically calculate the exposure induced 

changes in the maximum power, volta~e at maximum power, current at 

maximum power and maximurr1 efficiency. The maximum efficiency determined 

from the constructed and measured irradiated I-V characteristics is 

presented in Figs. V.l8, V.19, and V.20 as a fUnction of exposure in 

the form of TJ /TJ • As expecf.ed from our previous discussion of 
. max max,o 

the expostire induced changes in sh:rt circuit current, it is found that 
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Fig. V.15. Open-circuit voltage ratio, V0 c/V0 c 0 , vs exposure for 
representative cells of each type. (Key in Table V.I.) 
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Fig. V.19. Maximum efficiency ratio, '11max/1Jmax 
0

, vs exposure for the 
n-on-p Si solar cells. (Key in Table V~I.) 
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the p-on-n GaAs solAr cells and the p-on-n Si solar cells Show the 

highest and lowest device radiation resi·stance respectively. In 

addition to changes in the alpha generated current (the alpha generated 

currents are equivalent t.o the short circuit current :for the low currents 

_encountered), the change~ in the dark I-V characteristic arising from 

bombardment also contribute to the observed. changes in maximum efficiency. 

This can be seen from the curve :for SiR (n-on-p) in Fig. v.19 where 
. . . . . . ll ' 

..• TJ . /n begins to levei off at e ~ 10 a:' s, whereas I /I · max 'max, o . · · · · . sc sco 

continues to decrease. This behavior resulted :from a substantial 

improvement in the dark I-N characteristic at this exposure level (this 

. was observed :from the shape of the irradiated I-V characteristic). The 

dark I-V characteristic then proceeded to qegenerate with the result 

I 
. ~ 

that T) T) underwent a sharp decrease ate~ 10 o:'s. max max,o . The 

maximum efficiencies for cells SiH, SiJ, and GaAs A-22 are shown in 

Fig. V.21_ to demonstrate the :fact that, ~lthough the initial maximum 

efficiency is the lowest :for the GaAs cell, this cell would yield the 

gre_ atest energy output· (that is, E t := fP · (B)de) :for exposure levels ou max 

in excess o:f 109a's~ Theharder dark I-V characteristic of the GaAs 

solar cell is responsible :for 'its superior performance. 

··.,/ 

/ 

4. Diffusion Length Degradation Constant. The diffUsion length degrada-. 

tion constant as defined inEq.· (I!I-28) is a continuously varying 

fUnction-of position where the form of this variation should have roughly 

the :form of the lattice displacement production per a: particle shown in · 

Fig. V. 2. It is evident therefore that K( x) cannot be determined :from 

the measured changes in short circuit current unless the current 

contributions :from every llal:f micron or so along thea-particle track 

were isolated :from the total current.· ·. ·At high exposure levels 

: ~ 

. . 
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Fig. V.2l. Comparison of the maximum efficiency for cells SiH (~-on-n), 
SiJ(n-on-p), and GaAs A-22 (p-on-n). (Key in Table V.I.) 



(e:::; io1\x's) a situation is realized for the Si solar cells in which 

the base region contribution to the short circuit current arises from 

that portion of the base region within a few mincrons of the junction-

base region interface. This situation exists for all values of e in. 

the case of the GaAs solar cells, since they possess very short initial 

diffUsion lengths. Now K(x) undergoes a relatively small change over 

the first few microns of the base region so that for these limiting 

cases an effective diffusion length degradation constant can be-determined 

for this spat2al interval. The effective diffusion length and effective 

diffUsion length degradation constant are related by 

/ 

.!... - !... + iCe( t) . 
r,2 - L2 

0 

(V-23) 

This.is a measured effective diffUsion length and is not the same as the 

·calculated effec~ive dif~~sion length defined .in Eq. (V-9)~ In Section 

•.. V .A it was found. that the diffusion length degradation constant is 

related to the short circ~it current through Eq. (V-18) providing that 

the exposure level has not reached the point where radiation damage 
! 

in the surface region gives rise to a decrease in I '(for all cell types 
c. 

. . 12 .- --
this corresponds toe!:::! 10 a's)·but, in the case·of the Si solar cells, 

has exceeded an exposure level of e = lOlla's so that the conditions 

Lpi < D and Lpi < Lpo will be satisfied. The·second of these inequalities 

is in fact never satisfied for the GaAs solar cells with the result that 

Eq. (V-17) must be used for these ce1ls. Iri light of the initial diffUsion 

length estimated Jil.ter in. this section (see Table V.VII) it is permissible 

to use Eq. (V-18) in analyzing the short circuit current changes .for th.e 

Si solar cells. Recalling that. the short circuit current and a generated 
. . . 

current are equal·for the·.low current values encountered, we recognize that 
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(V-24) 

where Ic = ISR + IJ' ISR and IJ are the surface region and junction 

contributions to the alpha generated current respectively, and 

. /~1/2 K_ = qg N K • 
--l ob a: 

-l/2 Si Cells. Figure V.22 presents plots of I versus e for SiJ sc 

(n-on-p) and SiO (p-on-n). A substantial linear region is seen to 

exist for both cells in agreement·with Eq. (V-24). All the Si cells 

tested exhibited such a linear region where the experimental points 

were observed to fall below the linear curve at bQth high ce ~ lo12
a:'s) 

exposure levels as can be seen in Fig. v.23 for SilO (n-on-p) and SiH 

(p-on-n) and low exposure levels as is evident from both figures. The 

deviation in the high exposure level limit is attributable to bombard-

ment induced changes in ISR and correspondingly Ic· As is eipected the 

n-type surface regiqn material undergoes.damage faster than the p-type 

surface region(Kn(Si)>Kp(Si), see Table v.v)which is evident from the 

observed decrease in I at lower exposure levels for the n-on-p cell. 
c 

At low exposure levels the finite extent of the source term (extending 
I 

only to the depth of the a-particle range) ·leads to measured short 

circuit currents less than that predicted by Eq. (V-24) where the source 

term was assumed.to be a constant throughout the base region. In 

addition, the spatial variation in the diffusion length would lead to 

a smal1er contribution to the short circuit current than predicted by 

Eq. (V-24), since it was derived using a constant diffusion length in 

sub-region I of the base region. The values of the diffusion length 

degradation constants and I determined for the Si solar cells are listed c 

in Table V.V along with the exposure interval, estimated base region 
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Fig. V.22. Plots of the short-circuit current, Isc' vs e-l/2, for SiO 
(p-on-n) and SiJ(n-on-p) used to determine Ic and K
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(Key in Table V.I.) 
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Table V. V. Silicon and gallium arsenide device and material properties determined from the bombardment-induced changes in 
short-circuit current. 

Cell T N I I 
( 1) -2 

qNa.gob K e. (J£ 
L (2) (2) E 

a. -1 c,rneas c,calc K1 
-2 -1 

1 BRi LBR£ a. 
(•K) (a.'s sec ) (f!A) ( f!A) (A-2 a. -1 ) ( f!A/ f!) (ern a. ) ( 0. IS) (a.'s) ( f!) ( f!) (MeV) 

p-on-n 

SiP 2 75 8.2 X 10 6 
0.099 0.132 100 0.0764 5.8X 10-5 2.92X 10 11 7.53X 10

11 
2.38 1.49 3.3 

Si 0 Z75 8.2 X 106 0.078 0.13Z 1Z1 0.0764 7.1X 10-5 Z.48X 10 11 1.Z9X 10 1Z Z.Z9 1.01 3.3 

Si 4 Z75 8.5 X 10 6 0.107 0.137 86 0.0791 6.8X10-5 3.95X10 11 1.09X10 1z Z.18 1.30 3.3 

Si G zoo 8.Z X 106 0.090 0.13Z 128 0.0764 7,5X 10-5 z.66x 10 11 8.1ZX 10 11 Z.19 i.Z 7 3.3 

Si H zoo 8.6 X 10 6 0.104 0.136 98 0.0801 7.9X 10-5 3.87X 10 11 1.49 X 10 1Z 1.96 1.00 3.3 

n-on-p 

SiR Z75 8.0X 106 O.Z70 0.130 39 0.0745 Z.2X 10-5 3.72X10 11 1.Z5X 10 1z 3.41 1.85 3.3 
.... 
0' 

Si 10 Z75 8.0X 106 0.194 0.130 66 0.0745 3.7X10-5 4.00X 1011 1.34X 10 1z Z.58 1.40 3.3 N 
I 

Si K zoo 8.ZX 106 0.190 0.13Z 6Z 0.0764 3.6x 10-5 3.00X10 11 7,00X10 11 3.01 1.95 3.3 

Si J zoo 8.Z X 106 o.zzz 0.13Z 111 0.0764 6.5X10-5 Z.65 X 10 11 1.00X 10 1Z Z.36 1.Z4 3.3 

p-on-n 

GaAs Z75 8.Z X 10 6 0.084 -- 500 0.0835 3.5X10-4 
1.57X 10

10 7.16X 10 11 1.ZO 0.55 3.0 
A-Z1 

GaAs zoo 8.2 X 106 0.1ZO -- 600 0.0835 4.9x 10-4 1.48X 10
10 

6.80X10 11 1.94 0.48 3.0 
A-2Z 

( 1) Ic for the silicon cells was calculated assuming d1 = 1.5 fl• dz = Z fl• and using the diffusion lengths given in Table V.III,in conjunc-
tion with the curves of Figs. V.Z6 and V.Z7 and IJ from Table V.VII. 

( Z) The diffusion lengths were estimated from LBR( (J) = ( qNa.gobi - 1 [Isd (J)- Ic]. 

" 



diffusion lengths at the extremes of the interval, and the average a-

particle energy. ·X· 

An error analysis was performed on SiO and the resultG assumed to 

be typical of all the cells. A least squares fit was applied to the_ 

data of Fig. V.22 using only the points in the interval 0.8Xl0-G ~ e-l/2 ~· 
2Xlo-6. The slope and intercept and their associated variances resulting 

from the spread in the data were found to be I = 0.078 ± 0.006~ and 
c 

4 1/2 K1 = 0.091 ± 0.00 ~a . These results are quite sensitive to the 

specific points chosen for the least squares fit. We feel however that 

the set of points selected is close enough to the proper set that any 

uncertainties arising from this choice will yield accuracy errors less 

than or on the order of the precision errors. The precision error in 

the measurement of I "\vas determined from the spread in data points . · 
c 

.and the variance in e-l/2 which is 

· · 2 "Oe-112 2 2 
( a 9-1/2) . = ( • ) ( crN ) 

'ON a a 

= (- ~ 8-112)2(~)2 
. Na 

(V-25) 

or 

* -The measured .... value of K is most heavily weighted by K(x) within the 

first diffusion length from the junction. Therefore Ea was determined 

from Fig. B.20 at a position 

...... 

The error in Ea corresp9nding to ± ~LBRi + LBRf) was found to be approxi­

mately ± O.)MeV. 
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where ( crNa/ih) = ± 4. 4% (see Appendix ~). ,The variance in e-
1

/
2 

'tvill be 

greatest for the upper l:Lmit of the interval employed so that a some­

what conservative estima:l;e of a e-l/2 = ± .004XJ.o-
6 

A a
1

/
2 ~ Since the 

effective diffusion length degradation constant is 

1 )2 • )2 
(IS_ ( ~N~ob ' (V-26) 

the variance is given by 

. · (V-27) 

The variances .in Kl and Net. have already been specified so that .the only 

variance remaining to be determined is rJ 
gob 

The value of g . used in 
. 00 

the calculation of K was 2o% below the curve of Fig. V.l at the junction­

base region interface (~ =· 2IJ.) and 3o% high at a position 8IJ. into the 

base region. The errors·present at positions farthest removed from the 

junction are not as important as those close to the junction, since 

these remote regions are not as effective in contributing to the alpha 

generated current as the portion of the base ~egion with~ a diffusion 

length or so of the junction (the base region diffusion lengths encountered 

are on the order of one to three-microns). We therefore thought it 

reasonable to weight the deviation at position x by the factor exp(-x/LBR) 

where the source term can be fairly well approximated by g (x) = . . a 
(50.1 + 1.4x) x l03eh/!J. over the interval 2IJ. ~ x ~ lOIJ. •. The average 

spread deviation in this interval is then found to be 
,,. 

.. 

i . 
f' 
' j 

i : 

~ ! 

' '' . i. 

; . 



3 2 . 
=· (1. 4XlO ) {[(t-d )2 -2L (t-d )+2L2 ] 

[l _ exp(- J.:-d2)] 2 BR 2 BR 
. LBH 

( t-d2)} exp- --
LBR 

(V-28) 

where t is the position at which g (x) = g b. For L ~ 3~ (representa-
0: o BR 

tive of the values encountered at higher e-l/2), the variance in g
0
b is 

found to be cr /g b ~ D1/ 2/g b ~ ± 5~5%• Then the precision error in 
gob o . o 

K is crK/K ~ ± 16%. We have not as yet considered the systematic error 

introduced by the angular and energy spread of the source,employed in 

the experimental work. }rom our previous discussion of these properties 

of the source, it is evident the value of g
0
b used in the above analysis 

is smaller than the actual electron-hole pair source term. It is 

difficult to ascertain the magnitude of this error, but we feel that a 

total error of about ± 25% might easily be realized. 

In order to check the justification of the approximations used in 

deriving Eq. (V-24) we shall look at the case of SiJ in detail. The 

diffusion length 1in the exposure interval over which Lni ~ K
1

e-1/ 2 .was 
.··. -

estimated from the rel~tion. that L Ig b~[I (e) - I ] where g b is the n o sc c o 

average electron-hole pair production rate for the interval d2 = 2~ to 

10~ (all diffusion lengths were found to be less than 10~ for 

e > lOlla:'s). In :particular it was ·:found that Lni = 2.36~ at e = 

6 ll 4 12 . 2. 5Xl0 a:' s and Lni = 1.2 ~ at e = l.OOXlO a:' s for SlJ. 

The value of D is 16~ for the assumed value of d2 = 2~ and therefore 

D/Lni > 2 is indeed satisfied for all e ~ 2.65Xl0~'s. In addition 

the average values of K in sub-regions I and II of the base region as 
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calculated f'rom nD(x) given in Fig. V.2 lead to an expected dif'fusion 

length ratio of' 

L . 
· nii 
L . 
ni 

K I l/2 
~<If-) ~ 0.189 

. nii 
(V-29) 

with the result 'that Lnii ~ 0.45J.L < t/2 = l·5J.l. at . e = 2.6,5Xl011a• s. 

Theref'ore the conditions that Lnii < t/2 and Lnii <Lni are also 

satisf'ied·f'or this cell. ·The condition that L I< L is satisf'ied as ·n no 

can·be seen f'rom Table V.VII f'or the estimated initial dif'f'usion lengths. 

The next condition to be checked is that of' 

L 
( nii). 1 
L D << l, (V-30) 
ni · cosh(y;-) 

ni · 

' and f'or the two exposure level limits· we f'ind that this term is equal 
' 

to .0002 at 
11 12 . e = 2 .6,5XlO a's and essentially zero at e = l.OOXlO a's. 

Theref'ore the neglect of' this term is justif'ied, and the only approxi­

mation left to be considered is that of' the assumed constancy of' the 

electron-hole pair source. term. The validity. of' this approximation "'\vas 

ascertained by comparing the K and I values obtained f'rom Fig. V.22 
c . . . . 

with those obtained f'r~m Eq. (V-14) where the second term in the base 

region contribution is neglected in comparison to the f'irst. Then 

(V-31) 

where X (x). =a+'bx = · (50.l+l.4x)xlo3eh/J.L is a. good representation of 
n .. -- . . 

the electron-hole pair production rate f'rom the solar cell surface to a 
. . ' . 

depth of' approximately lOii. U~ing this f'orm for X (x) and the fact that 
n 

. L (e) ~ Re-l/2 . Eg. (V -3l) becomes 
n . ' 

'. ·~ \ 

- i 
I 

- I 
' I 

! 
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I' 
{: 
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I (e) = I + sc c 
-l e . (V-32) 

Therefore i-Te used the method of least squares· tq fit the experimental 

data with a polynomial of t?e form 

I (e) = I ~ K e-l/2 + K_e-l/2 . 
sc c 1 -~ 

(V-33) 

with the result that the fitting constants 

. l/2 3 K]_ = 0.113~ ex , and K
2 

= -7 .lOXlO 1-lA ex. 

were found to be I =0.210~, 
c 

The value of I is _in good 
c 

agreement with I = 0.222±0.017~ given in Table v.v. The negative 
c 

value of IS is unacceptal)le in light of the arguments made leading to 

Eq. (V-36); riamely, the assumed constancy of the diffusion length in the 

base region. As mentioned previously the downward concavity of the 

curve is a result of the decrease in diffusion length with distance from 

the junction. The effective diffusion length degradation constant as 

- 8 -5 -2 -l found from Kl is K = 3. OXlO em ex as· compared with the value of 

(6.48±l.o4)Xlo-5cm-2ex-l given in Table v.v. The substantial discrepancy 

between these two values ·is a result of the improper weighting of the 

-1/2 . experimental data at large e through the constant K
2

• We therefore 

feel that the least squares fit-.with Eq. (V-24) yields the most meaningful 

results. 

From the results presented in Table V.V we find that K for the 
n 

p-on-n S~ solar cells shows no preceptible temperature dependence within 

the experimental error. The results for the n-on-p Si cells indicate 

that K is approximately a factor of two greater than K ( 275°K) and 
n P 

only slightly greater than K (200°K) if at all. . p 

Comparison ;.lith other Work. Values of the diffusion length degradation 

constant as measured for electron and proton bombardment of Si solar cells 



\ 

are listed in Table V.VI. We shall make a direct comparison of our 

results with the 8.3MeV proton data given in Table V.VI only. At this· 

·proton energy Eqs. (B-49) and (B-50) of Appendix B yield K ~ 1.5 and 

~ ~ 1.2Xl0-
4 

for proton stopping in Si. Therefore, it is expected th~t 
the scattering process can be represented to a fair degree of accuracy 

by the·classical Rutherford scattering cross section (see Appendix B). 

In fact, the QM Rutherford scattering cross section must be used for 

~· < 1; and since crDR(QM:) < crDR(c), the ratio of the lattice displacement 

production rate for 3.3 lvieV O'·particles and 8.3 MeV protons is therefore 

expected to be (see Eq. (B-69)) 

(V-34) 

Providing that the same type of defect recombination center is produc'ed 

by both particle types, the diffusion length degradation constant ratio 

is identical to that in Eq. (v -34); that is, 
} 

K (8.3) z 2 E M v 
,..,..n...c..,p::....,...,...,.....- = B . < (-E) (,a)(-E)(_R,p) = 
K a(3.3) LD- za .!!; Ma VR, a · . n, p ' . 
I 

0.013 (V-35) 

where Eq. (B-67) 
1

Was used. to obtain v. Using the ave:rage value of 

- -5 . -2 -1 . 
K = 7Xl0 em a from Table V.V and the area of diodes tested in this 

- n ./ 

.work in Eq. (V~-35), the anticipated value of K ·for 8.3MeV protons . . . . n . 

(assuming identical defect recombination centers) is found to be 

K (8.3) < 2Xl0-9p-l is an order of magnitude below the measured values· , n,p . - .. 

presented in Table V.VI. .·.Similarly the predicted value of K (8.3) < 
. ~p 

8XlO-?p-l is an order of. magnitude below the ·measured value. It is 

therefore evident that protons are more effective at producing damage 

in Si than are a-particles. 

