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ALPHA PARTICLE BOMBARDMENT OF Si AND GaAs DIODES;
ENERGY CONVERSION AND RADTATION DAMAGE

Lawrence D. Posey
Inorganic Materlals Research Division, Lawrence Radiation ILa ooratorj,
and Department of Nuclear Engineering, College of Engineering,
University of California, Berkeley, California
June 1965
ABSTRACT

The ¢-voltaic effect, associated with a-particle stopping in a
semiconductor diode;wwas investigated ic p-on-n and n-on-p Si solar
' cells and p-on-n GaAs solar cells at operating temperatures of 200 °K
~and 275°K. An initial ﬁaximum conversion efficiency of approximately
b%, well below ﬁheoretical predictions, . was realized for all three cell
tYpes at‘200°K, and-in all cases at é75°K the efficiency was less than
1%. The discrepancy between theory and experiment was attributed‘to‘
~the substantial non-ideal contribution tc the dark I-V characteristic
present in all the ce;ls employed. | |

The dark I-V characteristics cf p-on-n-and s—onfp Si_soler cells
and p-on-n GaAs solar ceils were measured for temperatures between 90 °K
‘and 360°K. The ideal diffusion term was isolated for all the cells, but
sseet resistance effecfs in the-surface regicn were not'discernible.
 The non-ldeal current term was found to>be more cons1stent with a
Junctlon tunnellng current than with a Junctlon recomblnatlon-generatlon
current. .
| The GaAs solar celis were fcund tcwbe the most resistant to radiation
damage from a device standpoint while the n;os-p dnd.p-onfn Si cells
. exhlblted decreasing radiation resistance in that order. The diffusion

length degradatlon constants. were also determlned for both materlals at



EOO?K and 275?K. These values in. order of decreas1ng radlatlon re31stance

-2 -2 =1
are, for the p-uype Sl, X (Sl) 3XlO 5cm a~l at 275 °K and 5X10 5 o

at 200 °K,’ for the n-type. s:., X (Sl) ~ 7x10 5 a‘,l a‘t‘?bo‘th‘ temperatures,

and fop the n-type GaAs,-Kn(GaAs) ~ LX10 hcm'%i;l:

The.dérk I-v chaiacterieticslof the cells underwent substantial

' changes.duringvexpocure;; The changes'in the ideel'cufrent uere‘consistent
wlth a bombardment'induced decreasekin mihoritj carriefflifetime. The
changes in the non-ideal‘cufrent term for all the cell - types tested

were notvconsistent wlth‘a.juuction recoﬁbinaticnégeneratiou current

and in fact indicate that a substantlal current contrlbutlon must be

controlled by the surface state of the cells.




[ o

.particle types.

~photo-voltaic effect

I. INTRODUCTION -
“The diverse ways in which an enefgetie particle (@, B, <y, 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 number of

‘practical applications. The mechanism of charge carrier production dy

energetic partieleslmakes 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

’

displeeements during bombardment.

The ability of a semicondgctor diode to convert the energy of an

~

incident particle directly into useful electrical energy depends upon

the phenomenon termed the tarticle-voltaicieffect; that is, the‘mechanism
whereby the current arlslqg from the bombardment produced charge carriers
flows in a sultably chosen load under the 1nfluence of a voltage induced

at the diode prn Junctlon. Thls phenomenon and its application have

been studied in a number of semlconductlng materlale using various -

1

The greatest amount of effort has been devoted to the study of the
14, 45 36,L0,51,61, 67

and assoc1ated solar energy convers10ﬂ

. owing to the potentiai importancevof the’sun.as an energy source.

The particle-volteic effect using energetic particles other than

photons has received attention inxonly.a,few scattered instances; namely,

b7, 50 29

the beta-voltaic effect and thevfiSsion-ffagment-voltaic'effect.

.'“



The limited interest'inFoherged:perticleAeneréy:conyerSiOnfusing”semi-
conductor dlodes resulted from the fact that a degradatlon in the device
performance was,found:tO'accompany:the energy'converslon:process b7,5o
This was attributed to changes in the material ﬁrope_rti_es resulting from
the presence of hombardment produced'lattice dlsplecenents. .
Neglecting the effect of rediation-deﬁage; the.lnitlel_meximum‘
energy conversion efflciency for a semiconductor'dio@e'under energetic

. particle bombardment isﬂgiVen by.

‘nmax,o‘ P,
, A P oo o S e '

where € is the energy per.electron-hole pair for'the,semiCOnducting :
material, Q is the chergefcollection efficiency,;andfvhﬁ'is output-
voltage at maximum power."vgp,is obtained .from

)

'(1J}§\V ‘--/Av)'e,xp.(_kV "/A) ;.vI /'I‘ | :, S (1-2)

'Where”IG, -the partlcle generated current results from.the electron-hole
palrs produced by - the 1nc1dent energetlc partlcles A and I o1’ the non-
1deal exponentlal factor and the effectlve reverse saturatlon current
Irespectlvely, deflne the dark I-V characterlstlc of the dlode in the_'
current 1nterval 0. lI I < lOIG - We see from Eqs. (I-l) and: (I 2)
that the energy conversion effic1enqy of a particle-voltalc device is

strongly dependent upon the dark IV characteristlc of the dev1ce (the

dark characterlstlc 1s, in part determlned by the materlal purlty)

Whlch is indeed found to be the case for solar cells.is’h9 From these '

equatlons it is. ev1dent that the energy convers1on eff1c1ency is also .

dependent upon the materlal purlty through thecharge collectlon effi~’
16

ciency’ 16,37, 59 In contrast to these factors the energy per’ electron-

¥ 15

Ahole pair is relatively 1ndependent of purlty for a glven materlel.

p tv;"' s i " - S
= 2~ (@ )0/ (I

T orww
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Our primary concern in this repoft‘is che a-voltaic effect
associated with a—particle'stoppicg'in Si and GaAs diodes. In light of
the existing energy sources assoclated with neturally occurring and
artificially produced a-pérticle emitters, an investigation of +he
a-voltaic effect is of practical interest.

. In the particular case of a moderetély pure Si Q-voltaic device
(corresponding to a Q =~ 0.8) subject toA a-particie'bombardment from a
0.5 mC soufce,.we expect, from Egs. &I-l)_and (1-2), that yﬁp is to be
found from | ‘

. » 6
(l¢h2.5Vhp/2)exp(h2.5vmp/2) ~ 10 /10

and then

~ (0.24)(0.8/3.55) ~ 5.5%

at T = 275°K where the values of A and I
63

ol employed are typical of

. diffused Si diodes.53’

The. scope of the pzesent work includes an analytlcal study of the
energy conversion performance expected of .various purlty Si a-voltaic
devices and an experlmental 1nvest1gat10n of Sl and GaAs solar cells
under a—particlefbombardment which ihcludes the.determination of.both the
initial_perforﬁance and theTbohcardment'induced changes in Q and the
dark I-V charactefiscics. i T

The chargehcollection efficiency of photo-voltaic and electron--
voltalc devices has been found to decrease with 1ncrea31ng exposure
through a decrease in the mlnority carrier llfetlme resulting from the
introduction of defect recomblnatlon centersiduring bombardment. A
substantial amount of work has been @erfcrmed for electron and proton

1, 17,38 52

- bombardment of Si solar cells.™ ‘This sensitivity of the charge

" collection efficiency'and therefore the short_circﬁit current to



radlatlon damage has been used as a. means of studylng the nature of the

'lattlce defects produced by hlgh energy electron bombardment of si -

25,20 390 L

diocdes.
Si and GaAs’ solar cells were- employed in thls work ow1ng to the

fact that of all the commerc1ally avallable semlconductor Junctlon

- devices they come the closest to possess1ng the optlmumva-voltalc dev1ce'

geometry Sl was chosen for 1ts hlgh purlty and assoc1ated superlor

- charge collectlon eff1c1ency, whlle GaAs was chosen for 1ts larger

Tt

forbidden energy gap and correspondlngLy greater dev1ce output voltage

When the results of thls work are used 1n conJunctlon w1th Eq

_(I-E), the V mp typlcal of a p on-n Sl solar cell under a-partlcle

bombardment is found from

o’
i

(l+u2*5Ymﬁ/?15)exP(h2;5vﬁP/275).§;i?f?kioj?
so that
~~< oh)(o 9/3 55) 1%

nmax O

at 275°Kvand

| (1+58v /3 h)exp(58v /5 u) 1o:ﬁ/1

so thet o - e

| nmax, ( 18)(0 9/5 55) ~fh 5%

_at 2006K. An alpha source act1v1ty of. approx1mately O 5mC was used 1n '

obtalning these estimates It is evident from these results that the
1nfer10r performance of the p-on-n Si solar cells under a-partlcle

bombardment as compared to that\of the moderately pure dlffused Si -

- diode mentloned above, 1s prlmarlly due to the 'sof dark I-v

characterlstlcs of the solar cells (compare the values of I ol and A for

the two dev1ces) A 81 dlode de31gned spe01f1cally for 0perat10n as an

“

o T



S =54

¢-voltaic device shquld_not be as ;everely hémpered by charge carrier
generation and current. flow in surface ipversioh layers as a Si solar
cell owing to the greater'junction dépth and higher material purity
~ required for theaa—voltaic device.
The dark I-V characteristics of allvtypeé of 8i diodes are found
to deviate markedly from the ideal jﬁnctioh I~V characteristic for currents

5

less than or on the order of lO"LL to 10 “A. 'The non-ideal current

contributions havé beeniinvestigated for a number of Si devices such as
pover rectifiers, tunnel diodes, etc.,15’15’20’55’63 and theory is |
kgenerally found tolﬁe in good agreement,with experiment. Investigatiéns
B of the dark.I-V characteristics of solarvcells;h9’66 howe&er, have thus
"far proven to be less profitable, and their soft nature is as yet.not
completely understoéd. In the present work we attempt to improve thié

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

subsequent to bombardment.
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‘II;' THE PARTICLE—VOLTAIC EFFECT '1'5
As an energetlc partlcle passes through a semlconductlng.materlal
it gives up‘energy_to the solld by way of electron,exc;tatlon.(ln the |
terminology qfvSemicOnductcr.theory,1this pchess:is neferred.to as
eiectron—hole pair preduction) and by atonic collisions with the
constituent atoms of the lattlce These'latter collisions lead’to both
lattlce heatlng and the productlon of lattlce defects _For the specific .

case of a semlconductor diode a fraction of the charge carriers created

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

to the Junction (see_Fig. II;B), and the remaining charge carriers are
‘ lost through surface and volume recombination. Assuming negligible
recombination in the junction, the charge cafriers reaching the Junction

are swept into the other‘baSe region-undervthefinfluence of the junction

-electric field. Thls glves rlse to a current flow in the external

circuit. If an external load is’ present the diode furnlshes the vol+age

.required to malntaln the current flow through theeload. ThlS is the
phenomenoncommonly referred to as the partlcle-voltalc effer The
remalnder of thls sectlon deals with this effect in greater detail. |
Flrst, let us conslder the equlllbrlum state‘of semlconductlng
material not subject to illumination. *gure'II l pfesents the electron
potential energy dlagram for both ne and p-type materlals In this
flgure the den51ty of states functlon, Z(E), at the top of the valence L
' band and the bottom of the conductlon band is assumed to be proportlonal
%o El/e.i In the flgures of thls sectlon the electron dlstrlbutlon |
functicns are-hlghly exaggerated for.purposes-of 1llustratlon. The

Fermi-Dirac distribution function is
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f(E,Ef)"= _ L _E o o (11-1)
L ltexw kT> | ‘ |
- where E is the electron eneréy:and Ef is the Fermi energy.