·; 

. ' 

! 
jl 

i· 
I 
!' 

i! 
11 
i 
'' ·-
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Table V. VI. Diffusion length degradation constants for electron 
and proton bombardment of silicon solar cells. 

Cell Base region 
type resistivity Bombarding_particle type and energy 

W. Rosenzweig(a) 1-MeV electrons 16. S-MeV protons 130-MeV protons 

a-on-p H2 em 

n-on-p ton em 

p-on-n irl em 

W. Rosenzweig 

et al. (b) 

p-on-n 

n-on-p 

J. A. Baicker and 

1.8X10- 10e -1 

5.8X10-He-i 

2.6X10- 9e- 1 

1-MeV electrons 

1.22X10- 8e - 1 

1.70Xio- 10e- 1 

8. 3X1 0- 7 p - 1 3.3X10- 7p- 1 

5.1X10- 6p-i 2.0X10- 7 p - 1 

. !3·_ ~· _ F~~g~n~:r~_(c:_) _ ~· ~ ~= ~ ~r~t~n~ _ _1 ~ ~= ~-- ~r~t~n~ (~) _ 

-5 -1 
1. 8 to 12.4X10 p 

(d) -5 -1 
p-on-n 1.4 to 3.6X10 p 

n-on-p 

p-on-n (e) 

n-on-p 

-5 -1 
0.6 to 3X10 p 

-5 -1 
0.2to0.44X10 p 

-5 -1 
0. 28 to 2.4X10 p 

- -5 -1 
0.14 to 0.4X10 p 

(a) W. Rosenzweig, Bell Sys. Tech. J. 41, 1573 (1962). 
(b) W. Rosenzweig, H. K. Gummel, and F. M. Smits, Bell Sys. 

Tech. J. 42, 399 (1963). 
(c) J. S. Baickerand B. W. Faughnan, J. Appl. Phys. 33, 3271 

(1962). 
(d) These values were determined from changes in L. 
(e) These values were determined from changes in T. 

(f) These values of K were obtained from the values of ~ 
quoted by Baicker and Faughnan using a diffusion length 
of D = 5 cm2 sec-1. 
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GaAs Cells. The situation for the p-on-n GaAs solar cells is 
I 

. :· -2 t 
complicated by the fact ~~At Lpo cannot be neglected in comparison o 

J 
Re (these cells posse·~ substantially shorter base resion diffusion 

t . 
lengths than the Si c.{ll3) as was the case for the Si solar cells • L~t 

. /' 
us for the time bei~g return to Eq. (V-5) for the alpha generated 

I 
f. 

current where it uf possible to use for X(x)=a+bx as a resUlt of the 

short initial di~ion lengths. Using the estimates o~ the initial 

diffusion lengths i~ the base region listed in Table V.VII, we .find 
\ 

that D/Lpi ~ 4 so tH~t the base region contribution to the alpha 

generated current be;comes 

I · .·""- L [X (cL)+L _x'(cL)] 

(. r:a.) = L I[X (d
2

)+L ~~ (~}]-( .~ ) pi p ) D pr-p ) (V-36) 
qN BR P P P P lJ. + ~ cosh(-) · 

a . L I . p 

D . 
vrhere cosh (y;-) ~ 30 fo:r· D/Lpi· .: 4: Making use of the supplementary 

pi. 
fact that Lpii < ·Lpi ~ .Lpo' it can be shown that ~/(~ + ~) -:; l/2 and 

therefore ~1cosh( 1D )/(~·+ ~2 )-:; l/60. In addition b <a, Lpi ~ 2~, 
pi . . 

and we have chosen ~ = l: 5~ so that 

rp (~ )"'fL p:2C~ ( ~l~p ( ~ )+Lp:2C~( ~~. (V-37) 

Therefore the second term in Eg_~· (V-36) can be neglected and the alpha 

generated current becomes 

(V-38) 

where it has further been assumed that the electron-hole pair source 

terms in ·the surface and base regions can be approximated by the constants 

g
0

s and g
0
b respectively. 

We shall one again assume the surface region and junction contributions 

to the alpha generated current to be reasonably constant over the early 

.. 
! 

!: ~ 

~ I 

' 

l , .. } ' 

~ l 

,, ' 
I •• 
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stages of exposure. Then the measured short circuit current for the 

GaAs solar cells (I < 10-
6 

amps) is sc . 

(V-39) 

or 
I 

( ) -2 ( • ) -2 -2 ( • . ) -2 -2 -
I -I = qN g b L I- = qN"'g b [L + KB] sc · c cx-o · p "" o po 

( )
-2 -2 = I -I + K1 e . sco c 

(V-40) 

Finally let us rewrite this equation in the form 

I (e) sc . 
(V-41) 

where e = K
1

2(I -I )-2 • This is analagous to Eq. (V-24), and the 
. 0 sco c . 

values of I and K1 ·can be obtained from a plot of I versus [B+B ]-l/2. c . sc 0 • 

Since e depends upon I and K
1

, it is first necessary to estimate I 
0 . c c 

and K
1 

and then determine first corrections from the plot of I versus sc 

[G+e ]-l/~ This iteration process is to be continued until only minor 
0 

\ 

changes are observed in the values of Ic and K1 from one iteration to 

the next. In the application of this technique a number of points must 
r 

be kept in mind. The initial short circuit· current must lie above the 

curve of Eq. (V-41), since the analysis leading to this equation did not 

properly accotrnt for the increase in the electron-hole pair production 

rate with depth of penetration. Soon after the start of bombardment the 

minority carrier diffusion length in the base region undergoes a 

substantial decrease over that portion of the base region associated 

with the latter portion of the a-particle track. As mentioned in the 

discussion of the results for the Si solar cells, this situation leads 

to a lower measured value of the short circuit current than predicted 
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by Eq. (V-41). At sufficiently high exposure levels the measured short 

circuit current must decrease below that predicted by Eq. (V-41) as a 

result of the decrease in I • A knowledge of the exposure ·level at which . c 

the current contribution from the surface region begins to diminish is of 

the utmost .importance if one is to achieve a precise determination of 

JS_ an~ to a lesser degree of Ic. 

The curves resulting from the aforementioned iterative technique are. 

shown in Fig. V.24 for the two GaAs cells tested, and the measured values 

of I and K are listed in Table V.V. The ctirves for both cells exhibit 
c 

the anticipated shape although the choice of the data points used for the 

determination of Ic and K1 is a rather nebulous affair. In an effort to 

be consistent the measured value of K for the base region (i.e. Kn ~ 3.5Xlo~4 
-2 -1 / ) -em a for GaAs A-21 was used to estimate the. value of K for the P;-type 

surface region. This was accomplished by assuming K for GaAs to be 
n 

approximately two to three times that of K as was found to be the case . . . . p 

· ·for Si. We therefore eXpect to observe a noticeable decrease in the 
. . 

- -2 . measured short circuit C"\.?Xrent at an exposure level where K e!:::! L 
p no 

Using the estimated initial surface region diffusion lengths listed in 
. I ' 

i 

Table V. VII, this condition is seen to correspond to K e !:::! 1 or e !:::! 1Xl011 
- . p 

which corresponds to a value of 106 
[8+8 ] 1/ 2 e:!. 1.0 which is in reasonably 

0,/ 

good agreement with the curve in Fig. V.24. This kind of semi-quantitative 

agreement is also.realized for .GaAs A-22. It is only possible to give 

rough estimates for the.possible errors in I and K when this iterative . c 

process is used·.· We feel that the value of .Kl2 may be. in error by as 

much as ±3o%. I· is le.ss sensitive to the set of data points chosen. for c 

the fit, and the error in this quantity is estimated to be on the order 

of ±lo%. 

;.. l 

... : 
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2 4 6 
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::t 0.3 --c: 
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:::3 
0 0.2 -:::3 
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.s:::. 
en 

MU-35982 

Fig. V.24. Plots of the short-circuit current, Isc' vs (8+8
0
)-l/2 for 

GaAs A-22 and GaAs A-21 used to determine Ic and K1. (Key 
in Table V.I.) 
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A more precise determination of I and K might be realized using 
c 

what might be called a self-consistent iterative technique. This 1.vould 
/ 

include .a determination of Ic and K1 following the technique outlined 

above. The additional steps are then as follows: (1) Calculate the bom-

bardment induced changes in ISR from the initially determined value of 

K . using n . 

(V-42) 

(2) Use the charge collection efficiency corresponding to a gi~en r
8
R(e) 

. ·in conj~~tion withthe cuMres of Fig. V.27to obtai
1

n LSR(e), (3) Plot 

[LsR ( e!] as a function of e and determine Kp for the surface region:, 

( 4) From K and the estimated valU:e of L determine the exposure level at 
.P . . ~. 

which noticeable changes in Ic occur, and them (5) ·Modify the set of points· 

used to determine the initial K and I accordingly and repeat the co~plete · n c 

sequence of steps. It is also possible that the technique could be further 

improved through the use of X(x) = a+bx and .the polynomial fit of I (e) sc . 

discussed in connection.with Eq. (V-31). 

It is reasonable to assume that this technique could be applied to 

the data for SiH
1
and SilO in order to estimate the diffusion length degrada­

tion constants for the.highly.doped surface regions of these cells. In 

the application of this technique to any of the cells tested it is important 
,. --

to know the surface region thickness; and as this was not measured in the. 

present work {once. the solar cells.'\vere passed into the glove box for the 

irradiation, they could not be removed), the experimental results were 

not ·analyzed using this more sophisticated technique. 

Electron-Hole. Pair Production in GaAs •. In the process of obtaining 

E: from the measured value of :K1, it was necessary to estimate the 

electron-hole pair production rate in GaAs. There was no experimental 

data available for the st'opp.ing power:of o: particles in GaAs so that it 
. . ~ ' 

! ,. 

•· 
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was necessary to use the information available for Ge. We feel this is 

not a bad approximation, since Ga and As bracket Ge in the periodic 

table and the data for Ge was only used for high 0:-particle energies 

where the complex nature of minimum excitation energy transitions is 
27 

of minor importance. Gobeli measured the range-energy curve for 0.7 

to 5 MeV o:-particle stopping in Ge and found that 

(V-43) 

This relation was used to construct the stopping povrer curve presented 

in Fig. V.25 where the assumed average stopping powers in the surface 

and base regions are shovm. The electron-hole pair production rates 

associated with these averages are g = 
OS 

g
0
b = 6.35Xl03 eh/~ and hold for d1 = 1~ 

4 
6.05Xl0 eh/~ and 

and d2 = 1.5~. The surface 

region thickness was chosen to·coincide with the nominal thickness 

specified by the manufacturer. In order to determine the electron-hole 

pair production rate from the stopping power, it was necessary to assume 

a value of E for GaAs, since the only measured value for GaAs, that of 

E = 6.3 eV, is known to be in error.* It has been found from the 

measured values of E for a number of insulating and semiconducting 

materials that the quantity (E- E) is approximately a constant value. 43 
.· g 

The value for E was then obtained from 

E = E + ( E - E ) ~ i.4 eV + 2.6 eV = 4.0 eV • (V-44) g g 

This value of ~ led to the g and g b quoted above. 
OS 0 g

0
b was in turn 

used to find the values of Ic a~d I{ listed in Table V_. V, and both were 

* H. Pfister, z. Naturforschg. g 217 (1957). The value of E was 

measured using low energy electron bombardment of GaAs diodes (junction 

depth~ 10~). The incomplete charge carrier. collection resulting from the 

relatively impure material employed led to a high value for E· 
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Fig. v.25. Stopping power for 4-Mev a-particles in Ge from Gobeli. 27 
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used in estimating the initial diffusion lengths given in Table V.VII. 

On the basis of these approximations,. it is estimated that aG/G ~ -BSfo. 

Therefore, the error in K for GaAs is expected to be about ±35% ·not 

including the systematic error resulting from the angular and energy 

spread of the alpha source. 

A comparison of the results presented in Table V.V shows that n-type 

Ga.As exhibits a much greater sensitivity to radiation damage than either 

type Si material. Inasmuch as ·data was available on only two cells, it 

is not possible to draw any meaningful conclusions as to the temperature 

deuendence of K for Ga.As. 
~ n 

· 5. Initial Diffusion Length Estimates. Having determined the initial 

surface. region plus junction contribution to the short circuit current, 

it was then possible to estimate the initial diffusion lengths in the 

surface and base regions for each test cell. The initial base region 

diffusion length, LBR , was estimated comparing the measured (I - I ) 
0 . . sco c 

with that-calculated from the base region contribution to Eq. (V-7). 

The calculations were per~ormed for various values of d~ but with the 

identical d
3 

= 18~, and the corresponding charge collection efficiencies 
I 

are shown in Fig~ V.26 with d2 as a parameter. The estimated values of 

LBRo are presented in Table V.VII along with the base region charge 

collect.ion.efficiency. 
·' 

.The initial surface region diffusion lengths, LSRo' 

were estimated from (Ic - IJ) (the junction width was assumed to be 0.5~ 

in all cases) and the surface region contribution to the alpha generated 

current as given in Eq." (V-16). The calculations were carried out for 

various values of ~' and the results are presented in Fig. V.27 with d
1 

as a parameter. The estimated values of LSRo are listed in Table V.VII 

along with the measured surface region charge collection efficiency. The 

value of d1 which yields the most reasonable estimates of LSRo for the 



>­
u 
c: 
CP 
u --CP 

c: 
0 

-178-

·= 0.5 u 
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Fig. V.26. Base region charge collection efficiency, QBR' from Eq. (V-7) 
for a-particle stopping in Si. 

,, 
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Table V.VII. Initial charge collection efficiencies and initial diffusion length estimates for the surface and 
base regions of the silicon and gallium arsenide solar cells. 

Cell I I I -I di IJ ISR ISR,max 0 sR LSRo d2 IBR,max QBR LBRo sco c sco c 
(fLA) (fl. A) (fLA) (fl.) (fLA) (fLA) (fLA) (fi) (fl.) (fLA) (fl.) 

SiP 1.29 0.099 1.191 1.0 0.0341 0.0649 0.0668 0.971 1.5 1.372 0.869 51 
1.5 0.0345 0.0645 0.1008 0.640 1.14 2.0 1.337 0.892 59 
2.0 0.0349 0.0641 0.1353 0.4 74 1.01 2.5 1. 303 0.915 71 

Si 0 1.31 0.078 1.232 1.0 0.0341 0.0439 0.0668 0.657 0. 78 1.5 1.372 0.899 62 
1.5 0.0345 0.0435 0.1008 0.432 0.67 2.0 1.33 7 0.923 77 
2.0 0.0349 0.0431 0.1353 0.318 0.65 2.5 1.303 0.94(> 107 

Si 4 1.3 7 0.107 1.263 1.0 0.0353 0.0717 0.0692 1.5 1.422 0.888 58 
1.5 0.0358 0.0712 0.1045 0.681 1.2 7 2.0 1.385 0.913 69 
2.0 0.0362 0.0708 0.1403 0.505 1.08 2.5 1.352 0.934 88 

Si H 1.41 0.104 1. 306 1.0 0.0357 0.0683 0.0701 0.974 1.5 1.440 0.906 67 
1.5 0.0362 0.0678 0.105 7 0.641 1.14 2.0 1.401 0.931 85 
2.0 0.0366 0.0674 0. 1419 0.475 1.01 2.5 1.368 0.955 125 

Si G 1.31 0.090 1. 220 1.0 0. 0341 0.0559 0.0668 0.836 1.43 1.5 1.372 0.889 58 
1.5 0.0345 0.0555 0.1008 0.551 0.91 2.0 1.337 0.914 70 
2.0 0.0349 0.0551 0.1353 0.408 0.85 2.5 1. 303 0.936 90 

--------------------------------------------------------------------------
SiR 1.30 0.269 1.031 2.0 0.0340 0.2350 0.1320 2.5 1.2 71 0.811 33 

3.0 0.0349 0.2341 0.2000 3.5 1.202 0.859 42 
4.0 0. 035 8 0.2332 0.2 705 0.861 4.5 1.136 0.909 66 

Si 10 1.28 0.194 1.086 2.0 0.0340 0.1600 0.1320 2.5 1.271 0.855 43 
3.0 0.0349 0.1591 0.2000 o. 795 4.60 3.5 1.202 0.903 60 
4.0 0.0358 0. 15 82 0.2 705 0.585 2.80 4.5 1.136 0.956 125 

Si K 1.29 0.190 1.100 2.0 0.0349 0.1551 0.1353 2.5 1.303 0.845 41 
3.0 0.0358 0. 1542 0.2056 0. 751 3.60 3.5 1.232 0.894 53 
4.0 0. 036 7 0.1533 0.2777 0.553 2.50 4.5 1.163 0.946 105 

Si J 1.30 0.222 1.078 2.0 0.0349 0.1871 0.1353 2.5 1.303 0.826 36 
3.0 0.0358 0.1862 0.2056 0.907 3.5 1.232 0.875 47 
4.0 0.0367 0.1853 0.2777 0.669 3. 70 4.5 1.163 0.927 80 

--------------------------------------------------------------------------
GaAs 0.198 0.084 0.114 1.0 0.0403 0.0437 0. 0795 0.550 0.50 1.5 1.194 0.095 1.37(a) 
A-21 1.5 0.0408 0.0432 0.1198 0.361 0.36 2.0 1.153 0.099 1.34 (b) 

GaAs 0.330 0.120 0.210 1.0 0.0403 0.0797 0.0795 1.5 1.194 0.176 2.51(a) 
A-22 1.5 0.0408 0.0792 0.1198 0.661 1.20 2.0 1.153 0.182 2.48 (b) 

(a) Estimated from IBRo "'qNagobLBRo, where g
0

b "'6. 35 X 104 eh/ fl. 

(b) Estimated from IBRo "'qNagobLBRo, where g
0

b "'6.45 X 10
4 

eh/ fl. 
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Fig. V.27. Surface region charge-collection efficiency, ~R' from 
Eq. (V-16) for a-particle stopping in Si. 
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p-on-n Si cells is L5J.l which is within the 1 to 2J.l interval estimated 

by the manufacturer. A surface region thickness on the order of 3. 0!-L is 

required in order to account for the larger··values of I measured for 
C. 

the n-on-p Si cells, since the junction current contribution is expected 

to be approximately the same for both types of Si cells. The values of 

LSRo obt~ined in this manner are also higher than expected on the basis 

of the manufacturers' estimates. These discrepancies for the n-on-p Si 

cells cannot be resolved at the present time. The GaAs cells most 

probably have a junction depth of slightly over lJ.l as this situation leads 

to estimates of LSRo in_good agreement with the 0.5 to lJ.l quoted by the 

manufacturer. 

6. Bombardment Induced C~anges in the Dark I-V Characteristics. In our 

previous discussion the bombardment induced changes in the short circ~it 

current were attributed to decreases in the minority carrier lifetimes 

and corresponding diffus:i.on lengths of the surface layer and base region. 

It is therefore quite clear that such .changes should also lead to an 

increase in the current a;rising from the vari"ous mechanisms contributing 

to the dark I-V characteristic. From Eq. (IV-2) of Section IV.A we 
i 

can see that the ideal term of.the dark I-V characteristic should increase , . 