When the two material types are brought into contact as lS the
Situation for a. semiconductor diode, we can see from Fig II 1 that
.elec*rons will flow from the n- to: the p-type material until tne
potential produced by the net charges developed in the contact region
"Wlll hinder a furthernflow of electrons; This space charge results
from 2 redistribucion of the electrons With respect to the immobile
vionized donor and acceptor atoms inlsuch a way uhat the condition of
charge neutrality is no longer satisfied in the tranSition region. The

~

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

-~

)

illuminated (henceforth.to be referred to as dark) equilibrium state is
shown in Fig. II.2.- The electric field existing;in'the space charge
region is required;in-order to maintainva'zero,net electron current_from ’
one base regionjof the.diode into the other. Therefore, the'equilibrium‘
'condition corresponds to a. balance betwecn the field limited diffusion

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

I p-type region.

In order to solve for thelelectron‘distribution function and
therefore the'dark,current-yoltage characteristic of ahsemiconductor
diode, it is in'generalvnecessary tozsimultaneously.solve'the_current
equation, the COHblHUlty equation, and Poisson's equation applying '
appropriate boundary conditions. t open Circuit the net current is zero,
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. The current density, J(x,E) is

IS
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»j(x,E)dE- qk (x,E)n(x,E)gradV(x)dE ‘ |
s (xBeradn(xR)as,  (1-2)
‘where g is the magnltude of the: electron charge, Ho (x,E) is the electron
v mobllity, v(x) is the potent;al_the ‘electron exper;epces,, Dn(x,E) is
the electron diffusion eoeffieient, and'n(x,E),;the;eiection distribution
 functien, is | v |
n(x,E) = 2(%,E)2(5,E, (x)) B ()
The relative 1mportance of the two terms in Eq. (II 2) 1s, in general
*dlfferent in uhe base reclons than 1n the tran51tlon reglon
The total current density pas51ng through the Junctlon is
J(x) = [3( x,E)dE _ | o : (II-A)"
and is equal to zero/aﬁ.eQulllbrlum.A Equatlon (II 2) must be solved

simultaneously with the conﬁinuity equation } : " -

Qééﬁlgl = - di? 3(x,E) + g(x,E) - Cn(x;E) e.;f S (1)
~and Peieson's equatioﬁj' N | | - | o
@ e = A = 2 ()
',eo . S o

'~ where Ké ie the dlelectrlc constant,eh is the perm1t1v1tyvof free space;
-Cn(x,E)vie the loss.rate for electrons, g(x{E)_ls the,productlon rate,’
and b(Xj is the net charge dens1ty Theugeneratieh rete'feine comﬁosed'
_of a thermal generatlon term and a term representlng the contrlbutlon |
from external stlmu11 is |
85 E) = gy, () + g, <x,E> LT

The net charge dens1ty 1s glven by SRR - -

o(x) = ND(x) + [N-fo n(k?E)dE]}-Nzgx)fjggh(i,E)dx, | (II-B)

where the number of electrons essqciefed«with the'lattice atoms is



11~
4 By -
N = fg Z(x,E)dE.:

This procedure is in general quite involved,'and two schemes are
commoniy empiojed to deséribe the principle of:operation of a semi-
conductor diode. Onlthe one.hand; the concept of a hole is introduced
and‘the behavior of the diode treatedlon the basis of a minority carrief
diffusion'process in each of the base regions. This approach is used in
Appendlces A and C.

The alternate method of analysis, similar to that introduced by
Hemenway, Henry, and Caulton?l 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 iimiﬁing conditions the net current

34

can be written
I= jz i(E)4E = Lo (E) - i (E)] dE, (I1-9)

where in,p(E)dE is the‘currént passing from the n- to the p-type region

and ip,n(E) is the currept passing in the opposite direction. These

currents are dependent gpbn the electron distribution function existing

in the material ﬁo either side of the tr&nsition region and thé probability

for an electron traversing the.ﬁiansifion rggion.‘ The current passing

from the n- to the p-type . reglon is

(E)dE —-T (E)zn(E) (E Ep )[1 £(E, Efp)]Z E,V)dE (Ii-lo)

where Zn(E)f(E,Efn) is the electron distfibution function in the n-type
material, [l-f(E,Efp)]Zp(E,V) is the distribution functlon for the

‘available states in the p-type material, and’ T (E) is the nrobablllty
for an electron transition from the n-type to the p-type material. The

current passing in the opposite direction 1s ‘ o S \

2(E)AE = Tp’n(E)ZP(E,V)f(E,EfP) [1-f(E,Efn)] z,(E)dE, (II-11) -

4
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Where the terme are to bc.lnterpreted 1n'the 'same manner as for Eq.

(IT—lO) The'net»current;.obtalned upon substltut;ng Egs. (II-10) and

(11-11) into Eg. (T1-9), is | [ |
f°°z (E)Z (E V) {T (E)f(E E, )[l £(E, E )]

- T ,n(E).f:(E,E ) (1-£(E, fn) ]} dg. - _'.(II-le)"-

The density of states function for either base‘regionbiSVCOmposed of
'vlocallzed energy levels and energy bands avallable for electron populatlon
The 1ntegral in Eq (II-12) need only be- carrled out over the partlally
fllledlbands, since the_low-lylng fllled bands and the empty bands will
not ccntribute to‘the net current. Tt is p0331ble for tunneling of |
electrons between locallzed energy- levels in the forbldden energy gap .
and avallable energyfstates in the partlally fllled bands to contrlbute:'
to the current (see Appendlx A), but this process will bé neglected 1n -
"the present analys1s. In moet'practical eituaticns encountered for
semiconductors, con31deratlon is therefore llmlted to the two bands
bracketlng the Fermi leyel‘whlch w1ll in general‘lle_ln thevforbldden..
energy gap. The net current.can then be:brckenlupvintc the.terms arising
from theseltwo bands: ,Tnen | . B .‘ |

I-= fiv_zvp( E,V)ZVA(E}T(E) [(£(E, E,)) - E,Eﬁ;)/]dﬁ

* J5 (D)5 V)TE) (5(5By,) - £(BE)RE,  (11-13)

o B
where E and E designate the top of the valence band and.the bottom of -
"the conductlon band respectlvely. The llmlts of 1ntegratlon can be left.
as zero and 1nf1n1ty, 81nce each den31ty of states functlon ex1sts only .

in the energy 1nterval,of,the band under conslderation. In arriving at

. Eq. (II-13), it has also been assumed that T (E) = T :(E) = ™(E).
. . N nLp p,n '

T Y -
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It is now possible to. consider the eqﬁilibriﬁm state of a dicode.
This corresponds to the situation of zero net current flow. Equation.
(II-13) shows that this can only be satisfied if [f(E,E,) - f(E,Efp)] -0,
wnich implies a constant Fermi ;evel thfoughout‘the material. Therefere,
the eq;uilibeium condition (see Fig. II.2) is

) = = - )‘I’
Beg = Bpp = Bpp + QY : (I1-1%)

and therefore the contact potential is

q% =E, - Efp (11-15)

-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 current flow can be obtained from Eq.(II-13).

I= fim Zn.v(‘E)va(E,‘V)T(E)[f(E,Efn)‘ - f(E,Efp)]dE

+ f’" ' E)Z ¢ V)T(E)[f(E,u 2 - f(E,Efp)]dE. | (II-16)"

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

distribution funetlon by a Boltzmann factor (when E -Ef > kT) so that

the contrlbutlon to the current from the conductlon band becomes
4
E

S

- [:exp (E Xt fp) ]fm z_(E)2Z_ (E,V)T(E) exp- < )dE (1I-17)

One can derlve an analogousArelatlon for the contribution to the current

fx"‘ ch(E) EV)T(E){

from the valeénce band. The net current, therefore, becomes

E-E
fn
kT,) B

- [exp< fﬁm o 1]{ fi‘f"z;,n(E)zvp(g;v)‘m(E)e@_<
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- | ’ E-E. \) - - . L
+f;° (E)Z (EV>T(E)exp-<kaP )}dE o (1r28)

The dlfference in the Ferml levels 1s equal to the applled b1as(ex13u1ng _

across the junction alone) so that Eq.(II—lB)can be written as -
_ . / o o L | -

= I(e J 1), C B (I1-19)
- where N = q/kT ‘ |

and I =_fivnzvn(E>ZVP(E;V)T(E)6XP < kan>xdE'

+ f;c Zéh(E)Zép(E,Y)T(E)exp - ( kap dE _ - ' (IT-20)
isvreferréd to as the reverse sa£uratidn curren%i This is the ideal
current-voitage>éharécteristiéfbfg semiconductbrvdiode without‘externai3
,chérge-carrier genefétio# and is the.fesult obfaihed by Heﬁeﬁw;y et al.

The analysis will.how be ¢3tended té'the non—equilibrium case with
external éharge carrier'generation_pfesenﬁt- The eleétréns nd longer
obey an equilibrium Fermi-Dirac disﬁfibuﬁioﬂ funqtion;;and the true
‘situation is generally approximatedvby introducing separate diétribution_
funétions for th? two bands undef édnsideratioh.'~Eéch distribution 3
function is charécterlzed by a quas1-Ferm1 level and is of the form of
Eq. (II-3) The short c1rcu1t current (net current flow ‘for zero induced

bias across‘the junction) for.thls illuminated condition (see Fig. II.3) ..

is

Tee =‘f: <E) -’l p,n (E>]dE 'f. '.I:, -
=,f§véz (E)A (E, o)T(E)[f(E E ) - f(E,E vp)jdE
* f; ch(E)Zcp(E;o)I(E)(f(@eﬁféﬁ) f(E E )]dE (Ir-21)

cp .



-15-

Energetic particles
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Fig. II.3.

Short-circuit condition energy diagram for electrons in a
p-n junction diode under irradiation.
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where E.  and E are the quasi-Fermi levels for the valence band
fvn fvp , o ' ‘

electrons in the n- and p~type materials respectively andoﬁécn and B oo

are analogous quantities for the conduction band electrons.

The induced bias, which is developed across the Jjunction in_order
- to drive current thropgh'envappiied,load,-prdduces a,ehenge in the
reletiye positions of the qﬁasi-Fermi levels on either side of the
space charge region.- The current flow'corresponding to’as output
yoltage \ is

. E o - : : o N
-;:f;%mmm@mmmwnﬂagm)-ﬂsaw~QWME

ot jgcpzcn(E>Z;§§EQV)T(E>Ef(E’EQ;n).- (B Eppy, - qv) 16z, 7'(;1-22)
‘where ZVP(E,V) and 2;§<E,V) inoicate thefeffeot of_ﬁhe ioduced_bias oponl
the position'of'tﬁevenergy bandsjand therefore the dehsity of states
-functions. | | >. |

The.opeﬂ cirouit’condition is reelisedlwhen the net-current-is
equal to zefo,- In generel it'woﬁld thefeforevbe,neeessafj to solve fo:
the open circﬁitlvolﬁege;Vbc,using Eq.-(II-22);‘ Figure II.hbshows‘the .
special case of_equal_differencesbefween the Quasi-fefmi le?els invboth;o
.of the base.regions The open- 01rcu1t voltage for this case 1s then

Vo = (Efcé 5'E%cn) =A(Efvp>; Efvh)i e ,i' (1I- 25)

The purpose.of the discussions'of this seofion‘was to point out
the basxc processes respons1ble for the partlcle-voltalc effect. The«
general form of the I-V characterlstlc we obtained (namely, Eq (II 22))
is of little use ‘in the succeedlng analytlcal work 7 Therefore the form- ‘
of the 1llum1naued I-V characterlstlc whlch is an exp11c1t functlon of

. ascertalnable material propertles (see Appendlx C) is employed throuchout

the remainer of this report

v
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Incident energetic particles
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Fig. IT.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 Particieroltaic Device
| It was snown in Section iI that upcn bcmberdmentvcfna semi-~
conductor diode with energeticlparticles (x—rajs;velécfrens, protons,
'etc.); a voltage is develoned at tne p-n juncfien of tne diode which
retards the current floW'arising from theﬁcoiiection of those eiectron~
hole pairs produced‘in,the-bulk semiconducting material as the incident
particle loses.energy;- At«the short circuit conditicn‘all the charge =
carriers collected by, the juncﬁion ccntribute to the current providing
there ds negligiblevseries resistance.A At open circuit the v61tage
developed_at the'p—n'junction produces‘a current edual in'magnitude and:
~ opposite in sign to nhef'of'the>ccllected chergeVCarriers.' o
‘dver avlimited/volfege‘renge the irradiated,current-voltage‘
- characteristic for'any type.of e semiconductor diode (point contact
‘dlode, oroad area Junctlon dlode, etc ) can be adequately répresented by
.(see Section IV and Appendlx C for more detall) |
(V'_RSI) ‘ N | oy L | ,

| I= ——-ﬁ;-l—— + lI.oi(’ex.p[ " (V-RSI)].‘- :L).v,- Is - : (I11-1)
' where the first uerm is_the shunt conductance current; the second term
is just the;junction_I;vvcheracferistic,of'theldiode*Witn:nodradiation
‘field present (dn'the remainder of this'secticn fhesevfuoeferms cr.
# modifications of them w1ll be referred to.as the- ddrk I-V characterlstlc),
and the third term represents the current ar1s1ng from.the collectlon
of the electron-hole palrs produced by the radlatlon fleld (see
Appendlx C) | |

Maklng use of Eq. (III-l), the short c1rcu1t current is found to

" be
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AR I
_ _ _s sc _ 5 sC _ - _
I.= - + Iol(exp - — , ] 1) Is (III-22a)

and for negligible series resistance this becomes ‘

I =-1I ) (III-2v)

sc G

as mentioned above. The open ¢ircuit voltage as obtgihed from Bq. (III-1)

upon setting I = O is

v’ AV

o |
=2 sem[ 2] = (5= +1). (III-3)
" "SH ol oo . ol

For an ideal diode IOl = Io, the low injection level reverse

56

saturation current, and A is equal to unity.

High Output Voltage. ‘The shunt conductance can in general be

néglected for operating conditions where the output voltage is large.

Then the maximum power output (see Appendix D) is
I2 '

. A o |
P _=RI° 4+ = , (III-b)
max sTmp TN (ImP+IG+Iol) .

)

no
=

where the current at maximum power is found from

I +I +I T

' . A mp G “oly . A mp ' '
0=2R.I + = In(—2E 00y, 2 ~ . (III-5)
s mp AT Iol A (Imp+IG+Iol)

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

particles ) is

e

Rt fimsedE. o me)
.The maximum efficiency is therefore given by
2 -

L= e A m____ oy,

[
o
b=

_ (iII-7)

‘Low Output Voltage. In the region of_opération where the'output

voltage is small, the maximum power output (see Appendix D) is



=20

A " w1 o
= P, (=L |t o TI-8
,Pma.xv*'R + ( A ')inp exp [:A J ; (_III_ )
» ~SH S : R _ v

Since the series resistance is unimportant for low output voltages, the

voltage at maximum power is obtained from . L o

- S o Avhp B .
-y + (1 + EEEB)e = ( +1).. . (III-9)
TR F\ g o

ol SH S . _

The maximum efficiency'is obtained from Eqs. (IIIg6) and_(III-B),

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

: o
_A mnp - (OLyvv2 pq  (TITI-1l

where the voltage at maximum;power.is'fouhd from
IG ')\V - _Vm - XVOC» : . B
(7= *1) = (l L) exp 2 P],é expl4=1" .. . (III-12)
ol o a :
" Use of Egs. (III-6) and. (III—ll) leadsjto a maximum efficiency of
AT o IR | |
IR Zl)‘ PR S
Maxe = 0 Vi exP[ ] e (Tmras)
- . . NE p o e T
* The effectlve reveree saturatlon current, I l,fis.not,in.practiee
given by the 1deal dlffus1on theory pred1ct10n56 but in this'and a‘number*e_
of other SpGlelC cases (1 €y the junctlon recombination-generation
current or surface current) it can be well represented by a relatlonshlp
to the form ’ | B . |
B SR - SEE T ' -
Ta=Ce® [ ogple (TII-14)
In mosf sitﬁations of pracﬁical‘ihterest thé'particle generated

current is lerge compared. to the effective reverse saturation current so that
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I I o
(TE_ +1) ~ TE" . (III-15)
ol ol ‘ :
and. therefore
xvmp ' AV xvmp .xvs _ '
(1+ =) exp [72] 5 (52) exp [72] . - (III-16)

' The errors introduced b& the aﬁproximation of Eq. (III-16) are presented
-in Table III.I.

Table IIT.I. Errors in Vi, introduced using the approximations

represented in Egs.(III-16) and (III-17) .instead
of Eq. (III-12).

1 2 3 L 5 | 100
IG/Iol | 10 .| 10 10 10 10 10
Eq. (III-16) 2% 6.3 | 2.6%. 1.5 | 1.1% | 1.1%
| Eq. (III-17) | 626 | bop 356 29% | 2% | 22

To simplify the enalysis, it is necessary to neglect xvmé/A as
- compared to 1 which gives

I, N .
| o sexp (2 ] o - (TIIT-17)
/ . ol
The errors associated with the use of this epprokimation are also

‘presented in Table III.I. These approximetions overestimate the value
of V. .
mp : _ :

For partiele generated currents encountered in solar cells'under(
‘normal 1llum1natlon, ‘the ratio, T /I 01’ is in the range of lO3 to lO5
If we now make use of the approx1matlons represented by Eqs (III-16) aﬂd

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

. 'th : ' , -
=—2Qq o (II1-18)

5

ﬁ T]ma.x
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where the charge collection efficiency, Q, is defined by
) ...: ! €I . ‘ ' . ’ ) _ ‘:i " PN
qNE ' S = S
~and € is the auerage energy_required to producesan electron—hole pair:
Using Eq.(ITI-14)'in Eq. (ITI-17) yields
‘ I. AE

vy ;' a TGy ey ‘1 o T7.00) -
: evhp = Alen(C ) f'( )»1 , - (III-20)

- so that the maximum efficiency becomes

. AQE
& g

_ ._AQ,kT’»"' C€: ‘ .v .-
max T TBe T e _ ln(qN_E-Q) o (I1I-21)

At flrst glance it appears that the eff1c1ency of a. dev1ce should
_increase w1th decreas1ng~temperature. The reallzatlon of th1s behav1or
is however 1nfluenced by the temperature dependence of A Q, E ; and e;
Therefore, it is necessary to cons1der the temperature dependence of '
these propertles in more detall prlor to maklng predlctlons relative to
' dev1ce performance. The temperature dependence of T l and-A for broad
.area S1 and GaAs p-n Junctlon dlodes was studled and the results are .
presented in Sectlon IV-» The temperature dependence~of~€ was'lnvestlgated
" and the results will be presented in a. separate UCRL report. E has‘been'
k measured. as a:ﬁxntunloftemperature by Macfarlane et al R and the
varlatlon of Q w1th temperature ‘wa.s determlned from the . temperature
‘dependence of the mlnorlty carrier mobllltles and llfetlmes We shali.
see later in Sectlon A% that the eff1c1ency does 1ndeed‘1ncrease w1th
decreas1ng temperature _ ' | -
- From Eq. (III-Ql) it is also expected that hlgher eff1c1enc1es are

achieved for materials w1th-larger energy gaps. Agaln ‘this expected

~ behavior is influenced by the fact that . is dependent upon the energy .
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gap. The vafiation of ¢ with E,g and temperature has been studied by
McKaLy.l6 The results 6f Segtion V for Si and GaAs solar cells, however,
show that the maximum efficiency increases as Eg increases.

Another important factor Vhich must bé doﬂsidered is the effec@
iof radiation damage upon Q, A, and Iol' The effect of'temperature upon
the bombardment induced changes in the performance of solar cells under
a;particle bombardment was investigated,'and the reéults are presented
in Section V. Alpha-particle bombardmenf is seen-to_reduée the chafge
céllection efficiency, Q, and, in general, modify A and'Iol in such a

way that the energy conversion efficiency is reduced.

B. Spatial Distfibutions for the Production of Electron-Hole Pairs
and Lattilce Displacenents.

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

I it is necessary to determine the spatial distribution function for

Ga)
the production of electron-hole pairs‘in<a.Si diode by dn q-particle.

| Anva particle passing through Si loseé the major péftibn of its energy

via electron excitation and ionization. The intermediaﬁe energy
électrons'produc%d_in'this manner suffer subsequent colliéions with other
atomic electrons;'and this results in'further electron excitation and
vionization. After a sufficient period of/time (whidh'is.generally much
leés than the lifetime of the excess éarriers),.fﬁrthér excitatioﬁ 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-parﬁicle track could belcalculated using
Monte-Caflo calcglational ﬁechniques. This 1is, however, a very lengthy

process; and, thérefore, in this section the q-particle’ stopping pover

is used directly to obtain the electron-ho;e‘pair production'rate.

ce
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This is accomplishediby‘assuming the'energy_reduired.to_nroduce an-
elecnron-hole pairvto be constantiover the enfire qeparticle'ﬁrack.

The procedure used fovcalculane_the stopping power curve for
a-particle stopping in Si is described‘in'detail'in Appendix B. The:.i
electronic_stopping power: was calculated from Gryzinsk&’s classical_.
stopping‘power equation28 for ali_electron ionization and_exciﬁation:
'processes excepting the,valence-band to conduction band transitions.