. . -1 -1 
with increasing exposure,. since it depends upon L and L • The 

/ n p 

junction recombination-generation current increases as Tno and Tpo 

decrease as can be seen from Eq. (IV-6). These two currents should 

therefore undergo noticeable changes at roughly the same exposure level. 

In addition, a surface inversion layer current; if present, will be 

modified at approximately this same ~xposure level~ since it depends at 

least in part upon the bulk material properties. It is also possible 

that a fraction of the defect recombination centers produced during 

'bombardment participate in the tunneling mechanism and thus produce an 
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increase in this current contribution to the rton-i_deal term of the dark 

I-V characteristic. The exposure level at which this increase occurs 

need not be the same as that required to produce changes in the three 

current mechanisms mentioned above. This is to be expected inasmuch as 

the initial magnitude of the tunneling current depends upon the initial 

concentration of impurity atoms which possess energy states capable 

. of contributing to the tunneling process, whereas the currents controlled 

by the diffusion and recombination processes are controlled by the 

initial concentration of recombination centers •. The concentrations of 

these two types of impurity centers are not in general the same. 

The dark I-V characteristics measured prior and subsequent to 

bombardment are shown in Figs . V. 28 through V. 30 for one ce 11 of each 
' 

type at the two test temperatures. Only diode I-V characteristics (see 

Section IV for the definition of the diode and junction I-V characteristic) 

are presented as it was not possible to measure junction I-V characteris-

tics subsequent to bombardment owing to the substantial reduction in the 

Il!-inority carrier lifetime·of the base region and, to a lesser degree, of 

the surface . layer;. Therefore the magnitude of these changes in I 
0 

' ,.· 

could not be ascertained, and ·in addition changes_in RSH were not 

determined, since the reliability of thes~ values would be questionable 

as mentioned in the Section IV.D. The values of I 01 and o for the non­

ideal current ter.m were.~owever estimated from the measured dark.I-V 

characteristics, and the results are presented in Table V. VIII. The· 

technique used to estimate I 01 and o can best be described 'by making 

reference to the pre-bombardment dark I-V characteristic of SiG of 

Fig. V.28. The current shows an initially rapid increase at low applied 

bias. This is followed by what, is approximately· a simple eXponential 

' . ' ; 
. ~ I 

' 

I 
• I• 

- l 

',i 

'' :: 

l: . : 
! j 

' ' 

t . ; 

:: 

.i :: 
:. 
i! 



. . 

10 

10-2 

<( 

-c -4 G) 10 '-
'-
:::J 

u 
10- 5 

10- 6 

10- 7 

10- 8 

-183-

0 0.4 0.8 
Voltage (V} 

• 8.12x/0
11 

0 0 
ca 7.09xld1 

• 1.4/x/012 

1.2 

MU-35844 

Fig. V.28. Pre- and postbombardment dark I-V characteristics for 
p-on-n cells SiG and SiO . 
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Fig. v.29. Pre- and postbombardment dark I-V characteristics for 
n-on-p cells SiR and SiJ. 
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Fig. V.30. Pre- and postbombardment dark I-V characteristics for 
the GaAs solar cells. 
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Table V.1fiit. Values of t0 1, o, and A for the solar call p:re • and 
post-bombardment dark I-V characteristics. 

Cell 

s~ P 275 

Si 4 275 

Si 0 275 

Si G 200 

Si H 200 

SiR 275 

Si 10 275 

Si K 200 

Si J 200 

GaAs A-21 275 

GaAs A-22 200 

42.5 

42.5 

42.5 

58.0 

58.0 

8(a.'s) 

0 

7.5 3X10 
11 

0 

1.21X1012 

0 
11

(a, b) 

7.09X10 (a,b) 

1.41X10 12 

0 

8.12X10 
11 

0 
11 

3. 72X10 (c) 

1.49X10 
12 

2.99X10
12 

5.95X10
12 

42.5 o<d) 

1.27X10
12 

42.5 o(a) 

5.40X10 12 

58.0 0 

1.35X10 
12 

58.0 o(a) 

42.5 

58.0 

. 1.55X10
12 

o<a) 

7.11X10 12 

0 

5.60X10 12 

1.45X10-6 

1.63X10-6 

1.40X10-6 

1.85X10-6 

3.53X10- 7 

2.00X10- 7 

2.17X10- 7 

3.00X10- 7 

4.85X10- 7 

1.53X10-8 

1.38X10-8 

2.16X10-9 

5.19X10- 11 

1.50X10-8 

5.65X10- 8 

2.65X10- 7 

4.00X10- 7 

6.28X10- 10 

3.00X10- 10 

2.48X10-9 

7 .80X10- 10 

1.27X10-9 

9.10X10-9 

2.57X10- 15 

6.80X10-i4 

16.0 

16.3 

14.5 

15.4 

17.7 

20.5 

20.8 

12.5 

12.3 

16.2 

16.0 

20.8 

27.3 

21.9 

26.7 

15.3 

25.0 

20.2 

27.6 

20.0 

23.1 

22.3 

23.1 

27.2 

28.3 

Was not possible to find semilog region of sizable extent. 

A 

2.66 

2.61 

2.93 

2.75 

2.40 

2.07 

2.04 

4.62 

4.72 

3.58 

3.63 

2. 79 

2.12 

1.94 

1.59 

2. 78 

1. 70 

2.87 

2.10 

2.90 

2.51 

1.91 

1.84 

2.13 

2.05 

(a) 

(b) Despite the fact that I 
1 

decreased, the current at a given voltage 
either increased or rJ>mained unchanged. 

(c) Was not possible to isolate a simple exponential in the intermediate 
voltage region. 

(d) The values are .of questionable reliability, since the selected 
semilog region was qU.ite short. 

.;_ 
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dependence over a substantial voltage interval, and then at high applied 

bias the ideal exponential term begins to make its appearance only to 

be overshadowed by the IR internal voltage drop with the result that . s 

the I-V characteristic tails off at high voltage (this behavior is even 

more evident in the post-bombardment I-V characteristic for SiG). From 

our previous experience at fitting the dark I-V characteristics of 

similar solar cells in Section IV, we knew that a good estimate of I 
ol 

and 5 for the non-ideal term of the dark I-V characteristic could be 

obtained from·the slope and the intercept (extrapolating the ctirve to 

V=O) of that portion of the measured I-V characteristic exhibiting a 

simple exponential behavior. Some of the characteristics exhibited an 

approximately simple exponential dependence over more than one voltage 

interval as is the case f'or the pre-bombardment I-V characteristic of 

SiR. The GaAs A-21 pre-bombardment and GaAs A-22 post-bombardment I-V 

characteristics exhibited an even more complex behavior. In determining 

the appropriate region to use in these cases, the low voltage portion 

of the I-V characteristic. was not employed (this is the voltage region 

.where the shunt conductance current would make a contribution) and 

likewise that portion at higher.voltages where the ideal current term 

begins to make itself felt. Comments relating to any difficulty encountered 

in determining I
0

_1· and a· for a given I-V characteristic are included as 

footnotes to Table V.VIII. 

Ideal Current Term. The figures show that the current at high 

voltage does show a substantial increase after bombardment for all cell 

types with the exception of the post-bombardment I-V characteristic for 

GaAs A-22. The complex shape of this characteristic may result from 

bombardment induced changes in resistivity (presumably in the base regi·on) 



·-
-188- . 

which nearly offset the increase expected in the ideal term. The results 

are threfore in general agreement with the theoretical prediction that 

the ideal term should increase substantially 1-.rith exposure. At very 

high voltages the current tail-off is seen to be more pronounced for .the 

post-bombardment than for the pre-bombardment I-V characteristics (in 

particular see the characteristics for SiJ, Fig. v.29). This behavior 

indicates that the series resistance increased during exposure. On the 

basis of the theoretical calculation for the lattice displacement pro-

duction per a particle (see Fig. V.2),we expect the increase in series 

resistance to be primarily associated with radiation damage to the 

base region. 

Non-Ideal Current Term. In discussing bombardment induced changes 

in.the intermediate voltage portion of the I-V characteristic, it is' 

necessary to consider eac~ cell type separately. From Fig. V.30 and 

Table V.VIII it is seen that for the GaAs cells o is nearly independent 

of exposure, while I 01 undergoes a substantialincrease and in addition 

A~ 2. This type of behaVior can be accounted for on the basis of 

all the mechanisms discussed-in Section IV in connection with the non-

ideal current term. 
~. 

The n-on-p Si cells exhibit quite une~ected changes in their dark 

. I-V characteristics. We see from ,Fig. V .29 that in contrast to pre-

dictions based upon any 0~ the current producing processes mentioned 

thus far the current qecreased with exposure in the low voltage region. 

This behavior may be .compatible with a current producing mechanism 

associated with surface states which at a sufficiently high exposure 

level are "passivated" or rendered incapable of further contribution to 

the current ·passed by the solar cell. In addition we see from Table 
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V.VIII that the post-bombardment values foro correspond more closely to 

an A of 2 than for the pre-bombardment situation. It is not unreasonable 

to expect the junction recombination-generation current to make a 

substantial contribution to the non-ideal term subsequent to bombardment, 

since it is inversely proportional to the minority carrier lifetime 

(this has been found-to decrease substantially during exposure), and in 

addition the other contribution to the non-ideal term is found to be 

diminished subsequent to bombardment. 
. . 

The p-on-n Si solar cell dark I-V characteristics behave in a more 

conventional manner under bombardment (at least at the lower exposure 
12 . 

~· levels, e ~ lO ars) as can be seen in Fig. V.28. The bombardment 

I 

·produced changes in _the I-V characteristics are found to be much less 

pronounced in the low and. intermediate voltage regions than in the hi'gh 

voltage region. In addition the data of Table V.VIII shows that little 

change is produced in o during exposure and therefore A has a negligible 

tendency towards 2 if any. One p-on-n Si cell (SiH) received an unusually 

large a-particle dose. The dark I-V·characteristics were measured 

periodically during exposure and a number are.shown in Fig. v.31. It 

is evident from these characteristics that the current in the high voltage 

region undergoes a more rapid change with-~xposure than· the current at 

·low and intermediate voltages. Therefore, the mechanism responsible for 

the major contribution-to the non-ideal current term is not controlled 

by the bulk material minority carrier lifetimes. In the high voltage 

region where the ideal current is dominant, the current is seen to 

increase initially and then decrease. This behavior is consistent with 

a bombardment induced increase in the base region contribution to the 

internal series resistance inasmuch as this 1vould lead to a delayed 

; i 
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Fig. V.31. The dark I-V characteristics at a number of exposure levels 
for SiH. 
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decrease in the current, as observed. The dark I-V characteristic is 

finally found to undergo an abrupt and substantial change in the inter-

mediate voltage region which is in no way consistent with the changes in 

a junction recombination-generation current arising from a decrease ~n 

the minority carrier lifetimes. This behavior is similar -to that exhibited 

by the·n-on-p Si cells at lower exposure leveis. Comments made relative 

to the behavior of the n-on-p cells apply equally well here. The final 

I-V characteristic possesses a non-ideal term with a sizeable contribution 

from the junction recombination-generation current as is evident from 

the value for A in Table V.VIII. 

D. Conclusions. 

All the cell tiPes exhibited an increased maximum conversion 

efficiency at the lower test temperature which is in agreement with 

theory. A comparison of the maximum efficiency and corresponding short 

circuit current for the Si and GaAs solar cells indicated that the maximum 

efficiency increased with increasing forbidden energy gap of the material, 
. 

and this is also in agreement with theoretical predictions. 

The measured maximum efficiencies for·the Si solar cells fell well 

below theoretical prediction's. This behavior was attributed to the very 

"soft" I-V characteristics exhibited by the Si solar cells. 

The GaAs solar cells were found to exhibit the greatest device 

radiation resistan~e with the n-on-p and p-on-n Si cells showing decreased 

resistance in that order. The device radiation resistance of the p-on-n 

Si solar cells was independent of temperature (in the range of 200~ to 

275°K), while that for the n-on-p Si cells was found to be greater at 

275°K. The behavi~r of the p-on-n GaAs cells is apparently the same as 

for the n-on-p Si cells, although it is not possible to draw any firm 
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conclusions in this regard as only one cell of this type was irradiated 

at each temperature. The apparent temperature dependence for the GaAs 

cells may be attributable to the unequal initial diffusion lengths of 

the two cells. 

The initial values of the maximum efficiency were found to be only 

slightly greater for the Si cells than for the GaAs cells. Hoivever, the 

total energy output (Etot = JP (e)de) was found to be the greatest . max . 

for the GaAs cells as a result of their greater device radiation 

resistance. 

The diffUsion length degradation constant was used as a measure of 

the material radiation resistance. The diffUsion length degradation 

constants for p-type Si, approximately 3Xl0-5cm-2a-l at 275~ and 

5Xl0-5cm-2a-l at 200°K, were less than those of both the n-type Si, 

approximately 7Xl0~5cm-2a:::l at 275°K and 200°K, and the n-type GaAs, 
. . . . . 4 -4 ;..2 -1 . . -4 -2 -1 
approx:unately -9Xl0 em a at 200°K and 3-5Xl0 ·em a. at 275~-

Therefore p-type Si is the most resistant to radiation damage. The ratio 

of diffUsion length degradation constants fo~ Si at 275 °K, K /~ ~ 2. 5, 
. . P n 

' is in good agreement with the·results for protons where this ratio is 

approximately 3. · This --is the primary reason why the n-on-p Si cells 

exhibit a greater deviceradiation resisti:i:nce than the p-on-n Si cells. 

The· substantially greater sensitivity of the n-type GaAs to radiation 

damage is consistent with the a~gument that, in addition to the production 

of Frenkle defects which are common to both materials, the displaced Ga_ 

or As lattice atoms can in general be replaced by atoms of the.other 

type and thereby create additional lattice.defects. This replacement 

process is not of importance in Si since ~11 the lattice atoms are alike. 
,; 
i"l 
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The device radiation resistance of the GaAs solar cells is superior 

·to that of the Si cells despite its inferior material radiation resistance 

as compared to both n- and p-type Si. This is possible, since the initial 

diffusion lengths of the GaAs cells are very much shorter than those .of 

the Si cells. Therefore a greater exposure is re~uired for the GaAs cells 

in order to realize changes in the base region diffUsion length. 

The bombardment ind11ced changes in the dark I-V characteristics for 

these three cell types could only be explained in a qualitative manner. 

For all three cell types the increased current in the high voltage portion 

of the I-V characteristic was attributed to an increase in.the ideal 

current arising from a decrease in the minority carrier lifetime result-

ing from.bombardment. In the intermediate voltage region the results 

were different for the three cell types. The GaAs cells exhibited a· 

substantial increase in current over the entire voltage range suggesting 

that the non-ideal current term is minority carrier lifetime controlled 

as is the case for the junction recombination-generation .. · current. For 

the n-on-p Si cells a dec'rease in the current was observed over the low 

voltage intervali A similar behavior was observed for the one p-on-n 
. . 

Si cell which had received an extended exposure. It is felt that this 

type of behavior cari only be attributable'to changes in the surface 

state of the cell.·· 

Subsequent to exposure, the non-ideal term of the dark I-V character-

istic was observed to have an exponential dependence approximately equal 

to that predicted for the junction recombination-generation current for 

most of the cells tested. Considering these results, we feel that a 

surface·state controlled non-ideal current contribution is eliminated 

during exposure leaving the junction recombination-generation current 

contribution which is greatly enhanced as a result of the bombardment. 
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VI. SUWf.ll\RY 

We have seen that the energy conversion efficiency of a particle~ 

voltaic device is controlled by its charge collection efficiency and 

dark I-V characteristic. The charge collection efficiency for a given 

device is controlled by surface and volume charge carrier recombination 

as is, ·in part, the dark I-V characteristic • 

. The energy conversion properties for an idealized Si a~voltaic 

device were calculated. For this device the dominant current contribution 

to the non-ideal term was assumed to be the junction recombination-

generation current. At room temperature the maximum efficiency was 

calculated to· be about l2'% for a device exposed to a 100 mC alpha 

source. The useful lifetime for such a device (that is, the time 
// 

required for the maximum' efficiency to decrease by an order of magnitude) 

was estimated to be one minute. 

The dark I-V characteristics were measured for p-on-n and n-on-p 

Si and p-on-n Ga.A.s solar cells at various test temperatures in the range 

of 90°K to 360°K. The ideal contribution to the I-V characteristic 

was isolated for all three cell types. It was, however, not possible to 

separate out the effects of surface region sheet resistance due to the 

large experimental errors encountered. The non-ideal current term was 

best described by the mecb.anism of charge carrier tunneling .. through the 

junction.for the p-on-n Si cells. In light of the effect of chemical 

etching upon the non-ideal current term, it became evident that the 

·tunneling mechanism is,' at least in part, associated with the surface 

energy states of the device. The non-ideal current term for the n-on-p 

Si cells was also found to be consistent with a tunneling current · 

mechanism. However the' non-ideal current term for these cells vms closer 
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to a junction recombination-generation current than for the p-on-n 

cells. In addition then-on-pSi cells were affected.to a lesser degree 

by chemical etching than the p-on-n cells. One of the p-on-n GaAs 

cells tested possessed a non-ideal current term ivhich was in good 

agreement with. a junction recombination-generation current for temperatures 

above 250~ while showing a substantial deviation below this temperature. 

The energy conversion properties of Si and GaAs solar cells under 

ex-particle bombardment were measured at 200 "K and 275o K. The GaAs 

solar cells were found to be more resistant to radiation damage from a 

device standpoint than either type of Si cell, and this was attributed 

to the lower purity and correspondingly shorter base region diffusion 

length for the GaAs devices. The greater device radiation resistance of 

then-on-pSi cells relative to the p-on-n Si cells results from.the · 

fact that p-type Si is more resistant to .radiation damage than n-type. 

The improved radiation resistance of p-type Si at 275~ relative to that 

at 200°K implies that the energy states corresponding to the radiation 

induced defects must lie above the Fermi level, since it is unlikely 

that the nature of the defects produced at these two temperatures is 

different. 

/The diffusion length degradation constants were also determined for 

both materials. P-type Si was found to be the most resistant to 

. ( ) -5 -2 -1 ' -5 -2 -1 radiation damage w~th Kp Si ~ 3Xl0 em ex at 275°K and 5Xl0 em ex 

at 200°K, followed by n-type Si for which K (Si) ~ 7Xl0-5cm-2ex-1 at both 
n . 

temperatures, and finally n-type GaAs with K (GaAs) ~ 4Xl0-4cm-2ex-1 . n . 

Comparison with the data f'rom proton irradiations showed that the ex 

particles were less effective than the protons in producing electrically 

active lattice defects. 