The energy loss corresnonding to theselfransitionsvmas.calculated using
1'arrelation developed‘by Seitz‘and-Koehler%55A The calculation_of_the' “
atomic collision stopping powervwas based upon classical Rutherford scatter- -
ing at high aéparticle energy_(ga > 2hkeV)‘and classical hard sphere
‘":scattering,at low a;particle.energy_(Eb < EAOeV),asfsuggested by Seitz

and Koehler. 22 *The’atomic collision stopping power‘deﬁermines the |

: extent of the radlatlon damaae produced by the « partlcles 'The

number of lattlce dlsplacements produced by an a partlcle was calculated
{u31ng the lattlce dlsplacement model'of'Klnchen and Pease..BLL ~The‘details_-
of this calculatlon can also be found in Appendlx B. |

1. Electron—Hole Pair Productlon The energy of an a-partlcle Wluh

Exo 5 MeV as a functlon of track length was determlned from the numerlcal
integration ‘of the total stopping power curve (see Flg B. 18 Appendlx B),
and the resul 1s shown in Flg B.21. U31ng Flg B. 21 1n congunctlon with

Fig. B.10 it is poss1ble to obtain the spatlal varlatlon of the electronlc

| stopping power, [dE (x)/dx] - The calculated electronlc stopping pover

Sietz and Koehler considered oniy:neutral‘partdcle”induced:transitions

It was necessary to extend the analys1s so as to consider charged partlcles

in which case a coulomb form was assumed for the 1nteractlon potentlal
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is represented by the solid curve in Fig. III.1. In order to facilitate
calculation of the alpha géneratéd cﬁrrent, IGa’ and to obtain an
analytigal expression -for the I-V_characteristic of a Si diode under
a-particle bombardment, the electronic stopping ﬁowér_curve was Tit with
‘a polynomial using the method of least squares. Employiﬁg a polynomial
of the. form |
[dqx/dx]el = A + Bx + Cxor Do+ qu, _ - (III-22)

the fit represented by the dashed curve in Fig. IIiwl was obtained.
Assuming that the energy required to producé an electron-hole pair is
constant along the ¢t-particle track and equal to 3.55 eV for Si,3 the
'electron-hole pair production rate per incident « pafticle ébtained from
" Eq.(III-22) is | | | |

%a(x) = % [d%dex]el = a + bx + cx2.+ ac + th. (iIIfQB)
“The constants obﬁdined.from the least_square fit are listed in Table
IIT.IT. |

2, Latﬁice Displacement Production. The latticeJdisplacement production

rate as calculatéd in the manner described abové was found to be.
(c.f. Eq,B-8?, Appendix B) | | |

. | 8N5(¥5'= ﬁan(x) o _' - : (ITI-24)
where nD(k)‘as plotted in Fig. III.2 was pbtained from Fig. B.21 (that
is, B, as a fupcfion of x) and Fig; B;l6 which presents the calculated
number of lattiCe,displécements produced ﬁy ah o pérticle of energy Ed
per unit track length. The total number of displaceménts produced by an
o particle with E&o = 5VMEV:is‘fouhd to be | |
nn=‘fiu%<x)‘i"_ SECOEN . (zmr-2s)
- The spatial dépéndenée.of'the displédement production fate is seen to

be peaked at the end of the G-particle track. 'AsIpreviously‘menfioned, .
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Table III.II. Constants obtained from least-
squares fit for [dE/dx]el and g_(x).

E 4 MeV 5 MeV
ao
4 - 4
a, eh/pa 5.33X10 4,22X10
b, eh/pza -1.25%10° -2.04x10°
c, eh/p3o. 3.52X10° 5.97x10°
d, eh/}.t4a 2.93 -2.18X10
f,eh/p a -1.17 -2.96X107°>
2 2
A, keV/pa 1.89X10 1.50X10
B, keV/pLZa -4.44 -7.23
C, keV/|.L3a 1.25 2.12
D, keV/u4a 1.04x107% , -7.75x407°
F, keV/p a  -4.45X107°  -1.05X107°
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| the lattice diéplacements produce changes in the minority carrier life-
time inasmuch as a displaced atém can exhibit the propertiés of a re-
combination center. Experimental evidence39’65 has indicated that the
number of such recombination centers isvpropdréional to the exposure

with the result that-the_lifetime may be written

| T%x) io + A (x)6(t) | (III-26)
where
. t . : . . A
,. o(t) = jo Na(t)dt =Nt - (III-27)
is the integrated o-particle flux time or exposure, \' - VGCDnD(x),

v is the average charge carrier velocity, and %D is the capture cross

section of the defect center for the minority carriers. The spatial

variation of the minority carrier diffusion length is then given by

LE? )= I—i% + K(x)e(t) (III;-28)

whére K(x) is commonly designated ésvthe‘diffusion 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 opderrto détermine the‘exposﬁre induced changes in short
circult current.; In aﬁ effort-to faéilitaﬁe an analyfical calculation
of thevshort ¢ircuit current, it would be,hecessary_to divide the base
region of the diode into a nuﬁber of'éubfregions eaéﬁ with a different
effective diffusion lehgth, i, whereas a single average diffusion length
should be adequate for the surface region. vReferring %o'Fig. IIT.2, a
.ﬁOSSible division of‘the'basé fegion is indicatéd by the dotted lines. 
fhis technique will be discussed in greater detail in Section V. For -
the purposes of this se?tion‘the effeéts of bombardment'ubon the.energy'
Acoﬁversion éfficiency are estimated’from the experihental results of

Section V for Q-particle bombardment of Si solar ceilé.
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C. Operating Performance of an AIpha-Voltaic.DeviCe.

" The geometry found'to be. the nost'euitable for an a~voltaic
device is shown in Fig. III B(a) Tne surface region is substantially -
thicker than that of a corventlonal solar cell, and the front surrace
is completely covered with ‘a thln metal contact. In practice broad area
metal contacts of thls type have been. prepared W1th a thlckness of
;approx1mately 0.2 microns. Thls leads to only a negllglble degradacion
of the a—partlcle energy upon passing througn the metal reglon

‘A bldlrecﬁlonel bombardment scheme in whlch o particles are incident
upon both faces of a 5road area.junction‘ddode wae'elso considered (see
Fig. C.1). Tn this device fne thickness of both oase regions is

approximately equal to the range of the incident o particles. The major

’
s

portion of” the damage_produced by the a:particles is therefore conﬁained'
in the junction or in close proximity to it in which case the charge |
,1carriere.creatediin thedbase regions would heveIto.diffu;e tnrough/these
highly daneged regions:in ordexr to oe collected at'the juncnion. The
charge-collection efficiency would?therefore decrease Quite rapidly with
increasing a-partlcle exposure, whereas the unldlrectlonal geometry
limits the hlghly damaged reglon to a pos1tlon in the base region far '
.»removed from the Junct;on. This resuIts in a more gradual decrease ;n‘,
- the cherge collectionvefficiency. .Ihevdeleferious cnengesdoccurring In
 the darn IfV characteristics are also erpected.fo oe more nronounced.;
for the‘bidirectional bombardment schene because. the ideal diffusion
bcurrent and Junction recombinationegenerafion current ere quite sensitive
toithe minority carrier lifetimes in the baee region ciose to the

Junction and in the junction,respectively.
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These eohsiqerations led to the choice ef the d;volfaic device
V‘geemetry presented in rly III 3 No atuempt has been made to optimize
the surface reglon uhlckness, t altheuvh there is no doubc that such
an optimum does exist. The thickness of the surfece reg;on determines
| the pesition ef the highly'damaged,maferidl reiative to the Jjunction,
and therefore cohtrols the charge collection'efficiency. It is also
qulte obv1ous that the optlmum thlckness will in general be a functlon
of the erosure, and thls fact makes the optlmlzatlon‘process of
questlonable value. |

In the succeeding'peragraphs.calculations are carried out for a
Si dhvoltaic device exposed'to an'incideet alpha-flux which is
charactefized by‘a,epurceAstrengthbinvcuriee. In practicevthe o4
particles from a radlolsotope would not produce a beam of particles normal
to 'the surface, The partlcles would in fact enter at all p0331ble angles.
.to thé-surface for a-source in direct centact'with the‘surface. In this‘
case onlj half the source.activitj’would beveffective in the energy
conversion -process, whereas the other half of the aeﬁivity would be lost.
This situetion'could be remedied by sendwiching the source between two

O-voltaic:  devices to produce an Q-voltaic capsule.' Effecte resultiné

from the non-normal 1nc1dence of the. a partlcles will be discussed as

the need arises.

1. Alpha Generated Current. Theecurrent arisiné from the electron-~hole

pairs created along the aéparticle track was obtained from the irradiated
I-V characteristic as determined from the solution of the minority
carrier diffusion equation in the surface and‘basebregions_where

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

detailed steps of ﬁhis'solutipn-can be foﬁhd in-Appendix C. The alpha

Ty
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generated current is found to consist of terms from the surface reglon,
the junction, and the base region. The analysis was. carried out for a

p-on-n -voltaic deviece in which case

:Mn(al) vy o ‘ ¢ 1
IG/qﬁd = Ln{[xn(dl)K;(aIT - Lan (dli} -’[kp(o) - 1,nLan(O)KnZdlS]}

+

[H(d )-H(d )J + I {[x (a )__Z._; LPI'XI')(dQ)]

L R _(0) ' . '
[Xp(d?) + LPI‘X];(GB)] P—‘-ﬁé = } | o (IT1-29)

i

where D d.5 - d2, t = dh - d5,

Xn(x) = a+bx+c(x2+2Ln2)+d( © +6an2)+f( xu+12Ln2x2;2thh), (T1I-30)
. - X X . .
M (x) = vnsmh(f;) + cosh(—i;), : | (III-31)
'K (x) = yncosh(’L‘—n) + sinh(z—-;), L - . - (III-32)
H(x) = ax + zxe + §x5+ %x + %xs, - | - (ITI-33)
Pp(x) = A lcosh(-L—X---) + A 2s,inh(ii‘—), - ' (IIT-3L4)
I rl
Rp(x) =A lsinh(i-’f—)_ A 2cosh(i§—), S " (III-35)
: : pl , pI -
et Loz oy ’
A= cosh(L ) + (LP ) sinh(——), (IIT-36)
: pIT “ po © pII ' . . , .
A, =< ) cosh () + <.1°I ) sian(=2—), T . (IIL-37)
pII pII . pII : :

and X (x) is given by Eq. (III-30) with n replaced by p. Equation (III—29)
1ncludes the current contribution from region I of the base reglon but
not that of region II (see Fig. ITI.2). ~This simplification was dis-

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

_é'



the electrcn-hole paire are produced in regicn II, and fherefore the
contribution from'this region can be.neglected. For an actual alpha
.source the ¢ particles.v;ich'enter‘the diode at leique angles lead
to the production of electrcn-hcle pairs closer éc the surface ﬁhan fcr
tne normal incidence case with the result that the charge;collection'
I efficiency.and associatea particleuéeneratedlcurrent ere-modified. For
angles of incidencevclcse to the normal the charge collection_efficiency .
Vis increased over thaf for'normal incidende.whiiejfor grazing angles it
is decreesed. o

The irradiated I-V characteristic obtained in_Appendier is

) . : . i

LN L o :
T=1(e ) -1, (8

where the firét term’is,the.low injection level diffusion term and
represents the dark I-Vlcharecteristic for the ideal p-n Junction device
~analyzed in Appendix C. In practlce the dark I-V characterlstlc for a

Si p-n Junctlon dlode is’ found to deviate markedly from the 1deal

exponential relation given in Eq. (III-58).

t

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

diode; fhat is, a diode in Which~the non-ideal contribufions to'the :
current are negllglble in comparlson to the low 1n3ectlon level dlffu51on’
current. Slllcon is one materlal in whlch the non ideal current
contributions cannot be neglected; and therefore 1t is necessary to

modify Eq (III-38) SO as to account’ for the specific mechanisms

o respon31ble for the addltlonal current

Appendix A presents a detailed'discussion of a number of mechanisms
‘which give rise to’addifional current contributions. The dominant non- '

ideal current contributions for a parpicle-voltaic device (see Fig. III.B(d))
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are expected to be the shunt conductance current at low applied voltages
and fhe'junctioﬁ generation-recombination current, Irg (see Appendix A),
in the intermediate voltege region. This is a very reasonable assumption
in light;of the fact that Si power rectifiers63 and Si-diodes with small
area-shallow diffused jurctions (> 10u junction depth53)have been sho&n
. to exhibit a2 non-ideal cufrent term of this fype over appropriate voltage
intervals (the voltage interval is dependent upan the material propérties,
shunt resistance, and_temperatufé of the didde). Silicon solar cells
| (i.e.z a éi diode with a broad area-shallow diffused Junetion, = lu

junction depth, as shown in Fig. IIT.3(b)), on the other hand, have been
found to possess a non-ideal current contribution that cannot be
attributed to electron-ﬁole pair recombihation or generation in the
junction (see Sectioh ). | .