The bombardment indl!ced changes in the dark I-V characteristics 

v1ere in qualitative agreement with the changes expected in the ideal 

term resulting from the decrease in minority carrier lifetime with 

exposure. The non-ideal terms for the Si cells, however, were observed 

to undergo changes that 'vrere in no way consistent with e:>.."'Jectations 

for tunneling or junction recombination-generation currents controlled 

by bulk material properties. The results indicate that one of the 

'current contributions to the non-ideal current term (presumably. a tunnel-

ing current associated with surface energy states) is rendered inactive 

by a-particle bombardment with an associated 11hardening11 of the· I-V 

characteristic at lovT forward applied bias. The post-bombardment I-V 

characteristics were f_ound to possess a non-ideal current term in good 

agreement with the junction recombination-generation current providing 

an exposure level had been reached for the Si cells sufficient to realize 

the "hardening" phenomenon~ 

~. 
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NOMENCLATURE 

p-n junction non-ideality factor 

p-n junction cross sectional area 

screening radius 

radius of the first Bohr orbit 

classical distance of closest approach 

capacity 

velocity of light 

electron diffusion coefficient 

hole diffusion coefficient 

a-particle energy 

initial t:t-particle energy 

atomic binding energy of ith electron 

energy at the bottom of the conduction band 

threshold energy j'or the production of a lattice displacement 

intrinsic Fermi energy 

Fermi energy in n~type material 

equilibriUm Fermi energy in n-type material 

Fermi energy in p-type material 

equilibrium Fermi energy in p-type-'inaterial· 

forbidden energy gap 

energy of k=O optical phonon for Si 

energy at the top of the valence band 

electron-hole pair production rate per a particle 

Plancks constant (~ = 2h ) . 7f 

mean ionization potential or total current · 

surface region plus jupction current 
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p-n junction diffusion current 

. electron current 

particle generated current 

a-particle generated current 

hole current 

th 
average ionization potential of i electron 

p-n junction inversion layer current 

light generated current or (2aw2LJ /~) 1/2 
s 

current at maxim~ power 

reverse saturation current for the ideal diffusion term 

·-

· effective reverse saturation current for the non-ideal current 
term 

I rg 

I sc 

K 

p-n junction'recombination-generation current 

short circuit current 

p-n junction tunneling current 

electron current density 

hole current density 

reverse saturation current density for ideal diffusion term 

· difi'usiod length degradation constant 

K€ .dielectric constant. 

k 

L 
n 

L 
p 

Boltzmann constant 

electron diffusion length. 

hole diffusion length, 

m rest mass of the electron 
. 

. N incident ex-particle rate a 

NA acceptor atom concentrat1on 

NA ionized acceptor atom concentration 

donor atom concentration or defect center concentration 

i! 
i! 
:; 
; ~ 

i: 
j: 
. ' 
! ' 
! . 

! . 



n 

n. 
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n 
n 

n 
p 

n po 

Pmax 

.p 

q 

R 

R 
0 

r c 

s 
n 
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ionized donor atom concentration 

' 
atomic density of stopping medium 

concentration of localized energy states contributing to 
tunneling current 

electron concentration 

~umber of displacements per unit track length per a·particle 

intrinsic carrier concentration 

electron concentration in n-type material 

electron concentration in p-type inaterial 

equilibrium elec~ron concentration in p-type material 

maximum power 

hole concentration or impact parameter 

maximum impact parameter 

hole concentration in n-type material 

equilibrium hole concentration in n-type mate~ial .· 

hole 'concentration in p-type material 

semiconductor diode charge collection efficiency 

magnitude· of the electronic charge 

atomic radius determined from atomic density 

a-particle range 

equivalent solar cell radius 

Rydberg energy for the hydrogen atom 

radius for hard sphere scattering 

internal series resistance 

shunt resistance 

distance of closest approach in coulomb scattering with arbitrary p 

electron surface recombination velocity 

hole s'urface recombination velocity 



T 

T 
m 

u. 
J 

v. 
J 

vmp 

v9c 

·W 

z 

€ 
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absolute temperature 

maximum energy transfer in a head-on collision. 

ionization ener~r for jth electron in ground state 

voltage drop across junction 

voltage at maximum power 

open circuit voltage 

junction width 

atomic number 

mean charge on the a.particle 

effective reverse saturation. current non-ideality factor or 
V/c 

D/Ls 

A/A, the non-ideal exponential.factor 

electric field 

energy per electron~hole pair 

€
0 

permitivity of free space 

screening paramet~r · 

' TJ . 
max maximum conversion efficiency 

e particle exposure ... •' 

K classicity constant 

q/kT 

minority.carrier lifetime degradation constant 

electron mobility, 

hole mobility 

v · number of lattice displacements per primary 

p resistivity 

Cf . cross section or variance 

; i 
; I 

i 

'i 

. i 
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a cross section for lattice displacement production 
D 

da differential cross section 

~ lifetime for electrons in highly p-type material 
no 

~ lifetime for holes in highly n-type material po 

~D equilibrium p-n junction contact potential 
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APPENDICES 

A. Semiconductor Diode Dark I-V Characteristics. · 

In this appendix the various contributions to the dark current-

voltage characteristic of a semiconductor diode >·Till be discussed in 

detail. 

Diffusion Current. Shockley56 has shown that the ideal current-

voltage characteristic o:f a p-n junction is obtained from the solution 

of the minority carrier diffusion e~uation in the n- and p-tJ~e regions 

on either side of the ju:1ction. (A large field exists in the junction 

region, whereas the p- and n-type r~gions are essentially field.free.) 

For example, in the n-t~?e region the steady state hole continuity 

equation is 

J) 
p 2 

dx 

6.P n 
-~- = o, 

'! 
p 

(A-1) 

where 6. pn = pn - pno is the excess ·~-hole .'. concentration and pno ·is 

the e~uilibrium ;. hole··. concentration in the n-type region. E~uation 

(A-1) is solved subject to the boundary conditions that the excess hole 

concentration goes to zero at distances from the junction which are 

large in comparison to the diffusion length, 

6.p(x~oo)=O, 
n 

/ 

and the excess · hole··.· concentration at the boundary between the 

junction @.nd the n-typ(;) :r·~gion is 

6. p = p [ exp ( 1-.V.) -1] = 6. p 
n no . J no' 

(A-2) 

(A-3) 

where V. is the voltage crop across the junction. The excess hole con­
J 

centration obtained from E~. (A-1) is 
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6.p = b.p · ex-p(- ~ ) (A-4) 
n · no L . p 

for 0 <: x < oo .· which represents the n-type region. The hole·._ 

current density at the junctio~ boundary (x=o) is given by 

Jh = -qD 
p 

D . 
= qp (L"P) [exp(A.V.) -1] 

no J 
. p 

The electron current density, J , is obtained in a similar w.anner 1\'ith 
e 

the result that the total current is 

Id = .Ie + Ih = I [ex:p(A.V.) -ll , 
0 . J 

(A-6) 

where 

/ D D . 
I jqA :;:··n (~) + p (_E) 

o x , . po · L no L 
n p 

(A-7) 

is-the reverse saturation_current and A is the junction cross sectional 
X 

area. In Appendix C the preceding analysis is extended to the case of 

a thin surface region device where Eq. (A-2) is no longer a valid boundary 

condition for the surfac·~ region, and it becomes necessary to account 
. . . . . 

for the recombination of electron-hole pairs at the surface. The I-V 

characte:dstic of. a shallow junction diode (i.e·., see Fig. A.l) is of 

the sa.-rne form as Eq. (A-6) except that the reverse saturation current is 
/ 

.. 
obtained from 

where 'Y = D /L s and. ~c is the thickness of the surface region. n .. n n n 

(A-8) 

Equation (A-8) representi; the reverse saturation current for a diode with 

a thin p-type surface region and a thick n-type base region. 
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Inversion Layer 
(if present) 

Base Region 

t 

_L~~~~~ 
~~--~~~~-----

Surface Layer 

>Electrical 
~ Contacts ____________ _. ____ __ 

MU-35589 

Fig. A.l. Geometry for a shallow~junction semiconductor diode. 
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Thus far the possible existence of a voltage drop in either the 

n- or p-type regions has been neglected. Sah, Noyce, and Shockley53 

have considered this case and obtain the I-V characteristic by solving 

the current equation, continuity equation, and Poisson 1 s equation in. 

both the n- .and p-type r.:~gions. These equations are 

K E dive = q(p-n±l'J), (A-9) 
E 0 

J = q:O [A. E. p-gradp] , (A-10) 
p p . 

J" - qD [A. C. n+gradn] ·, (A-ll) n n 

div(Jp) = -qU, (A...;l2) 

and div(J ) = qU (A-13) n 

~orhere C. is the electric field, N is the number of ionized donors or 

acceptors (i.e., + for donors and - for acceptors), and U is the bulli 
\. 

~lectron-hole pair recomhination rate. This recombination rate for non-

equilibrium but steady state conditions has been calculated by Shockley 
. 57 

and Read for a! single recombination. center of uniform spatial distri-

bution located at an energy Et with respect to the top of the valence 

band and is 

(pn-n:) 
J. 

U = -::[,.,..( r-l +-n-1 .... ) _-r,_;;;..+_,.(-p-+p-1 ...... ):--r-· ""="] ' 

. po no 
(A-14) 

where n
1 

and p1 are the electron. and hole concentrations corresponding 

· to the situation where the Fermi level lies at E , and -r and T · are . 
~ po no 

the minority carrier lifetimes in highly doped n-type and p-type material 

respectively._ The ensuing steps closely follow those of Sah,et al. 
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excepting for the exclusion of a junction recombination-generation current 

contribution. Atthe edge of the junction on the n-region side (x=O) 

(A-15) 

and 

n (o) - p (o) + N 
n n 

(A-16) 

so that 
Fj ·2 2 I 

p (o) ~ -2'[ 1+(4n./N )exp(AV.) - 1] . 
n l J 

(A-17) 

Equation (A-17) is valid so long as the quasi-Fermi levels for the 

electrons and holes are eonstant in the junction. Using Eqs. (A-9) 

trxough (A-i4) and (A-16), it is possible to solve for d
2
pn/dx

2 
and 

then integrate to obtain 

( d /
;:l, )2 1 -2 ,.1( 2 2 ) ..\.. 

Pn u...'C = o 1·2 pn -Pno · 

(A-18) 

ivhere 

1" n1 +-r Pl+T N :po.. no po 
T +T 

(A-19) 
po no 

and the boundary condition used in the int'egration vras p -> u and n ~no 

gradp -> 0 as x -> co • The same set of equations is also used to find 
n 

the hole current at the junction edge 'With the result tha".; 

q.D [2p ( o)+N]dp ( o) /dx 
J ( 0 ) p n n 

h = - . [p ( 0) +N ] 
n 

(A-20) 

A similar relation 'Would hold for the _p-type region .also, although in 

most practical devices- one region has a much higher resistivity than the 

other and therefore controls the diffusion current. Assume for the 
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present that this is. the n-type material. Then in the case of lm-r level 

injection (i.e., p(O) -:; N/10) the current becomes 

D [!4f. . A.V. 
J d( 0) = qp (LP) ( e J -1)".. 
P no . 

. p· 
(A·-21) 

where b = D /D • This is similar to the diffusion theory result obtained 
n p 

above except for the factor J(l+b)/2b
1 

1vhich arises from the fact that 

in the present development an electric field Was assumed to exist outside 

of the junction. 

:tn the case of high level injection (i.e., p(O) ~ lON) the current 

. is given by· 
'. 

where 

and 

. 
·n 

. Jhd (~) = J2' q(LP)pn ( O) 1 
/ . 0 

. -2 
L . = 

0 
(1/D +1/D )/(~ +~ ) ·. n p po no 

Recombination-Generation Junction Current. 
. ' 

·(A-22) 

(A-23) 

53 
Sah, Noyce, and Shockley 

have a~so considered the effect of carrier generation or recombination 

in the junction upcm the cUrrent-voltage characteristic. For an electron-

hole pair recombination rate in the junction given by Eq. (A..:l4), the total 

current contribution due to recombination or generation in the junction 

is given by 

. I = qA jU(x)dx. 
rg .. x (A-25) 

where the integral is carried ou:t over the.junction thickness. The 

electrostatic potential variation.in the junctionmust be ·known in order 

to solve Eq. (A-15), since p and n are related to the electrostatic 

poteritial,.7/J, through 

.J; 
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(A-26) 

. and 

(A-27) 

where q¢. and q¢. are the quasi-Fermi levels in the junction for holes 
p n 

and el.ectrons respectively. 

Also p
1 

= n.exp[(E.-E~)/kT] 
~ ~ v 

(A-28) 

and n = n.exp[(Et-E. )/kT] 
1 ~ ~ 

(A-29) · 

vlhere 

(A-30) 

is the intrinsic Fermi level. 

Then use of Eqs. (A-26) through (A-30) in Eq. (A-14) yields the 

steady state recombination rate as a function of the electrostatic 

potential, 

A.V . 
. J r-·----. 

ni sinh 2/J Tpo Tno· 

(A-31) 

where V. = ¢ - ¢ . It -vras also sho"Vln by Sah, et al., that in a diffused 
J p n 

diode the electrostatic potential variation in the junction can be 

approximated, to a reasonable degree, by that of a linear graded junction 

in -v;hich case 

(A-32) 

for -W/2 < x < W/2. 7f;D is the equilibrium junction contact potential 

and W is t:b.e junction thickness. Then Eq. (A-31) can be integrated ivith 

the result that Sah, et al. found this current contribution to be 



· where 

I 
· q_n.AW 

J. 
rg .j 1: 1: 

po no 

f(b) 

I 
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2sinh(A.Vj/2) 

A.[7/JD-vj J 

' 

and the limits .of integration are 

f(b) 

zl 2 = .j 1: /1: ' exp [+ -2"'(7/JD-V.) ] • , . po no J 

. . . 

... 

(A-33) 

(A-34) 

(A-35) 

(A-36) 

Surface O~rrent~ It has been found that contamination of a semi-
/ 

/ 
conductor surface can lead to the formation of an inversion layer on 

' 

the surface which is of opposite conductivity type to that of the buL~ 

t . 1 12,19,44,60 Th" . . 1 f t• . f f ma erJ.a • J.s J.nversJ.on ayer ·orma J.on arJ.ses rom sur ace 

energy states vihich are produced by impurity atom adsorption or structural 

deformation at the surface.' The formation of such a layer req_uires that 

a p-n junction or depletion region b~ present between the inversion layer 

and the bulk material. Therefore, the total junction ·area is increased 

and neglecting I. the total diode current becomes rg 

A.V. . 
I= I (e J-1) + IIL(V.); 

0 J 
(A.;.37) 

where IIL(Vj) is the inversion layer current. The inversion layer current­

voltage char~cteristichas been determined by Cutler and Bath.15 This 

development involved the simultaneous solution of the eq_uations for the 

voltage drop in the surface leakage path 

dV(x)/dx == -pi(x)/wL (A-38) 
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where p is the resistivity of the surface channel and L is the 1'lidth 

of the channel, and for the current flow,in the leakage path 

di(x)ldx = -J vl[exp(A.V(x)) - 1]. 
s 

(A-39) 

where J is the reverse saturation current density for the surface 
s 

barrier formed by the inversion layer. The boundary conditions used in 

the solution of Eqs. (A-)8) and (A-39) 1v-ere I( .oo.) = 0 and V( oo .·) = 0. 

The total current contri1mtion from the surface barrier is obtained 

from the solution for I(z) at x:=o with V(O) = 

from Eqs. (A-38) and (A-39) is 

v .. The current found 
J 

A.V. . I 
I = ±I ( e J -A.V:-1) 1 2 
IL I1 J 

where the plus and minus signs hold for forward and reverse bias 

respectively and 

~= 2 I 2w I,J A.o s . 

The total current given by Eq. (A-37) then becomes 

A.V. A.V. 112 
I(V.) =I (e J-1) ± L(e J-A.V.-1) • 

: J . o L J 

(A-40) 

(A-41) 

(A-42) 

Excess CUrrent. Another process whereby the charge carriers can 

contribute to the current is that of electron or hole tunneling through 

the junction from one base region to the other. This is indeed dominant 

.current term at small ~pplied bias in tunnel diodes20 where the carriers 

tunnel directly from the conduction band in one region into the valence 

band in the other region. The energy band overlap required for this 

tunneling mechanism is achieved by doping the material to a very high 

degree. The resultant energy diagram is sho\Vll in Fig. A.2(a). 
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(a) 

-..... V. '- C _t: _____ ~'--- ____ ]fn 
' ' 

v 

(b) 

' ' 
B 

MU -35590 

Fig. A.2. Energy band diagrams for a diode with (a) conduction band 
to valence band tunneling and (b) impurity level to valence band 
tunneling. 

.. 
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At a lower doping. level the conduction band to valence band 

tunneling is not possible, but carriers may still tunnel from the 

conduction band in one r.:!gion through an intermediate localized energy 

level .in the forbidden eQergy gap into the valence band on the opposite 

side of the junction. F.igure A.2(b) shows the energy diagram for this 

situation and indicates one possible route for the tunneling process. 

Chynmveth, et al., 13 analyzed this mechanism assuming route CBV to be the 

most probable mechanism for the tunneling process. An electron making 

a tunneling transition from B to V in Fig. A.2(b) must tunnel through 

an energy barrier given 1w 

E = E - (E -E ) - (E -E ) -aV. = (E -E )·-qV. 
T g c fn :J'p v ""J fn fp J 

(A-43) 

assuming the electron ends up at the top of the valence band. The 

tunneling probability for this transition was found to be 

(A-44) 

where C. is the electric ·field in the junction, aT is defined by 

(A-45) 

and e is a numerical factor of the order ~f unity and ~ is the effective 

mass for the tunneling process. For a step junction the electric field 

in the transition region can be approximated by 

t = 
'1/J.n-v. . J 
w-v. 

J 
(A-46) 

where W
0 

is the junction width for unit voltage across it and q~ = 

E -E • The transition probability therefore becomes fno fpo 
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(A-47) 

For a conqentration of occupied energy levels a~ an energy ET above 

the top of the valence band (i.e., levels such as B) of NT' the tunnel­

ing current was then ~ound to be13 

(A-48) 

where A is an undetermined coefficient. 

Total Current. In ·~ddition to the previously mentioned contributions 

to the current; it is nec:essary to consiqer the possible existence of a 

shunt conductance path in parallel with the junction. The contribution 

to the current resulting from this mechanism is 

(A-49) 

wher.e ESH is the shunt resistance in parallel with the junction. 

The total current is then, in general, the sum of the contributions 

from all these mechanisms discussed above 

(A-50) 

The material properties, surface preparation, and device geometry of a 

semiconductor diode determine which of the terms in Eq. (A-50) dominates 

at a given temperature and voltage V .• The current-voltage character­
J 

istic of a practical device is given by Eq. (A-50) providing that the 

internal series resistance of the diode is taken into account. Application 

of a voltage, v, to the diode results in a junction bias of V. and an 
J 

internal voltage drop of IRs . Therefore Eq. (A-50) becomes 

I(V) = Id(V.) + I (V.) + IIL(V.) + IT(V.) + I 8H(VJ.) J rg ~ . J . J (A-51) 

.. 
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where V = V - IR • Fim··~e A.3 shows the calculated I-V characteristic j . s t:>~ 

and its individual current contributions for a p-on-n silicon diode 

with negligible inversioL layer and tunneling currents. The temperature 
. . 

dependence of this particular I-V characteristic is presented in Fig .. 

A.4, where the material properties used in the calculations are 

representative of moderately pure material (for values used see Table 

III.III) and the front surface was assumed to be completely covered by 

an electrode. In a calculation of this type for a solar cell it 1vould 

be necessary to consider the effect of the non-uniform potential variation 

in the thin surface region upon the characteristic. Current passing 

from the junction to the electrode st~ip (see Fig. A.l) results in a voltage 

drop in the surface region with the result that the junction-surface 

region boundary is not an equipotentia1. 68 The analysis of this situation 

would be similar to that used in the determination of the inversion layer 

current. 

·· ... 

"• 
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Fig. A.3. I-V characteristic for a broad-area junction diode with 
broad-area contacts (calculated by use of properties of 
Table III. III). 
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Fig. A.4. Temperature dependence of the I-V characteristic for a 
broad-area junction diode (calculated by use of properties of 
Table III. III). 
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B. Charged Particle Energy Loss in Semiconductors. 

In this appendix the various contributions to the total stopping 

power are considered in. detail. These include the stopping power 

contributions from atomic electron excitation and ionization, valence· . 

band to conduction band electron excitation, and classical hard sphere 

and classical Rutherford atomic collisions. The calculated stopping 

power curve consisting of these contributions is then . used to determine 

the spatial variation of a-particle energy, E , the electronic stopping . a 

.power, [dEa/dx]el' and tbe lattice displacement production per a 

particle, nD(x). 

1. Atomic Electron Excitation and Ionization. A number of models have 

been proposed to predict the energy loss per unit path length or stopping 

power for the interaction of heavy charged particles with matter. At 

sufficiently high particle energies the energy loss is primarily through 

electron ionization and excitation processes, while at lower energies 

atomic collisions contribute to the stopping power. The type of particle, 

its energy, and the type of material encountered determine which of the 

stopping power equations is applicable. 

A quantum mechanical calculation for.-the excitation of the bound 

atomic electrons into the energy continuum and/or the empty excited 

electronic states has been carried out by Bethe.5 In this treatment 

the coulomb scattering cross section was calculated using the Born 

approximation which, according to Bethe, is a valid approach so long as 

2z /137~ << 1, where z is the mean charge on the energetic particle, m m 

Z is the atomic number of the stopping material, and~= V/c. At 

sufficiently high particle energies of the incident particle this condi-

'· 
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tion is satisfied, and the stopping power equation, including relativistic 

effects, is given by 

4 4 2 
dE Tie zm N Z [ln 2mv2 
dx = - 2 o I 

mV 
(B-1) 

where N is the number of stopping atoms per unit volume and I is the 
0 

mean ionization potential of the stopping medium. 

Also at sufficiently high charged particle energies the mean 

ionization potential is approximately constant, and empirical values 

have been determined from experimental measurements of the stopping 

power. At lower particle energies the mean ionization potential is a 

function of the charged particle velocity, since excitation of the most 

tightly bound atomic E;leetrons becomes energetically impossible. If 

the factor Z/137~ becomes on the order of unity or larger, the K-shell 

electrons are no longer ionized. In Fig. B.l a comparison is made 

between various relations used to predict I/Z and the experimental results 

of numerous investigators. The two relations involving constants are 

seen to yield good agreement with experiment over a very limited range 

of atomic number; whereas the empirical relation* 

I 6 -5 2 z = 15 • 5 - l. 3 lnZ + 2. 22 X ~0 Z (B-2) 

gives reasonableagreement over the entire range. Bethe defined the 

dependence of' the mean ionization potential upon the energy necessary 

for excitation and ionization of the individual electrons by the relation 

Zlni = >:. f.lnE.' 
'J.. ~ ~ (B-3) 

-t:-
Introduced without discussion· in the Ph.D. Thesis of J. Erkins, 

University of California, 1959 (unpublished). 
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Fig. B.~. Mean ionization potentia~, I/Z, per e~ectron as a function 
of atomic number. 
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where ~ is the sum of the oscillator strengths for all optical transi­-i 
th -tions of the i electron and E. is the mean excitation energy for this 

~ 

21 
electron. Evans has suggested that f. is close to unity and E. 

~ . ~ 

.th 
can be replaced by the average ionization potential of the ~ electron, 

I., with sufficient accuracy. Using Eq. (B-3) in Eq. (B-2) yields 
~ 

dE 
4 2 

47Te z 
m - = - --.,---

dx m..?-
.z 2mv'2 2 ? 

N 2. [ln-I- - ln(l-t3 ) - 13-] 
0 . 1 . 

~= ~ 

(B-4) 

The mean charge on the energetic particle, z , is also dependent 
m 

upon the partic~e velocity. At high particle energy the electrons of 

the incident particle are stripped off due to the large relative velocity 

between these electrons and the electrons of the stopping medium. As 

the energy decreases; the charged particle can capture ato:inic electrons 

from the stopping material with a resulting decrease in its mean charge. 

At very low energies ionization of the incident particle is improbable, 

and the scattering process is priwarily of an atom-atom nature. In 

this energy region the stopping results primarily in the .production of 

lattice defects as oppose'i to electron ~xcitation. 

As mentioned previously, the validity of the Born. approximation 

determines the applicability of the Bethe stopping pm.,rer equation. At 

low charged particle energy the factor 2z /137t3 becomes large compared 
m 

to unity and the Born approximation is no longer valid. Fano23 has 

suggested that, when the velocity of the incident particle is much less 

than the orbital electron velocity, the particle influence on the 

electron is much weaker than that of the nucleus and the Born approximation 

46 
is once again valid. Mott has also sho-vm that the Born approximation 

gives the correct result independent of the condition that 2zm/137t3 << 1 . 

··,_.· 

I 
'i 
I 
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provided z << Z which is not rigorously satisfied for a-particle 
m 

stopping in Si •. 

The factors 2z /137f3 and Z/137f3 are s.hown in Fig. B.2 for the 
m . . 

special case of a-particle stopping in Si \•There the velocity dependence 

of z presented in Fig. B.3 -.ras used in the calculations. It can be 
m 

seen that the conq.ition 2z /137f3 << 1 is never satisfied, and, therefore, 
m 

use of the Born approximation is questionable. For energies such that 

2z /l37f3 >>1, the stopping power can be calculated on the basis of m . 

classical coulomb scattering. Two stopping power equations obtained in 

this 1-ray will be discussed below. Figure B.2 show·s that neither of the 

limits for 2zm/137f3 is realized for a-particle stoping in Si, and over 

this energy interval (lKeV to lOMeV) Evans
21 

has suggested that at a 

given energy the stopping power law yielding the least energy loss be 

used. It vrill be seen later that this corresponds to the Bethe equation 

for 2z /137f3 < 1 and the classical equation for 2z /137f3 > 1. Figure m m 

B.2 also shows that Z/137(3 > 1 over the energy range of interest. This 

means th~t K-shell ionization will become impossible in this energy 

range, and the same vrill be true for L- and M-shell electrons. For this 

reason it was necessary to use':Eq. (B-4) rather than Eq.(B-1) vrhen 

calculating the stopping power. At non-r·elativistic a-particle velocities 

Eq. (B-4) becomes 

1·1here Ea and Ii are in eV. 

type and stopping material. 

(B-5) 

The mean charge is dependent upon the particle 

Experimental measurements of z for a 
m 

particles in light elements such as air and mica have been summarized 

.. 
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Fig. B.2. Coefficients which determine (a) the validity of the Born 
approximation and (b) the degree of excitation of the K 
electrons for a-particle stopping in Si. 
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by Evans, 21 and the curve drawn through the data is reproduced in 

Fig .• B.3. The experimental results exist for ex-particle energies above 

300 KeV. Below this energy Evans extended the c:-rrve by assuming a 

linear velocity dependence for z . This is only an approximation, 
m 

since the electron capture and ionization cross sections are not linear 

·with velocity 1-rhich suggests that the mean charge on the ex particle 
I 

should in reality go to z.ero in a more abrupt manner as its velocity 

decreases below the speeo. of its second orbital electron. The results 

of Fig. B.3 were nevertheless used for z in all the calculations of this 
m 

report. 

The average ionization potential to be used for the individual 

electrons is not easily obtained. This is·due to the fact that it is 

to include the effect of excitation as well as ionization processes. 

Using Eq. ( B-3) with f. = l and the binding energies of the .various 
. 1 . 

atomic sub-shells obtained from spectroscopic data, 33 the mean ionization 

potential was found to be 85.5 eV. The individual binding energies are 

given in Table B.I. This result is much lower than the value obtained 

from the curve. id Fig. B.l which for Z = 14 yields 

I= Z[l5.5 - l.631nZ + 2.22 x l0-5z2
] = 157 eV. 

The excess energy must arise from the ·irreversible nature of the process 

whereby an ex particle imparts energy to the other constituents of the 

atom during the time of interaction. If it is assumed that the average 

ionization potential for each electron can be related to the binding energy 

for that electron. by a co:1stant which is the same for all the atomic 

electrons, this constant'can be ·obtained from 

lnC = lni 
·l 

z 
(B-6) 

~-
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Fig. B.3 Mean char~R on an a-particle as a function of energy 
(from.Evans, Chap. 22). 
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·where the average ionization potential for .each electron is then given 

by 

I. = :!E, . • 
J. OJ. 

In the rem..ainer of this a:ppendix T is assumed to be identical for all - ~i 

the electrons in a given subshell (i.e. ls, 2s, 2p, etc.). The results 

are su.-rnmarized in Table :3. I. 

· Figur~ B. 4 depects .-~he different stopping pm-.rer curves obtained 

from the use of Eq. (3-l) with I= 157 eV and Eq. (B_:4) ·with the set 

of I. corresponding to I= 157 eValong vrith z as given in Fig. B.3. 
J. 1n 

'This figure clearly shown the ability of the outer electrons to take 

part in the. stopping })ro<:ess even though the inner electrons. can no 

longer contribute. ,The f~verage electron approximation vrhich is equivalent 

;to considering only one nean excitation potential is seen to be a poor 

approximation below about l MeV. Also shmm in this figure for comparison 

is the stopping power calculated from Eq. (B-4) assuming the ex particle 

remains fully ionized (z = 2). 
m 

Bohr9 ha"s developed an eA'J)ression for the stopping power which is 

based upon a classical treatment of the coulomb scattering betvreen a 

heavy charged particle e.P.d the atomic electrons of the stopping material. 

The minimum inpact parameter is p=O, corresponding to a head-on collision, 

i·lhile the maximum i:npact parameter must remain finite in order to 

obtain a finite energy loss. Bohr assumed that only those collision 

times, T ~ pjV , on the order of or less than the characteristic frequency 

of an atomic electron, i·lere L"llportant in the energy transfer process. 

This characteristic frequ~ncy_, v , corresponds to the natural vibrational 

frequency of the electron produced ·by the atomic I~orces ,,;hen the electron. 

ex-periences the perturbation arising from the coulomb interaction 1-.rith 

•.. 

..... 
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Table B. I. Binding energy(a) and average ionization 
potentials of the atomic electrons in silicon. 

Electron configuration: 1s
2

2s
2

2p
6

3s
2

3p
2 

Ebi (ev) I. (ev) (b) I. (ev) (c) 
Shell Sub shell 1 1 

Binding Average Average 
energy ionization ionization 

energy energy 

K is 1896 3508 3034 

L 2s 149 275.7 238.4 

2p 98.9 183.0 158.2 

M 3s 14.9 27.57 23.84 

_3p - 8 14.8 12.8 - - - - - - - -
Mean ionization 
potential, I 85.5 158 137 

(a) Binding energy data from Barnwell and Stephens (33). 

(b) Calculated from Eq. (B-6) and Ii = CEbi for 1=158. 

(c) Calculated from Eq. (B-6) and Ii = CEbi for 1=137. 
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Fig. B.4. Atomic electron stopping power from Bethe's theoretical 
predictions for a-particle stopping in Si. 
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the passing a particle. The maximum impact parameter obtained by Bohr 

-vras 

1.123V p =p =-rV= 
m v v .21fv 

w·ith a resulting stopping power of 

dE 
dx = -

4 2 4. 
71Z e 

m 
z 

N Z ln 
0 i=l 

2 
2nv. z e (M-tm) 

J. m 

(B-7) 

(B-8) 

where v. is the characteristic frequency for the ith atomic ele~tron. 
J. 

The assumption was also made that the characteristic frequency and the 

average ionization potential for charged particle scattering are related 

by 

./I. ~hv .• 
J. J. 

Bohr has defined the mean characteristic frequency as 

Zlnv = 
z z 

i==l 
lnv .. 

J. 

Using Eq. (B-9)in Eq. (B-~0) yields 

Zlni= 
z 
z 

i==l 
lni. 

J. 

(B-9) 

(B-10) 

(B-11) 

which is similar to Eq. (B-3). For the previously mentioned case of 

a-particle stopping in Si, Eq. (B-8) becomes 

d.E ' 
~ (KeV') = 
dx 1-l 

ln[9. 76 X (B-12). 

where again E and I. are in eV. In '.this classical analysis it was a J. . 

assumed that the electrons taking part in the interaction Vlith the 

incident charge particle ivere initially at rest. 
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The effect of the orbital electron motion upon the classical 

coulomb scattering procens has been considered by Gryzinski.
28 

The 

stopping power equation obtained in this 'tvay is 

dE 
dx = -

4 2 
4Tie z 

m Jn(v )G[d(v ),1-.(v ) ]dv e e . e e (B-13) 

. 1/2 2 ~>There v is the electron velocity, I\ = V/v , d = g v , and g ::: p m/z e . 
e e . e . m m 

p is the maximum impact parameter and the integral is carried out over 
m 

the atomic electron velocity distribution of the stopping medium, N(ve). 

Gryzinski proposed that the maximum impact parameter can be determined 

from the minimu.·n excitation energy of the first excited state of the 

atom, ul. 

For the large.values of impact parameter corresponding to an 

energy transfer near the minimum excitation potential the maximum 

impact par~~eter is approximately equal to the distance of closest 

approach for the given trajectory, r . ' 
c 

or 

The energy of intera..ction is then 

2 
.z e 

U!::!~!::!U . 
. p 1 

m 

2 
z e 

,....., m -p ----m u
1 

e .. ~" 
2z e 

m 
u. 

J 

. (B-14) 

where U. is the ionization energy of the ground state for the outermost 
J. 

1 ... Th. u 1 2 .·. 'd e ecvron. en s1nce . ~ -2 mv . , 1t 1s foun that 
J . eJ 



J 

-2)1-

and 

l/2 . 
d. = g v . = 2. 

J eJ 

The function G[2;A(v ) ] j_s plotted in Fig. B.5 .. In our application of 
e 

Eq. (B-8) the atomic electrons ~re consid~red separ·ately, and the form 

of distribution function is chosen to be 

N(v ) = e (B-15) 

where m <v . 
2> avg/2 ~ I. is the energy an a particle must eA.'"Pend in 

el . 1. 

a collision with the atomic system in order to ionize the ith electron. 

Then the stopping power becomes 

4 2 
dE ·4-ne z z m N G[2,A. J -= - n 2:: dx miT 0 

i=l 
l 

-v;here A. = V/[<v .
2

> avgl1/
2 = (mE /MI. )

1
/

2 
and d has been assumed to 

1. e1. - a 1. · 

be the same for all the E·lectrons. He feel that this is not a bad 

approximation since the outermost electrons (for which d ~ 2) make the 

dominant contribution to the stopping power. 

(i.e., A>> 1) 
··~-

G[2, A] = ln( 4A 
2

) 

and the stopping power becomes 

dE 
dx = - . 2 

mV 

In the limit of V >> v . e 

(B-17) 

(B-18) 

. which is·just the Bethe stopping power equation. In the low energy lL~it 

where V << v (i.e., A<< 1) Gryzinski has shown that Eq. (B-16) goes 
e 

within a factor of 4 to the stopping power law of Fermi and Teller 
24 
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Fig. B.5. Plot of G(2,A) from Gryzinski's stopping-power equation. 
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which describes the energy lost be a charged particle to a completely 

degenerate electron gas. This is not the situation which exists for 

silicon as the stopping rnterial since the conduction electron gas in 

normally doped material is non-degenerate. For this reason the Fermi. 

and ·Teller stopping power equation will not be considered further. 

For the previously mentioned. case of an a: particle slm-ring down in Si 

E~. (B-16) becomes 

dE 
_E. (KeV) 
d.x 1-L 

(B-19) 

.where A. 2 = ·1.37 x l0-4(E /I.) and as before E and I. are in eV. 
~ a:~ a: ~ 

Bloch
8 

carried ~ut a ~uantum mechanical calculation of the stopping 

power for energetic charged particles valid for all values of 2z /137P· 
m 

His result goes to Bethe's and Bohr's results for the two limiting cases. 

In this development the stopping atoms were represented by the Thomas-

Fermi model, in effect replacing the discrete atomic ·electrons by a 

continuous electron density distribution. The impact parameter was 

then specified as th~ distance from the nucleus to the path of the 

incident particle. The result obtained by Block is 

dE 
dx = -

4rre4z 2 2, 
' m .. [ 2mV 
; 2 NZ log-I- + 

mV 
7/f..l) 

2 
z e J 

R7/-(l+i :v ) (B-20) 

where t is the logarithmic derivative of the gamma-fUnction and Rt 

denotes the real part of t· As we shall see shortly the decision was 

made to use the Gryzinski stopping pow·er e~uation in the main body of 

the report and therefore :E~. (B-20) will not be considered further. 
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Calculations based upon the stopping povrer equations of Bethe 

(Eg_. B-5) and Bohr (Eg_. B-12) are compared with the experimental results 

of Gobeli for a-particle stopping in Si
27 

in Fig. B.6. It can be seen 

from the ·figure that for a given set of average ionization potentials 

for the atomic electrons (the curves labeled A are based upon the binding 

energies, and the curves labeled Bare based upon the set-of I. which 
J. 

yield I = 158eV.) the hro curves cross each other at an energy which 

corresponds to 2z /137~ ~ 1. This was discussed previously at ·which 
m 

time it was pointed out that the resultant stopping power is best 

approximated by Bethe' s equation for 2z /137~ < 1 and Bohr's equation 
m 

for 2z /137f3 > 1. The composite curve obtained in this manner from the 
. m 

' curves A is not in good agreement with the experimental results of 

Gobeli, whereas the result obtained from curves B agrees fairly vrell 

>-rith experiment. Two faets must be considered in judging the degree of 

agreement between theory and experiment as presented in this figure. 

They are (a) the neglect of the effect of atomic elec.tron motion on the 

energy transfer process and (b) the fact that the analytical model of 

Bethe and Bohr do not properly account for the energy loss arising from 

the excitation of electrons from the valence band to the conduction band 

in a semiconductor for lm-;r ex-particle energies. This latter urocess 

will be considered in detail in the following appendix. The effect of 

the electron motion can 1;e accounted for by using Gryzinski' s stopping 

pm;rer law·. Curve A in Fig. B. 7 is the stopping pmver obtained from 

Eg_. (B-18) using the set of I. corresponding to I = 158eV and z of 
J. m 

Fig. B.3. The agreement with experiment is reasonably good, hm.;ever, if 

a set of Ii is chosen which corresponds to a mean excitation potential 

of 137eV (see Table B.I), the curves labeled Bare obtained using Bethe's 
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power equations with experiment for a-particle stopping in Si. 
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and Gryzinski's equationn. The agreement with Gryzinski's stopping 

pmrer law is quite good now, the calculated curve being slightly lmv. 