The junction depth for an c-voltaic device need not be excessively
smzll as for a.solar,cell since.the production of éléctron—hole péirs
. by an . -particle extends substantially farther into the diode than for
thegeiectron-hole pair production by the photons of the solar spectrum.
This means that tpe surface region material can_be of higher purity for
an ¢=voltaic device. |

In lighf of tﬂese fééts we felt jus@ified in assuming that the
dark I-V characteristics for the Si bfoad area-shallow Junction d-voltaic<
deviceé analyzed in this‘section contain shuht conduction and junction
recombination-géneration'currents in addigibn,to the Iow injection level
'diffusioﬁ‘current'(hénceforth refefred‘to as the three cqmponenf I-v
vcharacteristic). Ihé properties used in thé calculation of these dark
I—V.cha?acteristics afe listed in Table,III.III(a) and the characteristics-

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

T(°K) 200t 25012 300(®) 300(2) 300t 350(2) 400'2)
) 10 10 10 10 10 10 10
ND(crn:z) 1.oo><101: 1.oo><10:: 1.oox101: 1.oo><1o:z 1.oo><1012 1.oo><1oiz 1.oo><10:2’
n_(cm™) 9.84x10°  9.84x10 1.00%10 1.00x10 1.00x101® 1.00x101® 1.00x10
p fem™) 1.23x107 7 2.43x10"1  4.40x10°  4.40x10°  4.40x10%  5.44x10°  1.20%10°
7 (sec) 1.00x107%  1.00x107®  1.00x10™%  1.00x107®  1.00x10"7 1.00x10°® 1.00x107®
Dp(cmz/sec) 4.57 5.10 5.95 5.95 5.95 5.86 5.47
L (w 21.4 22.6 77.2 24.4 7.72 24.2 23.4
N (em™? 2.01x10%8 2.01x10%0  2.01x101®  2.01x101®  2.01x10%® 2.01x10%6 2.01x10%6
pp(cm'3) 1971010 1.99x10%®  z.00x10%®  2.00x10%®  2.00x10%® 2.01x10%® 2.01x10%6
n,fem -3 6.14x1078 1.20x1071  2.20x10%  2.20x10%  2.20x10%  2.73x10®  6.04x108
T, (sec) 1.00x10™7  1.00x10™7  1.00x107®  1.00x1077  1.00x107® 1.00x1077 1.00x1077
D ‘(cm?/sec) 10.4 14.7 16.3 16.3 16.3 16.6 16.0
Ln(u) 10.2 10.2 405 12.8 4,05 12.8 12.6
s_(em/sec)  1.00x10°  1.00x10%  1.00x10°  1.00x120®  1.00x10% 1.00x102  1,00x102
I (amps) 1.18x10°%% 2.48x10° 10 9.23x107 13 4.68x10712  1.94x107 11 5.80x10™% 1.26x107¢
N., N

D Np» 2ps pp — obtained from the assumed room-temperature values of n, and Pp

Pno; Ppo — obtained from the values of n, and p, and the temperature dependence of n; 2
[F."J. Morin and J. P. Maita, Phys. Rev. 96, 28 (1954)].
Tp’ Th — assumed values,
D D — determined from the room-temperature values for mobility [M. B. Prince, Phys, Rev.

93 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)].

s _, sP — assumed values,

n

(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 IQV Characteristic. The I-V characteristics of a S8i

device under Q-particle boﬁbardment were_caiculated from Eq. (III-38)

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

component characteristic (that is, ISH + Irg + Ié) mentioned above. The .
material properties used in the calcuiatiop of‘the alpha generated

current, IGj,‘ére listed in Table IiI.III. The values of Taﬁle IIT.TIT(=2)
are representativebof moderately pure Si and therefore of the most
practical interest; whereas Table IIT.III(b) and (c) presents vglues>of

the properties for Si1 of higher and lower purity. The incident ¢ particles
were assumed to Be monoenergetic with an energy of 5 MeV in the calculation
of IGa' This assumption should‘be rea;onably well satisfied with such
_alpha emitters as Poglo or Ameul. Table III.IV lists the calculated

charge carrier collection efficiencies, and Table III.V the calculated
O-particle generated currents for a Si a-voltaic device with the material
\, properties given in Table III;III: |

The maximum power output and assoéiated maximum ¢fficiency were
graphically determihed using the calculated irradiated I-V characteristics.
" The maximum power output;calculatéd fof an a-voltaic device exhibiting
| a three component.dafk I-v characteristié is given in Table III.V for
a number of Q-particle soﬁrce strengths.

In geﬂeral‘the'maximum power oufput‘will.increase_as the angle of
incidence of the c-particle beam is rotated from the normal since the
electron-hole pairs are then produced closer to the jﬁnction and are
more readily coliected. At'soﬁe angle whichfapproaches a grazing
condition the electron-hole pairs are produced so close to the surface

that a substantial portion are lost through recomblnatlon 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

T('K) 200 250(2) 300(P) 300(2) 300(¢) 350(2) 400%®)
m 10° 10 10 10 10 10 10
T (sec) 1077 10-7 106 10-7 10-8 10-7 10-7
T_(sec) 10-6 10-6 10-5 10-6 | 10-7 10-6 10-6
L_(u) 10,2 12.1 40,5 12.8 4,05 12,9 12,6
L (1) 21,4 22.6 77.2 24,4 7.72 24,2 23,4
N, (gh/g) £.41%10°  1.41x10%  1.41x10° 1.41x10°  1.41x10®  1.41x10°  1.41x10°
Nepn, srleW@) 3.66x10% 3.84x10%  4.44x105  4.01x10°  1.97x10°  3.97x105  3.82x10°
N,y sleb/a) 6.15x10% 6.15x10%  6.15x104 6.15x10%  6.15x10%  6.15x10%  6.15x10%
Neh’BR(eh/o,) 6.69X10° 6.99x10°  8.87x10° 7.05x105  4,29x10%  7,04x10°  7.12x10°
Q - 0.779 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 TIL.V, Short-circuit current (in mA) and maximum power output (in uW) for
a silicon p-on-n alpha-voltaic device under 5-MeV alpha particle bombardment.

T (*K)
Aa, Pin
(curies) (u W) 20008)  2500®  300B)  3p0l@)  3ppfe)  aggla) 0@
|l 325 3.39 4.12 - 3.46 2.04 3.45 3.42
1 1.48x10 P 2.21x10° 1.86x10° 1.95x10° 1.45x10> 7.03x10° 1.01x10° 5.94x10°
-1 1 1 -1 -1 -4 _q
1 3.25%10° 1 3.39%10°1 4.12x1071 3.46x10°1 2.04x107! 3.45%10"1 3.42%10
0.1 41.48x10> | 5¢ 2. 2 2 2 1 1 1
. . o 2:05%10%° £.66x10°  1.69x10° 1.22x40° 5.28x10"  7.73x101  3.65%10
> o [T 3.25x107% 3.39x107% 4.42x107% 3.46x407% 2.04x10% 3.45x407 3.42x1072
107 1.48x10 P 1.85%10%  1.42x101 1.43x10' 9.50 3,70 5.37 1.69
s Nk 3.25x107° 3.39%407° 4.42x107> 3.46x107> 2.04x107> 3.45x107° 3.42%1073
107" 1.48x10" | 5€ -1 -1 -1 2
o 163 1.15 1.43 6.83x10°1 2.40x10°1 3.13x1071 4.23%10
. 1 3.25x10°% 3.39x107% 4.12%10™% 3.46x107F 2.04xi0™% 3.45%10°% 3.42%107¢
107% 1.48 s¢ -1 ) ) ) -2 -2 -4
. 1.40x107! 8.58x107% 7.76x407% 4.33x407% 1.23x107% 1.43x10°% 4.97x10
1 3.25%107° 3.39%107° 4.42x107° 3.46X407° 2.04x107° 3.45%107> 3.42%10°°
107 1.a8x1071] 3¢ 2 3 -3 _3 4 4 _6
. . 1.15x1077 5.78x4070 3.37x4070 1.78x107° 3.54x407% 1.84x107* 2.57x40

(a) Representative of moderately pure material.
(b) Material of higher purity than {(a),
(¢} Material of lower purity than (a).
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one another for an isotropic_distribution so that the calculations of
the maximum output.power in this section (i.e., normal incident beam of
a-perticleS) ere expected to be representatire of an actual'a-voltaic
_device of,equivalentvactivity.

In Fig. III L the initial meximum conversion efflclency calculated
- for an o-voltaic dev1cevw1th an 1deal dark I-v characterlsulc is
‘compared with that for a device with a three component dark I-V
- characteristic asia functionvof.the a-particle source strength at tempera-
tures of 200 and 300°K. The device with the "harder" characteristic
4(i,e., lower.current passed at . a givenvvoltage ) is-seen to yield the

best efficiency for energy conversion. Also included for comparison

are typical results from Section V for the measured conversion efficiency -

.pgf p-on-n Si soIarﬁcellsbunder L Mev c-particle bombardment. The solid

v points represeht measurements made at 200 °K. and the other points are A
'for 275°%K. The'substantially louer vaiues of the meesured conversion
efficiencp result‘from the’ver& sof't dark.I;V characteristics possessed

' by solar cells; Fig. III.5 presents a cohparison of.-the temperature
dependence of e, for dcv1ces w1th the two types of dark I-V character-
istics for three a—partlcle source strengths - At the hlgher temperatures
the maximum eff1c1enc1es for both devmce types are seen to approach one
another This results from the fact that at the hlgher temperatures the -
ideal contrlbutlon to the dark I-v characterlstlc becomes the domlnant

' contrlbutlon, that 1s, the dark I-V characteristic becomes approxzmately
ideal over the current range Whlch corresponds to the a—partlcle source
Surengths‘cons1dered here. The 1n1t1al efficiencies calculated for the
different deérees 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. IIT.4. Initial maximum conversion efficiency for p-on-n Si
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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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TII.III) are compared in Fig. III. 6 as a function of source st ength.