This is acceptable since a contribution to the stopping pmrer from 

the valence band to conduction band transitions must be included. Figure 

B.9 shows that this contribution will not appreciably alter the agree- . 

ment of the calculated stopping pm·rer lvith experiment. Therefore, the 

equation of Gryzinski was chosen to represent the atomic electron 

excitation and ionization contribution to the stopping power in· the 

main body of this report. The stopping power considered in this appendix 

has been termed the atomic electron stopping pmver to contrast it with 

the interband stopping power to be considered next. 

2. Valence Band to Conduction Band Electron Excitation. The excitation 

of an electron from the valence band to the conduction band in a semi-

conductor results for a perturbation of the electron potential produced 

by a heavy charged particle passing in the vicinity of the electron. The 

analysis of this process ~oes not follow that for the conventional heavy 

charged particle energy loss laivs described above since the electron is 
i 

not ionized (a continuum of states is not available after the transition) 

but is instead excited into a band of ene~gy states. This band of 

available states is narrow compared to the continuum encountered in the 

ionization process, and therefore only interactions over a limited 

range of impact parameter can make a strong contribution to the excitation 

process. A thorough analysis of this excitation process should include 

all possible transitions from the filled states in the valence band to 

the empty states in the conduction band. In the present analysis it· 

will be assumed that the valence band is relatively thin so that all 
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the filled states are near the top of the valence band and that the 

available states which are the most important in the transition process 

lie near the bottom of the conduction band. This should be a reasonably 

good approximation for i~sulators with their large forbidden energy · 

gaps. SeJniconductors with their smaller forbidden energy ga;os do not ... ' 

satisfy these approximate conditions vrell, but the approximation •·rill 

nonetheless be made in order to facilitate the analysis of this section. 

The perturbing potential, 1J , initially small, increases to a 

maximum at the distance of closest approach and then decreases as the 

charged particle travels away from the atom. The Hamiltonian for the 

system of valence and conduction electrons in question would then be 

(B-21) 

. 0 
where H is the unperturl)ed Hamiltonian with eigen functions 

0 
H<I> =E<I> n n n 

(B-22) 

and <I> is the unperturbed wave function-for the system of electrons in 
n 

the valence and conduction bands. Using first order perturbation theory 

for a two level transitic;n process the probability of the excited state 

being occupied at time t is found to be 

(B-23) 

and the excitation probability after the event is complete is 

(B-24) 

where the time integral extends from - 00 to 00 and 

en - _(B-25) 

' 
~ i 

' 

~ ' 
I 
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At this point the one electron approximation vlill be introd'uced. 

This assumes that all the electrons in a given band experience the same 

potential which arises from both the fixed atomic centers and an averaged 

out contribution from all. the other electrons. Each ·electron is then. 

·treated separately. The wave functions ¢1 and ¢2 are those-of an electron 

in the·valence.band at energy E and an electron in the conduction band 
v 

at ener~J E respectively. The transition frequency becomes 
c 

(E -E ) c v 
(1)= n. = (B-26) 

where E is the forbidden energy gap. The interaction potential for this 
g 

limiting case is just the coulomb interaction between the incident 

charged particle and/ the electron under consideration, 

2 
z e 
m TJ(t) 

= Ir-E( t) J 
( B-f?7) 

where zm' the mean charge on the energetic particle, is a function of 

. its velocity, v, and lr-R(t) I is the distance between the charged 

particle and the electron: For this term to be small compared to the 

unperturbed Hamiltonian, H
0

, the smallest separation encountered during 

the interaction should be large compared to the distances separating 

the electron from both the nucleus and the other atomic electrons. This 

requires that the distance of closest approach for the alpha particle-

electron interaction should be greater than a distance of the order of 

a , the radius of the first Bohr orbit. 
0 

For ·the case of repulsive coulomb scattering, this condition can be 

satisfied by imposing an upper limit on the energy considered. In this 

type of scattering the distance of closest approach r (p) for a given 
c 

impact parameter,·p, is 
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(E-28) 

which shmvs that the conclition r (p) > b is satisfied for the duration 
c -

of the interaction. Therefore the perturbation method discuss<;!d above 

will be valid for an incident particle energy E which corresponds to ex· 

b >a where· 
0 

b = 

is the classical distance of closest approach. 

(B~29) 

The situation is more complex for an attractive potential for 

"\vhich case r (p) is ' c 

(B-30) 

and the condition r (p) > b 
c -

is no longer satisfied during the time of, 

collision. Then r (p) > a c 0 
is <;mly satisfied ivhen 

2 2 ' 
p > a + ba, . 

0 0 
(B-31) 

This sets a minimum limit on the impact parameter and in addition a 

maximum limit exists as a result of the finite extent of the interaction 

between the incident particle and the electron. The incident particle 

predominately interacts with an electron on another atom when the 

impact parameter exceeds the atomic radius, R. The contributions to the 

energy loss resulting from collisions which do not satisfy Eq. (B~31) are 

.therefore neglected. This situation can be approximately compensated 

for by chosing a maximum impact parameter greater than the atomic radius 

with a resultant equal overestimate of the energy loss for collisions 

where 11 ( t) < H • 
' 0 

Seitz and Ko~hler,55 when ~onsidering excitations 

of this type for a nearly neutral incident particle, assumed the inter-

action potential to be separable into spatial and time functions. 
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Making use of the same assumption, ive obtain 

2 2 
T](t) = TJ(r )e-t /-r 

c (B-32) 

where -r = r (p)/V and T](r ) is the coulomb interaction at the distance c c . 

of closest approach. Th~ time function is only approximate but does 

rep:res_ent the actual character of the interaction. The form for the 

spatial term is a roughe:::- approximation than that made by Seitz and 

Koehler who assumed the interaction matrix element to be given by 

(B-33) 

In order to accurately evaluate 1']21, it is necessary to know the initial 

and final wave functions for the electrons and to expand the interaction 

' 
potential in multipoles and.calr!ulate the contribution to the matrix 

element for each term in the expansion. This is beyond the scope of 

the present analysis and therefore the approximation given by Eq. (B-32) 

.was considered to be sufficient. Using this relation for the interaction 

potential in Eq_. (B-24) :,rields 

I 

'p(-r;) = { .2 2} 
exp - ro2 -r . ( B-34) 

where we have assumed tha.t 1']21 = J¢~ T](rc)¢1dv~ T)(rc). Eq_ua"tion.(B-34) 

written in terms of the distance of closest approach is 

1-;here ive have 

zen E. r . 2 { 2 2} 
p(r c) = t~v" exp - z':.»J 

2 2' 
also assumed that TJ21 ~ TJ(r ). = z e /r • 

. c m c 

scattering cross section for coulomb scattering is 

dcr(E,p) = K(E,p)dp = - 2TIPdp. 

(B-35) 

The differential 

(B-36) 



..... 

-242-

Assuming that the energy transfer per transition is approximately equal 

toE, (cf. Eq. (B-26)) the stopping power is given by 
g 

or 

-o . 
dE -E N fm?-n dcr(E,p)P(p)dp 
dx = g 0 Pmax 

p 

J 
max 

pdp 
Pmin 

( B-3-7) 

( B-38) 

The integration is most easily carried out over r so that making use of c 

the equality pdp = (r 
c 

+ bl2)dr , Eq. (B-38) becomes c 

dE -=-dx 

r J c,max 
r . 
c,m~n 

. 2 2}. E r g c + c,max 
2r dr exp·{- b{ c c ~2_2 r . 2n V c,m~n 

The first term in the brackets can be integrated·while the second must 

be evaluated numerically. Integrating the first term and considering 

a-particle stopping in Si yields 

dErv K V 
'-'" (~) 

dx f..!. 
1 -[e 
a 

2 
-arc,min (B-40) 

24 . 2 8 2 .., I 88 1 I · · d where u = 5.39 x 10 eV em f..!., a = 2. x ~0 eV em , Fb:~s ~n eV, an 

r is in em. The minimum limit on the· distance of closest approach is c 

taken to be r . ~ l0-8cm; and as stated previously, the maximum should 
c,m~n 

-8 be greater than the atomie radius, R ~ 1. 7 x 10 em. In selecting a 

maximum value for r , the condition given by Eq. (B-51) was employed. 
c . 

This condition specifies the ex-particle energy at which the electron 

excitation stopping power and atomic collision stopping power are 

comparable. At a-particle energies in excess of the cross over point 

I. 

i 

. \ 

• i 

j 
. j 
.·I 

I 
I 
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en~rgy, electron excitation and/or ionization is the dominant mechanism 

for energy loss. Th · t k .... b ~- 3 ~ o-8 · -'-h e InaxJ.mum "\vas a en vO e r x .L em vll "· 
c,max 

a corresponding cross over energy of E ~ 4KeV (see Fig. B.l8). This a . 
is in excess of the value obtained from Eq. (B-51) (that is, E. ~ lKeV) 

~ 

v;hich is consistent with the discussion which accompanies the introduction 

of thi·s equation in the next section of this Appendix. The stopping 

power calculated using these limits is presented in Fig. B.8 lvhere the 

relative contributions from the two integrals are indicated. 

As the a-particle energy decreases, it captures electrons and 

approaches neutrality. ~:his is just the situation considered by Seitz 

and Koehler as mentioned earlier. The neutral particle has neglibible 

probability of interaction unless its electron cloud penetrates the 

electron cloud of an atom of the stopping medium. Therefore, Seitz and 

Koehler assumed that the cross section for scattering will be zero for 

r > R and cr = nR
2 

if r < R. This assumes only minor penetration of the c c 

silicon atom electron cloud by the neutral helium atom which is reasonable 

at the low energies considered here. The characteristic interaction 

time in this case. is -r ~ R/V. The interaction potential for this atom-

atom scattering process is difficult to ascertain. For the present 

analysis we assumed that the scattering results in an interaction 

potential between the incident particle and a valence electron in the 

crystal of a coulomb nature where the net charge on the incident particle 

is z (i.e. that obtained from Evans). In the present case the orbital 
m 

electron speed will be on the order of or ,greater than the incident 

particle speed so that their average separation will be approx:Unately 

equal to the atomic radius inasmuch as the electron makes a number of 

orbits during the t.ime of interaction. The condition v- > V is satisfied 
e ' 
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a- particle energy (eV) 

MU-35992 

Fig. B.8. Coulomb interaction stopping power for valence band to 
conduction band transitions in Si. 
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so long as E < lOKeV for a-particle .stopping in Si. An impact para-

meter relative to the electron has no meaning due to the electron's 

orbital motion. As a result, the transition probability was assumed to 

be constant for any diredion of travel of the incident particle taking 

2 
it through a cross sectional area of 7IR about the nucleus of a lattice 

atom. · The interaction potential in this approximation is 

2. 
z e 
m 

1121 = -R-

and the transition: proba1)ility is 

2 2 2 2 
P(V) 

1]21 71R (-roR) = 
-r?-l-

exp 
2-l-

or 

2 4 E 2R2 7TZ e 
P(V) m exp (- g2 2) = 

-y}.j- 2ii v . 

( B-41) 

(B-42) 

( B-43) 

The stopping power for this neutral resonance excitation process is 

then given by 

-rf2-R
2

z 
2

e 
4

N E 
dE ( ) · m o g ( 
dx 

= -E aP V N =' - --2::::---:::2,...--;~ exp -
g 0 + 

rt v 
(B-44) 

and for the a-particle stopping in Si this becomes 

2 
9 . z 832 

-3. 89 x 10 ( ~ ) exp ( - E) • 
a a 

(B-45) 

For incident particle energy less than 100 KeV which. includes the energy 

range of interest for this.energy loss mechanism the approximate linear 

dependence of mean charge on velocity yields 

. 2. 
z 
m 4 -6 -1 ·35 X 10 eV 

:· ...... 
.'J/f' ,, 
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and then the stopping poy.;·er is 

( B-46) 

where Ecx is in eV. The stopping power calculated from Eq. (B-46) is · 

·presented as curve B in Fig. B.9. The composite curve for the st.opping 

pmver is obtained fr.om Eq. (B-46) for Fa'S lOKeV, Eq. (B-40) for 

4::2 lOOKeV, with the tvm being connected in the energy interval 10 KeV < 

Eb:'S lOOKeV. 

The total electronic stopping power is equal to the sum of the 

atomic electron stopping pm.;rer and the stopping power resulting from 

valence band to conduction band transitions .. This is shown in Fig. B.lO 

where the individual· cont:ributionsfor each term are indicated by the 

dashed curves and the experimental results of Gobeli27 are included for 

comparison. This is the stopping power relation which must be used in 

Eq. (B-83). 

3. Atomic Collision Stopping Pm.;rer and the Production of Lattice 
Displacements. As an energetic charged particle penetrates a stopping 

medium, energy is lost through atomic collisions 1vith the lattice atoms 

as 1-1ell as through electron excitation and ionization. Those atomic 

collisions for which the energy transfer exceeds that necessary to displace 

the atom r~rom its lattice site lead to the production of radiation induced 

defect centers providing the effect of atom replacements is negligible. 

The interaction potential for the atomic collision is of the screened 

coulomb type, 

V(r) = 
2 

zZe 
r 

. r . 
exp(- -)' a (B-47) 
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Fig. B.9. Stopping power for valence band to conduction band 
transitions in Si. 
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10 where Bohr has suggested that 

a. 
0 ( B-48) 

Z is the nuclear charge of the ·lattice atoms, 'and z is the nuclear 

charge of the incident particle. For high energyof the incident particle 

the screening is 1veak_, and there is a direct coulomb interaction betvreen 

the incident charged par·~icle and the atomic nucleus. At lo\v energy 

the screening is strong, and the particle undergoes hard sphere scatter-

ing with the lattice atoms. 

Seitz and Koehler55 have sho~ that the method of analyzing the 

scattering process depends upon the magnitude of the screening parameter, 

~ , and the classicity. parameter,.·K, where 

(B-49) 

and 
2R M

1 
+ M

2 
a

0 ~ = zZ ~n ( M ) a . 
2 

(B-50) 

Here ~ is the Rydberg energy for the hydrogen atom (13.54 eV), M1 is 

the mass and E is the energy of the incident particle, and M2 is the 

mass of the lattice atom. K and ~ are presented in Fig. B.ll for a:-

particle scattering from silicon. It can be seen that ~ < l is satisfied 

for E > 2.4 kaV, and ~ > l.for E < 2.4keV. Seitz and Koehler state a . a 
that when ~ >> l and K >> l ·(i.e. E < 240eV) the a: particle will suffer 

a: 

classical hard sphere scattering with the lattice atoms and, when ~ << 1 

and K >> l (i.e. for Ea.> 2~keV up to several MeV), the scattering will 

be of the classical Rutherford type. In the energy interval, 24QeV < Eo:< 

24keV, the scattering process undergoes a transition from classical hard 

s·phere to classical Rutherford. scattering. 
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Seitz54 has also suggested that the charged particle loses energy 

primarily through electron excitation above an eriergy 

M 
E. = 

l m 
(B-51) 

where E, the minimum excitation energy for electrons in the stopping 

material, has been set equal to the forbidden energy gap, E , for the g 

special case of a semiconductor. If this transition process had been 

analyzed on the basis of hard sphere scattering, a minL~um t~~eshold 

energy of ME /4m is predj.cted. 'E1.e interaction is however quantu..."ll 
g 

mechanical in nature and threfore exhibits a resonance behavior. A 

finite transition probability exists even through E < Eth' In light 

of this fact Seitz assumed that this electron excitation process becomes 

the dominant form of energy loss at Ei ""' Eth/2 "\vhich led to Eq. (B-51) · 

The r~sonance behavior of the interaction would lead to a decrease in 

the stopping power for E > Eth if it were not for the coulomb nature of 

the interaction which enhances the stopping power for E > Eth through 

those collisions corresponding to large impact parameters. The result·· 

of this is a stopping power curve which falls rapidly for E < Eth and 

rises slmrly for E > Eth. In light of these facts, we feel it ·more 

reasonable to assume that the two energy loss mechanisms (electron 
\ 

transitions and atomic collisions) are comparable atE~ Eth = 2Ei. 

Returning to Eq. (B-51) we find that, in Si1 for displaced primaries 

E. ( Si) e:: 7keV 
l 

while for incident a particles 

. i 

; i 
i 

. ! 

·.l 

I 
I 
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For classical Ruthe:-.-ford scattering the cross section is 

( B-52) 

vrhere T is the energy of the di-splaced atom after collision, the maximum 

-
energy transfer in a head on collision is 

T = 
m 

4M M _T,_2 
----2. E, 
(M +J:1 ) . 

1 2 

and the classical distanee of closest approach is 

b = 
. 2 

zZe 
""1E 

( B-53) 

The energy transfer,, T, is limited to the values above the thr·eshold for 

defect center production: ED. 

ment is then obtained from 

The average energy of a primary displace-

T 
JErn.r,D, ldcrDR(E,T) 

- ( ' -E DR; = T :: 
p 

The cross section for classical hard sphere scattering is 

2 dT 
dcrDHS(E,T) = ~HS(E,T)dT>= 71Ro T 

. . m 

(B-55) 

(B-56) 

where R is the radius for hc:rd sphere scattering. Again only those 
0 

collisions for which T ~ En are considered so that the ·average energy of 

a primary displacement resulting from classical hard sphere scattering 

is 

~(DHS) = T = ( B-57)· 
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In the rather broad energy interval over vrhich the scattering undergoes 

the transition from clas~;ical hard sphere to classical Rutherford, 

Dienes and Vineyard18 ha\re suggested that the differential cross section 

for screened coulomb collisions· can be represented by 

(B-58) 

where n is bet1veen 1 and 2. The average energy of a primary displaced 

atom in this case is 

E (DSC) = 
p = T m 

T (n-2) 
[(~) - 1] 

(n-1) ED 
(n-2) T (n-1) 

[( ~) 1 J 
ED 

(B-59) 

Figure B.l2 shows the average energy of a primary displaced atom for . 

classical hard sphere sca.ttering, for classical Rutherford scattering, 

·and for a number of values of n in the scattering la1v applicable in 

the transition energy region. 

The total cross sect:ion for the :production of a primary displace-

.mentis given in~Eqs. (B-55) and (B-57). F.or the case of classical 

Rutherford scattering 

( B-60) 

while for classical hard sphere scattering 

. E . 
71R 2( 1 - ..1?.). 

o T 
(B-61) 

m 
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Fig. B.l2. Average energy of primary displaced atom for a-particle 
stopping in Si using various scattering laws. 
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The radius for hard sphere scattering, R , is a function of energy in the 
0 

keV ~nergy region and sl.)i-.rly approaches the atomic radius as obtained 

from the atomic density "Yrhen the incident partic;:le energy is less than 

the threshold energy nec,::ssary ·for the production of a displacement. · 

Seitz and Koehler state ·chat the radius for hard sphere scattering is 

approximately equal to the distance of closest approach obtained by 

equating the kinetic energy of the tvro particle system to the screened 

coulomb interaction potential. Therefore 

or 

R 
0 

IvT E 
2 zze2 R 

= -R- ex-p [- ~ ] 
0 

(B-62) 

) J • ( B-63) 

It is not possible to obtain the total cross section in the transition 

energy range from Eq~ (B··58). The total displacement cross section 

obtained from Eqs. (B-60) and (B-61) for the interaction of an a: particle 

with Si is presented in l'ig. B.l3, where the cross section is zero for 

Ea: ~ 34.5eV (thi~ corresponds to the minimum threshold energy transfer 

of ED= 15eV for Si). · 

The number of defects produced per unit track length by an incident 

particle of energy E in losing an increment of energy dE is 

( B-64) 

where v(T) is the number of displacements produced by a primary of 

energy T, N is the number of i3.tt~~e atoms per unit volume, and 
0 

Ru(E,T)dT is the appropriate displacement cross section for the energy 

· region under consideration. 
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The average number of displacements produced per primary by an 

incident particle of ene~gy E is 

T 
fEm doD(E,T)v(T)dT 

v(E) = -=-D __ . ---­
T 

,{Em dcrD(E, T)dT 
D 

(B-65) 

-vrhere the relation of Kinchen and Pease34 is to be used for v(T). It is 

shown in Fig. B.l4 and iG given by 

v(T) = 

0 for T < ED 

E. < T 
J. -

(B-66) 

The average number of lattice displacements produced per primary 

for classical coulomb scattering is then 

T · E. (T E.) 
m [. ( J. ) m- J. ] 

2(Tm-ED) l+ln 2ED + Tm / for Tm > Ei 

= (B-67) 

T T 
2(Tm~ED) [l+ln(2~D)] for T < E. 

m- J: 

·while the number for classical hard sphere scattering is 
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Fig. B.l4. Number of displacements per primary .displaced atom for Si. 