These results show that the use of high purity material in the preveration :
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. Bombardment Induced Changes in Device Performance. The results

gquoted 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 & particles. The minority

carrier lifetime is related to the defect center Qoncentration through
Eq. (III-26). Thereforé fhe spatial variation of the minority carrier
lifetime is éroportional to thé“number of defect centers prqduced per‘

- unit track length per ¢ parﬁicle, where this is ‘shown in Fig. III.Z2.

From this figure we see that it is reasonable'to‘aonsider a single
average defect concentratioa in the surfage region (0 <x< 10),
.whereas the base region ﬁdst be divided into lightly damoged g

(11p < x < 2by), heav1ly damaged (2hy < x € 27u), and undamaged (27u < x)
sub-reglons each posses31ng an approprlately determlned average defect
center concentration. The more regions cdnsidered the better would be
the accuracy of thds'approach. However the bombardment produced changes
(in minority carrier lifetime’cannot:be directly calculated from Eq.
(I1I-26) because the defect centa%.capture cross sections for holes

and electrons are not known. % “

An aiternate tachnique gah ée employed ﬁhich considers changes in

the diffusion length during exposure (see Eq. (IIT-28)). In this case
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the. diffusion length degradation constent, K(x), is proportional to the
number of'defect centers preduced per unit track length. Using the value
of K measured at a particular a-particle energy'i& (and corresponding
position x) it is then possible to hormaiiie the-spatial distribﬁtien_
~for the K(X) at this poinﬁ and proceed with the determination of the
required average defect center COncentretions. This techniqﬁe is
.considered in more detail in Sectioﬁ 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 8i eolar cells. The behavior
of a p-oﬁen Si a-veltakrdevice-should be very similar. The results to
be used here were obtained from the measurements at 200 and 275°%K. The
effective!curve'shown by the dotted line in Fig. V.19 was used in‘
7caleﬁlating the bombardmenﬁ‘induced cﬁanges 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 stfengths; and it is quite evident that the useful
- lifetime ofvthé device beeomes impractically short for thexstronger

alpha sources.
The non-nofmel O-particle flux encouﬁtered for an actual Q-
parﬁicle SOurce‘wbuld result in an even faster decrease in the maximum
conversion efficiency during exposure. Thislresults from the fact that
 the defect centers are produced closer to the Junctlon by tho e O
: partlcles with a low angle of 1n01dence, and therefore the severely
damaged regilons produced at the_end of the a-part;cle tracks are npl
longer loealized to'a'pertion of the base regions far removed from the

junction‘as is the case for'ainormal incident beam of & particles.

’
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IV. DARK CURRENT-VOLTAGE CHARACTERISTICS FOR
SILICON AND GALLIUM ARSENIDE SOLAR CELLS

A. Theory.

In the pfeceding section it'waé noted that the ease with which
current is passed by a forward'bia;ed éemiconductbr diode has a sub-"
stantial efféct upon the energy conversion capability of the diode
uﬁder d-particle,bombardment. A diode with a soft forward‘I-V character-
istic was shown to yield a lower power output for a fixed power input
than one with a hard cha%acteristic.‘.

) ' The forward I-V characteristic of a semiconductor diode is éenerally
assumed to consist of an ideal diffusion term and a non-ideal %efm ’

which is found to be present in most actual diodes. The various contri-
butions to the non-ideal term are described in the following paragraphs
and a deféiled discussion of the meéhanisms responsible for tﬁese )

f‘ contributionsvfo this term can be found in.Aﬁpénd?x A.

The diffusion current pasSed by a p-n junction has been treated in
detail by Shockley.56i The I-V characteristic obtained by Shockley is

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

3 AV, .
I vy = (e ), - (wv-1)

where the reverse saturation. current, Ioh;is
. Dﬁ LD | '
T, = %y {npo(i~) * Pno(f—)}' o (1v-2)
) ~'n P o
Equatioh (IV-l)_implies a7negligible.intefnal series resistance of the
diode since the voltage applied o the diode is V = Vj + IR . This
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‘angaebcve;58f chever,vfor'Si and‘GaAs,@iodes as well as Ge
eiodes at low temperature,. the meaSured;I-V characteristics are found

tto deviate from Eq.»(IV-i);
In the limiting situaticnpwhere the injected minority carrier
' concentration.is large compared tolthe equilibrium majority.carrierb'
‘ 55

concentration, i.e., high level injection, Sah, Noyce, and Shockley

- have found the diffusion current to be of the form

D +D - . L :
NE qAx(E n)niexp(XVJ/E)». B 0 (1v-3)

Therefore, at high injection levels the exponential dependence of the
current upon voltage is seen to be k/QIOr half that for: low level
injection (ef. Eq. A-21).

‘A number of mechanisms which contribute additional current in an

~actual diode have‘been discussed'in thevliterature. The current resulting

from a given mechanism will. be des1gnated as a current contribution to .
e

. the non -~ 1deal term of the I-V characterlstlc .Thus-the total current‘
-passed by a semrcondnctor dlode_ls
I'= I(e{'_-l) +z I(V ), L (Tv-k)

" where I (V ) represents the non-ideal current contrlbutlon to the I-V
characterlstlc resultlng from mechanlsm n and the sum is the non-ideal

term

The spec1f1c mechanlsm respon51ble for the maJor tontrlbutlon to

the non- 1deal term 1s depeﬁdent upon the type of dev1ce in questlon - The.

dev1ce geometry, materlal propertles, surface condltlon, and amblent

‘temperature determlne the voltage range ‘over whlch a partlcular mechanism

1s dominant.

; +
S ey
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Shunt Conductance Current. AlL semiconductor diodes have a common

contribution to the I-V characteristic, and this is the shunt conductance
current characterized. by a shunt resistance, RSH’ in parallel with the

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

AV, '
I=1Iy +I(e “-1), (1V-5)

SH
where ISH =Vj/RSH' This te?m can be large in comparison with the ideal
current over a Subsﬁantial portion of the voltage range, since the
reverse saturation current for a Si diode at room.temperature is on the
order of 10-12 amperes and that for GaAs.is even smaller. The current
contribution of the shunt conductance path can be even more important

- at lower temperatures.

Junction Recombination-Generation Current. Another process contri-

3

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

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

-

The thermal generétion of electfgh-hole péirs is important for a Jjunction
under a large feverse bia; where these thermally produced pairs are |
swept from the juncfion and contribute fozthe current. In the.forward '
bias region of oﬁeration; elecfrpn¥hole pair recombinatioﬁ is of

importance, since the carriers injected into the junction from one

field-free region pf the diode have a finite probability for recombination
: befére.reaching thé‘éther field-free'region. ‘The net résult of this
process is an increasé in the current flowing through the Qiode'at a
‘fixed voltage. This contribution td the I-V,characteriétic for a linear

"variation of potential in the junction is>given by
: g '
) 2qniAKW(Vj) s1nh(—§—).

I =
re NT T }\'( wD-VJ-) .
PO no : o

(), (W)
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whére W(Vj) is the junétion thickness. If is therefore to be expected
that this will“be the dominant cOntribution'to the non-ideal term for
a diode with short minority éérrier lifetimes and a thick juhction}

. From Eq. (IV-6) it can bevseen that in the intermediate voltage region
v (i.e., ij\> l.bﬁt'Vs < wb)'the.gxponential dependence ofgcurrent.upon_
voltage is A\/2. | |

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

tion of a semiconductor surface by adsorbed gases can lead to‘the

formation of a surface inversion layer.12’19’ *60. This consists of a

thin surface region of the oppoéite conducﬁivity type to that of the
bulk materiai. In the specific case of Si aip-type layer can be produced
"in n-type material when‘exposed to an oxygen rich atmosphere, and an
n~type inversion la&ér results when p-type material is exposed to water
vapor. Therefore a.p-n juhction ié formed in the process, gnd the
current resulting froh this junétion must Be inclﬁdéd in the I-V

15

characteristic for the‘diéde. Cutlér and Bath™” have calculated the
contribufion of a surface. inversion layer current to the I-V character-lw
istic of a diodev Under the assumpfion thafrthe'length of the inversioh
- layer is not llmlted (thls 1s not a good approx1matlon forAshallow
diffused junctions), they find the dlode forward I-v characterlstlc to
be_' , | . _ ,
W oaw. 1/2 o

- T (e ?’-1) + IL(e 3->\v -1) C o (v-T),
where IL 2w2LJ /xp and L is the inversion layer thlckness Eguation A
' (IV-7) shows that the-lnverslon layer current also exhlblts a k/a
'exponential dependence on voltaée in the interﬁediate.roltage region

(i.e., AV, > 1). Therefore the general shapé'of'the géneration-recombina-

3

tion and inversion layer current is approximately the same whereas their

v
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magnitudes can be quite different. As stated previously, the relative
magnitude of any of these contributions is a characteristic of the
particular diode in question.

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

Junetion and high impurity atom ceneentration, the dominant contribution
to the non-ideal term is\expected'to be the so—cailedfexcess-current”
.ahd this 1s indeed found to be the situation for tunnel diodes.l5’?o

The "excess current" arises from either the direct tunneling of the

charge carriers through the junc@ion between energy states in the conduction
and valence'baﬁsordﬁe the intermediary localilzed energy  levels in the
forbidden enefgy gap. The cufrent resultihg‘from this tunneling process

as calculated by Chynoweth et al.,lB‘is

I, = AN e [ i o [ pno-Eapo) -qvj)] " (-8)

- where NT is the concentraﬁion of impurity'energy levels,swO is the

junctiop width for unity contact potential, and the constant-af, defined
'inlAppendix A;‘exhibits & very weak dependence upon temperatufe. The
constant A although notvdetermined by Chynoweth'et al.; must in conjunctien
with NT account for‘the curren# going to-iero at Vj = 0. The constant

A depends upon the transiﬁion frequency between the impurity level -

[y
Lo

energy states in the forbidden energy-gap and the aéailable energy
states in the valence band which are situated at the same energy As the-
applied bias, V ., 18 increased, the localized impurity energy levels
located at fixed pOSlthPS in the forbldden eeergy gap are shifted
relative to the available energy states in the valence band. Thls

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

the dlstrlbutlon of impurity levels in the forbldden energy gap must be

known in order to quantitatively determine the current. The distribution
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v

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

: 1/2 : ' . i . i '
~of C(E-Evp) exp[x(E-EfDOﬂvfor a non-degenerate semiconductor. This
factor tends to smooth'cnt any structure in the distribution of impurity
. levels, and the total current mns% therefore be proportional to the
integral of IT(V) at E over the energy-inﬁervel of bverlap for the two
‘distributions (the position of the impurity level distribution being
dependent'upcn junction bias);vahen

e
T fE

1/2 xpx(n Egp JIN(E, v, )dE “‘ ;'-(iv-g)

-
1

T(E)C(E-E
v V’p

E - (wavj), NT(E,VJ)'designates the concentration of

where E :
o v vp . .

impurity levels at energy E for a juncpion bias of Vj’ and T(E) iS'the
-tfansdpion prebabiliﬁy at energy E which is given by Eq; (A-4L) of
'Appendix A. The total number of available ﬁalence band energy stateé in
~the energy interval of overlap ‘is dependent upon»tenpepatufe through the
| ekpcnenpial factor ekpk(E—Efpé). It isaphepefope expected'that the |
magnitude of the tunneling'curfent contribution to the non-ideal term .
will decreasehwith decreasing tempeiature; whereas the exponential
dependence upon Voltage is anproximapely independent of‘temperature as

deduced from Eq. (IV-8). At low temperauures the band of available |

states 1n the valence band is comparatlvely narrow 50 that the tunnellng

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

thau present in the dlstrlbution of impurity levels.

Sheet Re51stance' In the precedlng discussion 1t has been assumed

" that the entlre Junctlon experlences an 1dent1cal blas, V . ThlS ‘
sitvuation is however, not realized for a solar cell where a volfage
gradient is developed in the surface region when‘current flows alcng the

- path from the junctionftO'the electrode strips on the front surface.
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The potential wvariation over the cross sectional area at the junciion-
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 which contributes to current flow) decreased.
Therefore the current is found to increase more slowly than the ideal
exponential term at xvj'> 1.

Non-Uniformity of lMaterial Properties. Queisser58 has shown that

non-uniformity of materizl properties in the surface regiop and junction
result in regions of thé“junction possessing different I-V chafacteristics.
Therefore this spatial nqn-uniformity of the junction~characteristic

ié of substantia; importahce when’considered along with the fractional

use of the jqnctioﬁ area.. In particular Queisser found the I-V
characteristic of the junction region immediately below the electricél
contacts to be quite different from that of the regions far removed from
the contac¢ts. At large applied bias and associated current, the
effective junction area idcludes only those regions in the vicinit& of
the electrical contacts; and}thgrefore it is to be expected that the
sclar cell I—V characteristic can be markedly éffected.

Recent Work by Wdlf and Rauschenbach66 hés shown £ha£ the I-V
bharacteristic of a 3i solar cell in the température fange of 300 to

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

exponential terms and the shunt conductance term,

(V-—IRS‘) , . : ' '
(v) = -—1%—}{—— + Iol[exp_(K WfIRs D'J_‘J + I (exp(A W-J_:Rs])_-lJ (Iv-10)

where the last term on the right hand side‘of Eq. (IV-10) is the ideal
diffusi
iffusion term, Iol

-non~ideal term, and A is the junction.non-ideality factor normally

is the effective reverse saturation current for the
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Lo, 66 .

~assumed to be beuween l and 3. They were unable'to draw auy con-
clusions relative to the mechanism prouucing'the non;ideal exponeutial
,ﬁerm in Eq. (IV-10) whilevconcluding that the ideal diffusion term was
indeed present for the p-on-n S1 solar cells tested.

In the work reﬁorted iu fhis section the teﬁperature'rangevof
interest:was extended.downzﬁo either 100 or 200°K; and the solar cell and’
Junction I-V characteristics were~measurec for p-on-n and n-on-p Si
solar cells and p-on-n GaAsvsoiarlcells. The results were ana;yaed
, using the twovexponenfiai model of Wolf and Rauschenbach; uhere an
attempt has been made to.relate‘each of{the exponential terms to one

or more of the basic mechanisms discussed above.

B. Experlmental Method

The current voltage characteristics were measured for Si and GaAs

solar cells in the‘temperature range 90°K to 360°K3 Both p-on-n and

n-on-p Si cells were used, whereas only p-on-n GeAs cells were available:.

The majority of the cells were treated only:with a distilled water and/or'

ethyl alcohol wash. One.exception to this Was GaAs A-20 uhich received
“an etoh of the cbll ‘edges with a soiutiou of HNQB/HF/Héo‘in 1:1:1

. proportions followed bya.dlstllled water wash. In thie case the etch
was requlred 1n order to reduce the shunt conductance current to an
acceptable value. " Also glven an edge etch were cells Si3A and SiL.

These cells were etched with CPhs* etch 1n order to observe uhe effect of

such an etch upon the I-V characterlstlc. The method of preparatlon along:

. » . o . .
5 parts concentrated HNOB, 3 parts. each CHBCOOH and 48 percent HF

sometimes contalns trcce amounts of Br.
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with a detailed description of each cell tested is given in Table
Iv.I. |

- The solar cell I-V characteristics were’measured in a light tight
vacuum chamber at a pressuré of about one microﬁ of mercury. The
chaﬁber is shown in Fig. IV.1. Thé pressure was measured with a Hastings
thermocouple type gauge.

The vacuum chamber was designéd in sﬁch a way that the I-V

- characteristic of a sample cell could be-measﬁred at a number of tempera-~
tures. The solar cells were soldered to a platinum sheet and pléced in
& sample holder which was in turn bolted to the bottom of the fluid
container. Platinum was chosen because of the faét that its coefficient
of expansion is approximately equal to that of Si.. This made possible
tésts oh a majorit&’of the Si cells at ligquid nitrogen temperature with-
out complete destruction of the celi; The platinum sheet was bolted to
the sample holder atvonly one point in order to allow it to freely
contract br expdnd relative to the brass sample holder. In order to
attain the desired temperatures; the fluid container was filled with
either liquid nitfogen (= 90°K);.dry ice and ethyl alcohol (= 200 %K),
-distilled water ice (=,é73?K); or distilled water heated by a 100 watt
‘blade type heater eiement (= 360°K). The. solar cell was in good thermal
and electrical contaet with the vacuuﬁ chamber body so that the chamber
became part of theveiectriéél circuit; The sample holder was positioned
in the chamber such that it gould be subjected to a light source (a GE
. 1493 tungsten lamp). A tefion sheet.was placed between_the solar cell
and lamp in ordér'to yield armo;e'diffuse'light source th%n that of the
lamp alone. An infrared filtef‘was not used in conjuhction with the
light soqrée, and as a result hééting of the sample ceils became an

importanﬁ factor at high light source intensities.
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Table IV,I. Properties and preparatioﬁ of sample solar cells,
Rated solar Symbol
Size efficiency used in
Cell Type (cmXem) Contact (%) Preparation figures
SiM IRCS0510E40-p-n 0.5x1.0 Gridded 10 D, W,&E, A, wash A
SiN IRCS0510E11-p-n 0.5%x1.0 Gridded 11 D. W. wash 4
Si51CB Hoffman 51C-p-n 0.5x1.0 Ungridded 8 D.W.&E. A, wash (6]
Si3A IRCS0510E40-p-n 0,5%1.0 Gridded 10 D, W.&E. A, wash \4
Si3A IRCS0510E10-p-n  0.5x1.0  Gridded 10 Etched in CP-4 and W
Coe D.W.& E. A, wash
SilB IRCS1020E8-p-n - 1.0%2.0 Gridded - 8 D.W. wash A
SiiD IRCS1020E8-p-n 1.0x2.0 Gridded 11 D, W. wash ®
SiL IRCS1020E411-n-p 1.0x2,0 Gridded 11 D, W, &E, A, wash ©
SiL IRCS1020E414-n-p 1.0x2.0 Gridded 11 Etched in CP-4 and [
D, W.&E.A, wash
SiF IRCSiOZOES-n-p 1.0%x2.0 Gridded 8 D. W, & E. A. wash [ ]
iaé\os RCAXSC100-p-n 1.0X2.0 Gridded 4 Etched and D, W, wash O
ia?; RCAXSC100-p-n 1.0X2.0 Gridded 4 D.W.&E, A, wash <o

Manufacturers estimates of device properties:

Si p-on-n; junction depth of 1p to 2, L = 1us p
Si n-on-p; junction depth of 1u to 2u, Lp

n

~1 2 cm, L = 10pto 1004, s = 5000 cm/sec
= 1y, p_ =1 Qcm, L = 10 to 100p

p —
GaAs p-on-n; junction depth = 1p +10% (never more than 1.5p), p_ = 2,3x1019 cm'3,

L

2]

1. = 1-* 3p (zinc diffusion).

P

0.5 to 1,0p, s = 1000 to 5000 cm/sec, n = 1017 cm'3,
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MU-35459

Fig. IV.1. Diagram of vacuum chamber and associated parts.
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The samplebtemperature was continuouslyvanitored by feeding the .
- output of a copper-constantan thermocouple to a strip chart recorderw
The thermocouple was attached to;the inner’wall‘of the sample holder.
The current—voltage characteristics ofvthefsolar cells were
measured at the four previously.mentioned temperatures'using the circuit
shown in Fig. IV.2 and the eQuipment.shown in‘Fig;-IV43, Measurementv

of the forward bias reglon of the I-V characterlstlc was limited to

- currents less than 200 mllllamps;' The voltage drop across the cell was"

~measured byfan electrometer voltmeter w1th the‘output of the yoltmeter
being used to.drive one co—ordinate of an.X-Y recorder. The current wa.s
. obtained from the measured voltage dr0p developed across .one of a set

- of precision re31stors whlch could be placed in series with the samole

'-solar cell. Thls-voltage was also measured with an electrometer volt-
meter, and the meter output was used to feed the other co-ordlnate of

the X-Y plotter. ‘In thls way the current-voltage characteristics were

'dlsplayed on an X-Y recorder. The measuremental uncertainties associated

. witn this system are presented in{TaBle IV.II. Tne I-v characteristic

obtained in this!way includes:the’internal series'resistance effects and
'as a result is referred.tovas_the diode current-yoltage:cnaracteristic.
' In,the forward bias voltage'range where the series resistance is

_ of 1mportance, 1t was necessary to also measure the I-V characterlstlc _

of the Junctlon alone. Prov1d1ng the series resistance is not too great,

. this can be achleved by using a llght source of adequate strength In
thls work a tungsten lamp, powered by a_regulated DC power supply; was

employed where the intensity of:the light source‘was'increaSed in a

stepwise manner. The short clrcult current and open c1rcu1t voltage were

measured at each settlng of light source 1nten31ty. As mentloned in ....

v .
v
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{a)
Hastings L & N Speedomax
thermocouple - H Azor strip— Houston model
type pressure gauge chart recorder HR —-96

X =Y recorder

Copper — constantan

thermocouple
Vacuum Keithley Keithley
chamber Model 220 Model 220
dc voltmeter dc voltmeter
Resistance
and bias box
Welch duo-seal

Model 1402 B
vacuum pump

(b)

To X~-Y recorder P

Ty

(V]
\V
REIQ  R,=ikQ R,= MQ
R=I02  Rg=10k& Rg=100-Q Helipot

Ry=I00Q Rg=I00kQ  Vy=3 Volts

MU-35547

Fig. 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
characteristics.
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Table IV.II. Estimated systematic and random uncertainties
associated with the measuring apparatus.