-. 



-259-

2 2 
(E. -4ED ) , E. (T -E.) 

~ ~ m .. ~ 

+ 7r,, -"' )4E + 2E (T -E ) \ :.m ""D D . D m D 

for T < E. 
m - . J. 

·, 

for T > E. m ~ 

(B-68) 

Equations (B-67) and (B-68) for the average number of displacements 

produced per primary in f,i by: an a particle of energy. E are plotted . a 

in Fig. B.l5). 

The number of disple.oements produced per unit track length by an 

incident particle is then 

(B-69) 

and Eqs. (B-60), (B-61), (B-67), and (B-68) have been used to obtain 

curves A and B of Fig. B.l6 for ex-particle penetration of Si. A 

composite curve for the displacement production rate per a particle was 

obtained by connecting the two limiting curves with the assumed dotted 

line shown in the transition energy region. 

The rate of energy loss through the atomic collisiorn under con-

sideration h~re is g~ven by 

. dE 

dx - - N 
0 

For the case of classical Rutherforu scattering this becomes 

(B-70) 
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Fig. B.l6. The number of lattice displacements produced per unit track 
length per a-particle for stopping in Si. 
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2 T 
dE - 7Tb T N ln( 2!!) 
dx = · 4 m o ED 

2 
nb ·T -"4. m 

224 JVL. 
nz Z e ( .L) 

E 1-12 ' 

and for the case of' classical hard sphere scattering 

dE 
dx= 

7TR2 . E 2 

- -
0 T N [1-( ~) ] 
2 m o T 

m 

( B-71) 

(B-72) 

(B-73) 

where T is given by Eq_. (B-53). The atomic collision stopping pm·rer 
m 

.is presented in Fig. 3.1'7 for a-particle stopping in. Si. The classical 

hard sphere and classica1 Rutherford contributions are curves A and B 

respectively~ Once again the composite curve is obtained by connecting· 

· the curves A and B by the assumed dotted line in the transition eners~ 

region. It must be note<i that although there is no strict theoretical 

basis for the choice of' the CU+Ve in the transition energy region the 

chosen shape appears reaqonable. 

The total stopping power which is composed of' the electronic · 

stopping pow·er and the atomic collision stopping power is shown in 

Fig. B.l8. This total si;opping power rel~tion was used to find f'(Ecxo' 

x,Eex); that i13, the energy Eex that an ex-particle of' initial energy Eexo 

has at position x is found through a .numerical integration of the total 

stopping power. This nun~rical integration made it possible to determine 

·the range of an ex-particJ.e with initial energy E • These calculated . exo 

ranges are compared with the experimental results of Gobeli27 in Fig. 

B.19. In the comparison the calc.:t:.2.ted range is taken to be the 

position at which the ex-particle energy has .decreased to 200 keV vThich 
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Fig. B.17. Atomic collision stopping power for a-particle stopping 
in Si. 
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Fig. B.l8. Total stopping power for a-particle stopping in Si. 
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is approximately 100 kev· less than the noise level quoted for the 

apparatus used by Gobeli. 

4. Spatial Variation of the Electronic Stopping Po1-rer and the Lattice 
Displacement Production Rate. 'VJe must now deal ;,vith the problem· 

\ 

o:f determining the spatial variation o:f the electronic stopping pow·er 

and the lattice displacement production rate. For the practical case 

o:f an a-voltaic device; na~ely, a semiconductor diode exposed to an 

alpha source but not in direct contact with it, the angular distribution 

and energy spectrum of the a-particles should be considered. In the 

development which follows the simplifying assumptions are made that 

the a-particles striking the diode are normal incident and monoenergetic. 

Tre results of'this appendix are employed in Sections III and V to 

determine the spatial variations of the electron-hole pair production 

rate and the lattice di_s:.?lacement production rate. The extent to which 

the simplifying assumptions influence the data analysis o:f Sections III 

and V is discussed in th~se sections as the need arises. 

The incremental incident a-particle rate is, in general, given by 

T~ U~ ,x,y, n)dE dxdyd.Q a ao .. __ ao -

where £is the direction of travel of an _a-particle and x and y the 

co-ordinates o:f a.volume element dxdy on the diode surface. In the· 

special case of a very large source and small diode the incident a-

particle flux will be spatially uniform over the surface of the sample. 

In general the diode and alpha source "\vill not be in contact so that· 

the angular distribution of the incident a-particles i.vill lie between 

the isotropic and normal incident situations. Assuming the source and 

diode to be discs locatecl OJ?. a common central axis, the incremental 

incident a-particle rate becomes 

... 
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N (E ,x,y,D)dxdydn = N (E ,r,n)2Tirdrdn a ao - - a . ao - . - (B-74) 

If it is further assu;·nec. that angular distribution is independent of 

position on the diode sDrface_, .the incident ex-particle rate in an 

increment of solid angle· is 

• . Rc • 
N (E D) = J N (E _, r, n)2Tirdr = N'""(E'""

0
)Z(g) • a ao,- o a ao - ~ ~ 

(B-75) 

The number of a particles of initial energy E reaching position x below ao 

the surface and having energy E is then given by a 

(B-76) 

where f(Ecx
0
,2;x;Ecx) specifies the energy, Eo:,· of an a-particle at 

' 
position x which was incident at angle g with initial energy Ecxo" The 

energy loss at position :{ in interval D:..x is then 

( B-77) 

At this point we shall make the simplfying assumption that the ex-

particles are incident normal to the diode surface in which case 

Eq. (B-76) becomes 

N (E'"" ,x;E'"")dx = N'""(E )f(E ,,x;Erv)dx a ~o ~ ~ ao ao ~ 
(B-78) 

where Ncx(Ecx
0

) is the· incj.dent ex-particle ·spectrum and f(Ecx
0

,x;Ecx) gives 

the energy at position x for an ~ particle of initial energy E • ~he cxo 

function f(E _,x;E ) is defined such that it has a magnitude of unity ao a 

for E > 0. The stopping po-.;-rer is a function of energy so that the energy. a- . 
lost by the a particlesof' initial energy E in an interval Ql{ is · ceo 

dEa:(Ecx) • 
·dx . Ncx(Ecxo)f(Ecxo' x;~)ax. (B-79) 



-268-

Integratingover the incident o:-particle spectrum yields the total 

energy lost in an interv&.l L x, 

LE (x) 
T 

oo dE (E ) 
= f [ o: o: J:N (E )f(E ,x;E )dE L.x. 

0 dx a o:o o:o o: ao 
( B-80) 

Novr, in the limit tb.at the o:-particle spectrum is very sharp, it 

is possible to rnake the approximation that 

(B-81) 

and when this relation is used in Eq. (B-79), the total energy loss 

becomes 

LE(x) (B-82) 

.' 

The spectrum encountered for large o:-particle sources is rather broad' 

and the identity in Eq. (B~l) is only approximate. The energy eh7ended 

to.produce an electron-hole pair is assumed to be a constant over the 

entire ex-particle range so that the total number of electron-hole pairs 

produced 'at position x in· the interval Lx is · 

G (x) LX = c6E(x) = 
. ex · E 

1 dEex(Eex) . 
[ dx ] N f( E , x; E ) LX 

E · el ex exo ex 
(B-83) 

and the total number of electroJ:].-hole pair·s produced is 

. -. . 
Nex . Rex dE:/E ) N E 

G = - f [ c dxo: ] f(E ,x;E )dx = ex exo 
E o el exo ex E 

(B-84) 

where Rex is the ex-particle range. 

The function f(E ,x;E ) 1<1as ·determined from a numerical integration ·. cxo ex . 

of the total. stopping power curie (see Fig. B.l8) for a given E ·,and exo 
the curves obtained in this vray for the E = .4MeV and Eex = 5MeV are exo . 0 

', 



presented in Fig. B.20 and Fig. B.21 respectively. These values of the 

initial enere;y are peculiar to the situations encou..11tered in Sections 

III and V. 

We no-vr turn to the determination of the lattice displacement 

production rate. The nunilier of displacements produced by an a-particle 

of initial energy Eao at position x in an inverval ox is 

= nD(x)ox = nD(E )f(E ,x;E )&~ =v (E )N crD(E )f(E ,x;E )ox a oo a a o a oo a 

(B-85) 

where nD(Ea) is given in Fig.B.l6. Therefore the displacement production 

rate obtained by integrating over the incident a-particle spectrum, 

N (E ), is a ao 

oND(x) = fN~(E )f(E ,x,E )nD(E~)dE ax. "" ao ao a · "" ao . 

For the a-particle spectrum given by Eq. (B-81), the displacement 

production rate becomes 

(B-86) 

(B-87) 

and using the results presented in Fig. B.l6 for n (E ) in conjunction 
D a 

with the interdependence of Ea and x presented in Figs. B.20 and B.21, 

nD(x) was determined and the results can be found in Sections III and v. 
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C. Current-Voltage Cb.arc:.cteristic of a Semiconductor Diode Under 
Charged Particle Bombard.rn.ent. 

There are t1vo possi'ble geometrical configurations for charged 

particle bombardment of a semiconductor diode. In the case of uni-

directional bombardment, the energetic charged particles are incident 

upon only one surface of the diode, 1·1hile in the case of bidirectional 

bombardment the t-vm opposite faces of a broad area semiconductor diode 

are subject to particle bombardment. The diode geometry for Q~idirectional 

bombardment consists of a thin surface region and a relatively thick 

base region, vlhile for bidirectional bombardment the thickness of both 

field free regions of the diode must be approximately equal to the 

charged particle range. Figure C.l shows the diode geometry for the 
. / 

two bombardment schemes. 

l. Unidirectional Bombardment. In the following_ analysis the surface 

region is taken to be p-t~~e; and the base region, n-type. Also, it 

will be assumed that the ::;patial dependence of electron-hole pair pro7 

duction resulting from charged particle electron excitation can be 

adequately represented by 

, G( x) = a + 'bJ~ + ex 2 -+ dx3 + fx 
4• ( C-1) 

In the p-type surface region the diffusion equation fo;: the minority 
N 

carrier electrons is solved for a plane source of strength ...£ g(x )dx 
A o o 

X 

located at X . The diffu~:ion equation is 
0 

d2 t:.n .6.n 
D 

p _ ____.E.= o, 
n 2 -r ex n 

(C-2) 

· "i'There D is the electron c.iffusion coefficient, -r is the electron n · . n . 

minority carrier lifetime, and .6.n = (n -n ) is the' excess electron 
p p po 
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Fig. C.l. Device geometry for (a) unidirectional bombardment and 
(b) bidirectional bombardment. 
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concentration in the p-t:rpe surface region. The solution of Eq. (C-2) 

is 

X X 

L -r:-
6.npi = 1\.le 

n + B1e n for x <x 
0 

X X 
(C-3) 

L L 

6.np2 Ar)e n +B2e n for X> X, = 
"-· 0 

where the electron diffusion length is L
2 = D T • It was necessary to n n n 

consider independent solutions for x < x and x > x • The boundary 
- 0 - 0 

condition at the surface of the diode is obtained by equating the 

electron current to surface recombination rate,5
6 

( c-4) 

At the junction the electron concentration is greater than the equili­

. 56 brium value due to carrier injection, and the boundary condition ~s 

. A.V 
6.n 2(d1 ) = n (e -1). p po (C-5) 

The remaining boundary conditions at the source position are the equality 

of electron concentration 

6.n 1(x ) = 6n 2(x ) 
p 0 p 0 

and the continuity of electron current 

D 
n -D n 

. N . 
= Acx g(x )dx • 

0 0· 
X=X x· . 

0 

(c-6) 

(C-7) 

Using these boundary conditions, the excess·electron concentration is 

found to be 

: 

·' 

., 

~. 

.. .• 
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XV X X 

.6n 2(x) p 

n ( e -1) 
po . 

X -d 
sinh( ~ 1

) 

['Y, cosh(~)+sinh(T 0 )] 
11 .Ln · .....:n 

dl . dl 
[~ cosh(~)+sinh(--L )] n .L 

n n n 

x -d1 x-d1 } 
-cosh( 

0
L )sinh(-L---)] 

n n 

X X 
· N L 
- a (x )dx (~) 

[~ncosh(~)+sinh(i,;)J x-d 
sinh(~) ~ o o D x n dl dl 

[~ncosh(~)+sinh(~)] 
n n 

.L 
n 

and from this the electron current at the junction is found to be 

I (v) 
e 

d .6.n 
2 = qA D p 

xn dx 
x=d, 

J.. 

D A.V 
= qA (Ln)n (e -1) 

x n :po dl ; dl 
bncosh(~)+sinh(~)] 

n n 
. X X 

[~ncosh(L0 )+sinh(L0 )] 
n n 

- qN.,g(x
0

)dx
0 
---~---~..,..-

a- dl ' dh 
bncosh(~)+sinh(~;] 

' 
n n 

(c-8) 

(C-9) 

vrhere q is the magnitude of the electron charge, A. = q/kT, and "/. = 
n 

. Dn/Lnsn •. VJak.ing use of the source term given :by Eq. ( C-1), the electron 

current .for V = O·becomes 



I ( 0) 
e 

['y cosh(:: )+sinh(_Lx ) ] 
• .t n 1.: 

= - q_Ncx J g(x) ____ n~----=n,___ dx 
0 d1 d1 

[ -yncosh(L)+sinh(L)] 
n n 

xi(d1)K (d1)~ X'(O) 
[ n n. nn ] 

K (d ) ' 
n 1 (C-10) 

where 

M (x) 
n 

= 'Y. sinh(~) 
n L 

+ cosh(:: ), 
.L: 

( C-11) 
n n 

K (x) = 'Y. cosh(.::__) X 
+ sinh{~L) ·, n n L 

n n 
(C-12) 

2-2 3 2 4 22 4 
X (x)=a+bx+c(x +2L ) +d(x +6xL )+f(x +121 x +241 ) , 

n . n n n n 
(C-13) . 

and 

(C-14) 

Tnerefore the electron 'current is 

I (V) 
e 

• 2 X'(d1)K (d1)-~ X'(O) 
·c n n n n 

+ qNcx1n K (d.. ) . ], 
11 1. 

( C-15) 

which in the limit of b=c==d=f=O (i.e., a spatially constant electron-hole 

pair production rate) becomes 

D M (d ) 
I (V) = ·aA (-E.)n ( e/\.V _.,) n 1 · - ,,..1..1 .. N .. g 

e ~ x 1 po -- K ( d
1

) '::1. n cro 
n n 

where g is the pair production-rate. 
0 

[M n ( t\) -1 ] . 

Kn(~) ' 
(C-16) 
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In the base region the d.iffusion eg_uation 

2 

D 
d /::,.:pn /::,.pn 

o, 2 - --= p T 
dx n 

must be solved for a plane source of strength 

x for the thiee sub-regions indicated in Fig. 
0 

for holes, 

( C-17) 

N 

A
a g(x )dx at position 

0 0 
X 

C.l(a). The reasons for 

this d.ivision of the bas·.= region are discussed in Sections III and V. 

The three regions are characterized by different hole diffusion lengths. 

The solutions are 

X X 

Lpi 
-L 

6p = ~e + B (~ 
pi for d2 <x<x nl 1- - 0 

X X 

~ ---L T 

6u 2 = A2e 'pi + B
2

e P..L for X ::: X ::: ~ "n 0 

X X 
(C-18) 

L T 
6pn3 = ~e P- + B

3
e 

Lpi 
for d3 ::: X ::: d4 

X -r-
/::,.pn4 = B4e po 

for d4 ::: x. 

·The boundary conditions to be employed in the base region are obtained 
·r 

from the injected excess hole concentration, 

. f...V 
/::,.p 1 (d

2
) = p (e -1) , n no (C-19) 

and the eg_uality of hole concentration ~nd continuity of hole current 

at the boundaries between the three regions 

(C-20) 

d.6.pn31 
D dx i =D . p I p 

. 1x=d4 ' (C-21) 
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d.6p 2" 
D n 

p dx 

.6n 
1

(x )· = .6n 2 (x ) , 
p 0 p 0 

d.6pnl 
D 

p dx x==x 
0 

d.6.pn2 
- D p dx 

' X=~ 

No: 
= - g(x )dx • 

A o o 
X=X X 

0 

The excess hole conGentration is then found to be 

D N x-d [i1_ cosh( ~-x0)+~sinh( ~ -:
0

) ] 

A. ( ) ( u) a: ( )dx . ,-,...( 2\ pi P-up nl X = 1 ~ ~ X 0 0 SJ.I'..J.l ---, D D 
p x .Lpi [~ cosh(L)+.6. 2sinh(L)] 

pi pi 

( A.V { u e -l) x-d x -d x -d x-d 
+~no x -d [cosh(1 

2.)sinh(,~ . 
2

)-cosh( ~ . 
2

)sinh(1 
2
)] 

sinh( o 2) pi pi pi pi 

~I . . 

~-x d -x } 
x-d [-scosh( L c}+~sinh( £ 0

)] 

+ sinh(~) . Dpi D pi " ' 
pi [.6.fosh(L)+.6. 

2
sinh(1 ) ] 

pi pi 

where D = d3 - d
2

. 

The hole current obtained from Eg_. (C-26) is 

(C-22) 

(C-23) 

( C-24) 

(C-25) 

( C-26) 



where 

db.P l ·n 
Ih(V) =-qA D ---::-,~ 

X p Q;{ 
x=d 

2 
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= -qN g(x )dx cc- 0 0 ['\cosh( L D ) +6 2sinh( L D ) 1] 
pi pi 

D A.V 
+ aA (.J2.)p (e -l) 

""x Lpi no 

A h( t ) (Lnii) .. ( t ) 
u 1 = cos -L- + L sJ.nn :r:--- , 

pii po pii 

L .' T 
ni . t ~ I t 

6 2 = (-···-)cosh(--)+(:::R-)sinh(-_ -) , L ' L l.J _ · l.J 
po pii pi~ pii 

( C-27) 

( C-28) 

( C-29) 

and t = d4 - ~- Using 'the source term given by Eq. (C-1), the electron 

current at V = 0 becomes 

where Ra is the position at which g(Ra) = o, 

( C-32) 
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where X (x) is given by Eq. (C-13) with n replaced by p. ~-'he integral 
p 

term from ~ to Ra has been neglected which leads to less than a 4% 
error in.Ih(O) for the applications of this equation in Sections III 

and V. Therefore, the hole current-voltage characteristic is 

(C-33) 

which for a spatially constant electron-hole pair production rate 

becomes 

For Lpi = Lp~I = Lpo and ~approaches infinity (i.e. the situation 

prevailing prior to appreciable damage), Eq. (C-33) becomes 

. D . A. V . ; ( ( R -d2) ) 
I (V) = qA (_]2_

1
. )p (e' -1) - qN 1 [lJ (d

2
)-U (R )exn - ex· J(C-35) n · x no a po p p a ~ 1 · 

po, . · po 

whereU (x) =X (x) + 1 X' (x). 
P p . po P -

The current r~sulting.from electron-:?ole pair.production in the 

junction is. suitably approximated by 

where it has been tacitly assumed that the electric field existing in 

the junction is sufficiently large to svreep out all the charge carriers 

with negligible recombination. . . 
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The resultant curre~t-voltage characteristic is 

I(V) = I + I + I. = I ( et..:V -1) - I , 
e n. J o G 

. ( C-37) 

where 

( C-38) 

( C-39) 

For a spatially constant pair production rate, g
0

, Eq. (C-38) remains 

unchanged, and Eq. (C-39J" becomes 

I /qN = g 
G a o 

( C-40) 

2. Bidirectional Bombarc~ent. In the case of bidirectional bombardment 

(see Fig. C.l(b)), the solution for the minority carrier concentration 

is of identical form for either of the t\vo field. free regions of the 

diode. Therefore,· one such region need only be considered in detail. 

Let us choose the p-t~e region of thickness d. Then the minority 

carrier diffusion equation is given by Eq. ( C-2). The solution proceeds 

in an identical manner to that taken in the derivation of Eq. (c-8) for 

the excess carrier concentration for zero exposure level. 
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N 
The electron current 9-rising from a source of strength Aa g(x

0
)d..x

0 
at 

X 

p<J~ition x
0 

is therefore given by Eq. (C-9), which for the· source 
:t. . 

described by Eq. (C-1) becomes 

r (v) 
e 

n· ·. -,.·v·· M (a_)-· . X (R)M (d)-~_(0) 
· ( n) ( f\. ) n · n n n ] . = qAx L npo e -·l K (d) - qNaLn [ K (d) 

n n n 

X'(R)K (d)--y X'(O) · N L2 n n n n 
+ q a n [ · K ld) ] ~ 

n 
( C-41) 

' ' 

In a similar manner the solution for the hole current is found to be 

~(v) 

(C-42) 

and the current-voltage characteristic is given by , 

( C-43) 

· where 

( C-44) 

and 

X (R)M (d),;.X ( 0) X' (R)K (d)-'\/ X' ( 0) 
I · n n n 2 n n 'n n 

IG qNC( = Ln [ . K (d.) J - Ln [ K (d) · J 
n n . 

X (R)M (d)-X (0) X'(R)K (d)..;-y,·X'(O) 
+ L [ p . 1' . P ] - L2 [ P P P P · ] 

p .. K \ d . · p K (d) p . p 
(C-45) 

·, 

. ,' 

•· 
' 
; . -
·, 



In this development the condition R < d was assumed to be satisfied -
and this explains the absence of a current contribution from the 

junction inasmuch as there is negligible electron-hole pair production 

in the junction region. 

·~ .. 

. ' 
i 
I 
i 



-284-

D. Performance of a Particle-Voltaic Device~ 

The equivalent circuit for a particle-voltaic device under steady 

state exposure is shO'vm in Fig. D.L An additiopal capacitance in 

parallel with the junction would: be included when· considering .transient ' 

behavior. The current-vc,ltage characteristic of the device is given by 

(v.;;rn ) 
I = ---,,.---s- + I . (V-IR ) - IG' 

RSH J s 
(D-1) 

where V. = V-TI\ is the voltage drop across the junction and the junction 
J s 

I~V.characteristic, Ij(V-IRsh is in general composed of one or more of 

the current contributions discussed in Appendix A. The power is 

p = -IV. (D-2) 
/ 

where the current arrl.-valt.:lge can be written in terms of the voltage drop' 

across the junction, 

R 
V = V.+IR = V.(l~Rs )+R. I.(V.)-R IG 

J s J . SH s J J s . 

v. 
and I = R,l + I. (V.) - IG·. 

SH J J 

Then the povier can be written 

The· condition used to determine the voltage at maximum power is 

()p 
'dV: = 0 

J 

V. R 
= [RJmp +I.(V. )-IGJ[(l)f-)+ R I'.(V. ) ] 

· SH J · Jmp SH . s J Jmp 

. R 
+ [Rl +I~(VJ.mp)J[(l-~Rs )V. +R I.(V .. )-RIG] 

SH J SH Jmp s J Jmp s 

(D-3) 

(D-4) 

(D-5) 

(D-6) 

-· 
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R, 

MU-35593 

Fig. D.l. Equivalent circuit for a semiconductor diode under energetic 
particle bombardment. 
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or 

·V. R. R . 
2RJmp (l+Rs )+(i+2 Rs) [I.(V. )-IGJ+2R I.(V. )I'.(V. ) 

SH SH i3H J Jmp s J JIDP J Jmp 

,. ' 

R l 

- 2IG,R I'.(V. )+(1+2 Rs )V. I'.(V. ) = ·o . 
s J Jmp SH Jmp J Jmp_ 

(D-7) 

The curr.ent at maxir:mm power is then obtained for Eq. ( D-4) 

v. 
I = Jmp + I. ( V. ) - IG 

mp RSH J Jmp · 
(D-8) 

and therefore 

v. . 
P = -I V. [I - ,lmp - I (V ) J [V +I R ] max mp mp · · G R j jmp jmp mp s 

SH 
( D-9) 

/ 

The junction I-V characteristic can be written as a sum of ideal and ' 

non-ideai current contributions so that 

A.V. 
I (V. ) = I.NI(V. ) -!: T (e Jmp_l), 

j Jmp J,r Jmp o 
( D-10) 

where I. NI(V. ) results· from one or more of the non-ideal current 
J, Jmp 

contributions discussed i;1 Appendix A. In the low voltage region where 

( 
A.V. 

Id = I
0 

e J-1) <I. NI(V.), the-series resistance may be neglected with 
J, .J 

the result that 

(D-11) 

and Eq. (D-7) becomes 

v. 
2 Jmp - ( ) ( ) 

R + I . NI V .· + V. I . NI V. = SH J, . JIDP . Jmp J, Jmp 
(D-12) 

At this point· let us consider tvro specific forms for the non-ideal 
r • 

current contribution. 
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v1here I
01 

is the effective reverse saturation current and the exponential 

. factor has been modified through the introduction of the non-ideality 

factor, A. Substitution of Eq. (D-17) into Eq. (D-12) yiel~s 

2V 'A.V. 
=---="j'-m_,_:p_ + ( l + AJmp) e 
I R 
ol SH 

'A.V. Jmp 
A 

I 
= (_Q_+ l) 

Iol 
( D-18) 

as the determining relat:tonship for V. 
Jmp 

The maximum power for this 

form ofthe non-ideal junction current is 

v~ 
p = Jm:p 

max RSH 

'A.V. Jm:p 
A 

The maximum power is also given by 

· 1 · ( "-) (A.V jmp) 2 
[R-+ 1 1A-exp A ]V. SH o Jmp 

where RLmp is the load rE~sistance at maximum power. The junction 

resistance at maximum pov,rer is found from Eq. ( D-17) to be 

1 
di(V. ) Jmp 

~ = ----av;- = 
Jmp. J 

. ,·· .. _ ~ 

(D-19) 

( D-20) 

( D-21) 

so that the load resistance for maximum power satisfies the condition 

that 

1 

~p 
= 1 

-- + 
RSH 

1 
R-:-Jmp 

(D-22) 

.Let us consider two situations in the hig~ voltage region. A 

condition common to both.is that of a negligible shunt conductance 

current, but the series resistance must be included in both cases. 
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Generation-Recombination CUrrent. Providing that the non-ideal current 

contribution results from the generation or -recombination of electron-. 

. hole pairs in the juncti<)n, the junction current is give!l by 

:i.(v.) = 
J J 

qn.Ai>J 
I (V.) = ~ 
rg J .J -r· -r • 

no·po 

A.V. 
2 sinh(:..:..l:) 

-~A.(.,-'1/1.:-D----=-.~v ;...;..,. )~·.- f'( b) ( D-13) 

which is Eq. (A-33) of Appendix A. In the low voltage forward bias 

region (V. < *nb f(b) ~ ~/2 so that 
J ·. . ' 

7Tqh.A W . A.V. 
I.(V .) ~ ~ x sinh(--i!-) -

J J .2:1-r 'l" ~-
no po D · 

A.v.· 
I sinh(2) 
o,rg 2 ' 

(D-14) 

where the junction ~idth, w, is approximately constant for· small applied 
. , 

bias. The maximum po"Vter as obtained from Eq. (D-9) f'or this case is' 

A....t:j . A.V. 
+ I· ( mp) co_sh(_ 

2 
Jmp), 

o,rg · 2 (D-15) 

where V . is found from , Jmp 

2V. A.V A.V · · A.V. ' I · 
Jm;p · +[sinh( jmp)+( jmp)cosh( Jmp) J = G 

Io, rgRSH . . 2 .. 2 2 Io, rg 
(:D-16) 

Equation ( D-16) was obta1.ned from Eq. ( D-.:1.2) • 

Modified Exponential Current-tow Voltage. It has been experimentally 

observed that over any limited voltage range it·is possible· to express 

· the junction I-V characteristic of a semiconductor diode using an 

exponential form. similar. to that for the ideal diffusion current,. so that 

A.V. 
Ij(V) = I 01 [exp( AJ) o.l), · (D-17) 

f 
! 

i 
I· 

I 
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Ideal Diffusion Current. It is possible for the condition Id > Ij,NI 

to be satisfied in the high voltage region in which case the junction 

current is given by the ideal diffUsion term, 

AV. 
I. (v.) = I

0
( e J -1) , 

J J 

so that the total current becomes 

AV. 

I= I (e j-l) - IG . 
0 

This can be placed in the form 

or 

·. I+I +I 
V = ~ ln( G 0

) . ;.. I 
J 0 

I+I +I 
1 ( G o) 

V = R~? + ~ ln I 
0 

(D-23) 

(D-24) 

(D-25) 

Yaking use of Eqs. (D-24) and (D-25) and the fact that RSH~ ro , 

we find from Eq. (D-7) 

I +I +I I 
2R I + ! ln( mp . G o) 1 mp = 0 

s mn : A I + ~ ( I +IG+I ) 
~ · o . mp o 

( D-26) 

for the condition from which the current at maximum power is to be 

determined. The maximum power is obtained upon substitution of Eqs. 

(n:..25) and. (D-26) into Eg_. (D-9) with the result that 

I2 
p = R I2 + ~( mp ) 

max s m:p A I +IG+I mp . o 
(D-27) 

Modified Exponential Current- High Voltage. In practice it is seldom 

possible to use Eq. (D-23) for. the junction current but rather the 

modified form given by Eq. (D-17) is a more suitabl~ approximation. 
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The maximum power for this form of the junction current (including the 

effect of the series re·sistance) is giveri by 

. \ 

P ·-RI
2 

max s mp 
( D-28) 

where the current at maximum povrer is obtained from 

T. +I +I I . 
2R I + ~ ln( mp G 01)+· ~( ~p I ) = 0. 

s mp /1. I
01 

/1. I + + · 
mp G ol 

(D-29) 

The maximum power corresponds to a load resi$tance of 

V. I +I -t=I 
R Jmp _ _A ( _1 ) ln( _m""'"p-=-G;;..__· ...:..o) 

= - -I- = -Its A I -I 
Lmp mp mp o 

( D-30) 

where Eq. (D-25) ha·s been used with I
0 

and /1. replaced by I
01 

and A./A 

respectively. Substituting Eq. ( D-29) into Eq. ( D-30) yields 

A · 1 
~ = Rs + ~ (I +IG+I ) 

mp o 

The resistance of the jUI~ction is given by 

where 

Then 

and 

dV. 
R :: J 

j di 

A . I+IG+Io. 
V. = V ~ IR = ':\ ln( I ) J s . , ... 

A 1 
Rjmp = ~(I +IG+l ) 

.· mp o 
. I 

I 

0 . 

. '. 

Therefore it can. be seen that 

(D-31). 

(D-32) 

(D-33) 

(D-34) 

· ( D-35) 

( D-36) 

. ; 
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In the intermediate voltage region the junction current must be 

expressed in detail using the appropriate non-ideal current contributions 

vrith the result that the solution becomes very complex. An alternate 

technique is to approx~tte the· junction current by the modified form 

given in Eq. (D-17) over limited voltage intervals (including both 

series· and shunt resistance effects). In any given voltage interval it 

is then possible to use either Eqs. (D-19) or (D-28) depending upon the 

specific values of Rs and RsH· 

' / 
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E. Error Analysis Technique. 

The propagation of errors was treated in the follmving conventional 

manner. Consider the car.:e of a quantity W which. is calculated from the 

measured quantities x1, x2, ~ ~ 
) -

. and is given by 

W = f(x
1

, x2 , ~· •• ). (E-1) 

The variance in W resulting from the variances associated with the x. 1 S 
J. 

is given by 

(E-2) 

where the variances are those of the mean and not of the individual 

observations. In some ca.ses only one measurement was made for a given 

x. in which case the variance of the measured value had to be estimated. 
J. 

The pessimistic assumption was made that the variance was approximately 

equal to the random uncertainty associated with the measurements. Such 

random undertainties have been estimated for each measuring device used 

and are listed in each of· the Sections dealing with the experimental 

work. 

The other technique used·extensively in analyzing the experimental 

results was the method of least.squares as applied to a linear dependence 

between interdependent measurables such as· 

y=mx+b. (E-3) 

In the application of this technique in Section V, y = I (e) and 
sc 

x =·e-l/
2 

and the constants determined fr~m the fitting technique are 

m = Kl and b = Ic. For a set o~ measured points (xi' yi) the most 

probable values of m and b are given by 

' ! 
i 

' ' 
~ I 

' 

.. 
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(E-4) 

and 

(2:X • y. ) ~ X. ) J 
~ ~ ~ 

(E-5) 

and providing that there are no errors present in the measured xi.: s; the 

variances in m and b are given by 

2 Nc? 
crm = 7S:" (E-6) 

and 
/2:x.2 

~ (E-7) 

2 2 
w·here 1:::. = N(L: x. ) - (L:x.) • The· variance of the parent distribution 

~ :L 

for the yi' s, .' cr,. i~ estimated from 

2' 1 ·"' 2 1 "' ( b )2 cr = -N L...d. =-NL..o mx. + -y .• 
~ ~ ~ 

(E-8) 

In effect this method of analysis lumps all t~e uncertainties in'the 

measurements into they .. It is therefore reasonable to use this 
~ 

. 1. 2 . dt . 2 
techn~que providing the resu t~ng cr ~s foun o be less than cr as 

y 

estimated from the random uncertainties inherent in the measurements. 

In certain cases (i.e. x. = e.) the variance in x., cr, is known. The 
. ~ ~ , ~ X 

total variances in m and b were then obtained from . 
2 (dm /· 2 dm 2 2 Ncr2 cr 

cr = cr + ('dX) crx = T 
+ m2( 2E.)2 

m ~· X 
(E-9) 

and 
2 . 

2 ·cdb )2 2 
+ (~)2 2 cr z xi2 

+ m2 2 
crb = cr cr = cr dYi X !:::. X 

(E-10) 

The use of these equations will yield conservative estimates for the 

errors in m and b. In the event that each point y. had a different 
. . ~ 



variance, ai~ f a
2

, the above equations would have to be modified. A 

number of specific examples whose results are used in the main body of 

this report are novT considered. 

i) In Section V the incident a-particle rate is used to determine 

e and K1 • The source was calibrated and found to have a strength 

S = (io.2 ± 0.2)Xl07 a/sec. 56 In this reference a machine code 1-ras used 

to calculate I(Z), the f:caction of emitted a-particles 1·1hich strike an 

equivalent solar cell (the solar cell being replaced by a disc of equal 

area). Then Na(Z) = SI(Z) where Z is the normalized source-solar cell 

separation and the variance in N~(Z) is given by 

a. 2 2 . 2 

(. Na)' = (aigj) + (a~) ... 
Na / . 

(E-ll) 

The variance in I(Z) is clependent upon the variances in source radius, 

Rs' equivalent solar cell. radius, Rd' and source-solar cell separation, 

z, so that 

2 

(ai(Z)) = (~ 
~ I' 

I 
/ 

2 
oi(Z))·· + (Rs 

dz · · I 

2 cr 2 

CJI(Z)). (~)· 
dR . R 

~ s . s 

. · 2 a 2 

+ (RcCJI(Z)) ( Rc) "= 15.4Xl0-4 
.. IdR'. R c c . . 

h I 2 af aR I . m .aR I r:::al . w ere az z ~ ± ·37o, . c Rc = ±0.297o, and s R;s ~ ±.;1o. 

-2 . 
XlO = ±4.4%. 

(E-12) 

Therefore 

(E-13) 

'· 

v· . ' 
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ii) In Section IV a least squares fit is used to find ~ from a 

set of measurements for (I., V.) >'lhere I = A V~ In this limiting 
J.. J.. 

·situation (b=O) the constant of proportionality is found to be 

and the variance in A is 

where 

2.: I.V. 
1\ - J.. J.. 

.J:l.- 2 ' 
v. 

J.. 

2 
(J 

cP = -N
1 z ( A v. -I. )

2
• 

J. J. 

(E-14) 

(E-15) 

(E-16) 

l 

iii) In Section IV the method of least squares is used to determine 

lni and A. from a set o~: measured points ( .en r, V. ) using Eqs. ( E-4) 
o m J. J. 

and (E-5). The current I! is the difference of the measured value and 
J. 

the non-ideal current term at V., 
J. 

r ,(v.) 
J.i J. 

oV. 
= I. (V.) - I ( e \ ... 1) 

J. J. ol · 
' 

so that. 

v. 
J.. 

---' 
RSH 

(E-17) 

(E-18) 

vrhere the contribution from the 'variance in RSH is small and has been 

neglected. The variance for each point of the set is therefore different 

and must be weighted by (roi = l/cri2 ) when determin~ng the variances in 



\ 

£ni and A • Then Eqs. (E-9) and (E-10) are used to estimate these o m 

variances with the result that 

and 

. 2 _ ~ 2 2 (· crv i)
2 

. crA - !:::. 11 + Am · V. . 
m · · l 

2 
rJ = . .Eni 

0 

(E-19) 

(E-20) 

2 2 2 
where cr = aLS + a • 

2 
crLS is defined by Eq. (E-8) and arises from the 

least squares fit of the set of data points (lnr:;v.). 
l l 

2. cr arlses from 

the propagation of the variances in I 01 and 0 as given by the second 

term in Eq. (E-18) and is estimated from 

2 
(J = N = Lm . • (E-21) 

l 

These last three equations were applied to .the data of Section IV and 

the results for typical cells can be found in Table IV.IV. 

·-:···. 

i 
·\ 
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