I-V Characteristic

Mea51_1red Diode (low Diode (intermediate Junction (high
quantity voltage) and high voltage) voltage)
(a) (b) (c)
Vj’ Random +0.5% +0.5% +0,5%
Systematic +0.5% +0.5% +0,5% (d)
VI’ Random +0,5% +0,5% _ +0.5% (e)
Systematic +0.5% +0.5% +2% (f)
RI, Random -+0,1% +0.1% ‘ -
(g) (h) (i)
Vj, Random +0,1 mV £0.3 mV +0.4 to 0.5 mV
Systematic <£+0.3 mV <+0.6 mV <+0.6 mV
VI’ Random +2% +2% +0.,1 mV
Systematic --- --- $+0.3 mV
RI, Random +0,1% +0.1% +0,1%

(a)
(b)

(d)
(e)
(f)
(g)
(h)
(1)

X-Y plotter with inputs fed by two Keithley VI VM!'s,

X-Y plotter with inputs fed by two Keithley VIVM's,

Voltage measured with Keithley and current with clip-on milliameter,
Keithley VI VM readings corrected using calibration curve.

Random error increased on lowest scale.

Specified by the manufacturer of the instrument,

Voltage measured with Digitec and current with Keithley.

Voltage measured with Digitec and current with Keithley.

Voltage measured with Digitec and current with Digitec.
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~ Section III; the I-V characteristic bf a solar cell under illumination
is equal to the sum of the dark I-V characteristic and the current
resulting from the éo;;ection of the electfdn—hole pairs produced by
the light sourcg,b | | |
| (V) = (V) -1, S ()
where id(vj) is the junction dark I-V characferistic, IL is the Iighﬁ
génerated cﬁrrént; and V = Vj + IRS- The junction dark I-V character-
istic is equal tovthe_diode dafkfI~V charaéteristié if either .RS =0
or IRs<<Vg' The open circuit voltage produéed by a given light source
intensity is obtained from Eq. (IV-11) with I = O,

Id(voc) = L. , _ E ‘(IV-lE)
',Therefofe the junctipn I.V characterisﬁic can be obtained providing that
it is possible to achleve the necessary raﬁge in IL'. The short circuit
current is obtained from Eq. (IV-1l) with V =‘O, |
' | (1v-a13)

Tee = Id(—IscRs> -1

sc .7

which is indeed equal to -IL for sufficiéntly small valﬁes of the series
resistance. - Thérefore the junctionvdark I-V.chargcteristic was

obtained in a poipf~by—point manner. The circuit used.to measure the
junction dark I-V éharactéristic*is presentéd in Fig{;IV.h end the
equipment shown in Fig. IV,5. ‘Thé open ciicuit voltage was measured with
an electrometer voitmetérz and the shért circuit current was either
megsured directly with é cliﬁ on'milliammetef_or was obtéined from-thé
voltage drbﬁ devéloped across a calibrafed precisién resistance (this

- voltage ﬁas measuréd 5& an electrometer voltmeter;digital.voltméter
combination). The resistance employedeés alﬁays'small enoughfso as

to satisfy the condition that Id(‘Is;Rs)'<< IL-IVThe measuremental

uncertainties associated with this system are also presented in Table IV.II.
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{a)
Hastings L &N Speedomox
thermocouple — H Azar strip-
type pressure gouge chart recorder
- Hewlett — Packard
Power Designs Copper - constantan Model 428 A
Model 2050 thermocouple clip—on milliometer
dc power supply
Vacuum
Resistance box
chamber
Kelthley Digitec Model
Mode! 200B Z-200-8B
Welch Duo Seal dc voltmeter digital voltmete.r
Model 14028
vacuum pump
(b)
.
h' T
o N o
| R2 R4
Light 1
o~ R [
=== 5 | Vv
—— |
|
R R
o\Lef [ ! 3
R|=IQ, R3=IOOQ R5=22 MO
R,=108) R4=1-k§ Helipot
MU.35548

Fig; 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 Jjunction I-V
characteristics.
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The solar cell temperature was found tbvincrease at the higher
light source:intensities as a resuit of infrared heating produced by
the tungsten lamp. In order to minimize the effects of this heating
upon the measured I~V charactepistic, the majdrity of cells tested were
allowed.to return to thermal equilibrium prior to the measurement of

Vv and I  for each point.
oc sc

C. Results aﬁd Discussion.

The experimentally measured diode andvjuncﬁion dark I-V character-

istics for the three cell types were compared with Eq. (IV-10) with

Y Iol’ 8, Io’ and Km were chosen so as to

obtain a best fit of the experimental data. The value of Rsxwas then

RS = 0; and the constants R

obtained from the displacement of the diode dark I-V characteristic with
respect tg 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 L1 o
- +.I5( avj) + IN, - o (Iv-1k)

Iy =
where K/A has been replaced Byjé; The motivation for>this step will
becbme evident when the temperature depeﬂéence of the non-~ideal e#ponential
" term is diséussed: The third term on thé right hand side of ﬁq. (TV-1k) |
is negligible and éan ?e neglected. Then the siope of the I-V‘charaéfef-

istic at the origin is

az(0) 1
St s T 4+ 8T, = A
de RSH o}
or
_— - ]
=== A - 8I (Tv-15)

A - Tels
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Table IV.III. Typical temperature dependence of the different
voltage regions for the three cell types tested, (a

Yoltage region (V)

tcyeplé Temp( OK) Intermediate Transition High
Si p-on-n 90 V 5£0.85 0,88 <V g — —
(SiM) 200 V < 0.65 0.65 <V < — —_
275 V < 0.45 0.45 <V < — —
360 V £0.30 0.30 <V < — —
Si m-on-p 200 V< 0.60 0.60 <V $0.75 0755V
(SiL) 275 V <0.45 0.45 <V <0.60 0,60 <V
360 V £0.25 0.25 <V — -
GaAs p-on-n 200 V 5 1.00 1.00 <V < — _
(GaAs A-22) 275 V < 0.80 0.80 <V < — -
360 V < 0,50 0.50 <V s—  —

(a) The low-voltage region for all the cells tested corresponds to V 50,10 V.




67-

o

It is then possible to odvtain the shunt resistance providing IOl and B
are known. However, it was sorietimes impossible to obtain a positive

and § had been determined. This is a result of

value for R once Ib

SH 1
the inadequacies in the assumed two-exponential model. Figure IV.6
presents the I-V c?aracteristic for SiM at 274 °K where the linear slope
through the origin is indicated and wherethe deviation from linearity
with increasing voltage can be seen. Applying the methed of ieast
squares to the four or eix loﬁest voltage points, the value ofﬁﬂu and
its variance were obtaiﬁed as outlined,iﬁ Appendix E.

In line with our earlier statements, the first exponential term in
Eq. (IV-10) is expecfed to result from one or more of the mechanisms
" responsible for.the‘nop—ideal current term. Both Irg and the invefsion
layer current exhibit an exponential dependence corresponding to A = 2
in the intermediate voltage region (i.e. XVJ/Q > 1 and Vj < db). The
exponential dependence feor these two current contributions is therefore
dependent upon temperature, whereas the exponential dependence of the
 tunneling current is approximately independent of temperature. Combiniqg
Egs. (IV-15) andl(IV—lO) vields | |

| dV, ... TNV, :
I(V) = AV, + I ,(e J . avj"_'l') +1 (e | 1) (1v-16)

where as before vy o= v -'IRST

The measured Jjunction characteristic satisfies the condition that
V =1V_, since the effect of the serles resistance is not present. For'
- a broad area junction device with two thick field free regions (i.e. the
'vn- and p-type regions on either side'of the juﬁction).ana a uniform
Junction, the true juheﬁien i;VEcharacteriStic is indeed measured using

the light source technique described préviously. "As we mentioned in
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"Fig. IV.6. The forward I-V characteristic in the low-voltage region
for SiM at 27k °K.
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Section IV.A, thé solar cell junction was found to be non-uniform
so that the measured Junction I-V characteristic is an effectivé one
éiven by

fo J(x,y,v Yaxdy (Tv-17)
where the intégration is carrled out over. the cross-sectional area of
the Jjunction. For solar cell geometry the additional complication of‘a
thiﬁ surface région ariées. The surféce regioh-junction boundary is not,
in general, an'edpjpotentialj surface so that tﬁe measured‘I;V'
characteristic, assuming the junction to be spatially uniform, is still
‘an effective one given by o ,

I(v,) = fA}; 3V, (%, 7))y 3 , (1v-18)

The I-V chardcteristic measured for a éolar.cell under illumination is
therefore the effective I-V characteristic of‘the surface region-junétion
» ~ combination which in the limit of low surface region series fesistance'
(i.e., for low éurface region.resistivity or gridded glectrical contacts)
reduces to fhe effective I-V characteristic of the junction alone.

The current in the in*erﬁediate voltage region.is low enough
(< 5XJ.O-llL amps) so that the surface reglon-gunctlon boundary is approx1-
mately an- equlpotentlal plane, and the measured I-V character1Su1c in
this voltage range is essentially that of the junction. Returning to
Eq. '(Iv_16),_i;c can be seen that for 8V, > 1

&V, FA'S

'[I(V.)_-‘AV;]zl e J+Ioe J , (1Iv-19)

where the 1deal term is not 1mportant until hlgh voltages are attalned
The voltage at whlch the 1deal term makes a perceptible contribution to
the I-V characteristic can be determined from the point at which a'log

plot df the'quantity'[I(Vj) -‘/xyj] deviates from linearity. This effect
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:is shown in Fig. IV.?ﬁfbf»SiM'at 274°K. The Qalues Qf 5 and I,y were

determined from plofs of_this type using those poiﬁts which fall on a

istraight line'in th¢ voltage region where.(avj + 1) S_Q.O5eavj; This .

| lést gondition.is satisfied as long as avj > k.25, |

" Having obtginéd the values of Rsﬁ,'Iol,‘and 5 as outiined in the

.preceding steps,iit was éhén-possiblettovcompare thé’addi£idnal

cbntribution to the current (the increase in current at high voltages)

with the ideai diffﬁsion ﬁerm. lFor most of the cells tested this was

accomplished by Subtrac£ing'the_non-ideal current term from the measﬁred

current. The I-V chafa’cteristi_c obtained in this'x-;ay (results could

IOnly be obtainea over a limited véltage range as shown in Fig.‘IVT7) was
o L

used to determine tpe'consténts IO and_xm'of the ideal exponential term.

For the case of thevn—on;p Si solar cells thé'iaeal contribution to the

curfent was determined directly from the high voltage region of the

\ " measured I-V chafacteristic,>ana thén this term was subtracted from the -

tot;lviﬁ order ﬁovobtain th¢ non—idéai contribution and the constants

I and 8 . These values.for Ié and 3 were in turn used to determine

ol 1

RSH from the measpfed-valuevof./& .

1. P-on-N Si Cells. -Diodé and junétion I.V chéraéteristics wvere

measured for O.5cm? (0.5cm vy 1cm)'and.2c£2 (1cm by éch) p;on;n_Si solar
cells. . Iniﬁially;the:two cgll sizes were'chééén in the.hqpe fhat the

different sﬁrfaqéQto—foiume raﬁios might_indicéte the relative iﬁportance_:
of the surface Cﬁrrents (bbth shunt.qoﬁdﬁcﬁance and inversion l;yer) to |

the I~V characteristic.’ ihelsurface-to-volume'ratios for these two size

cells are
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Fig. IV.7. The junction I-V characteristic in the intermediate and
high-voltage regions for SiM at 274 °K.
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Itlwés not possible to draw any‘conclusions in this régard, éince the
non-ideal current term was foundlto_vary by more than a factor of two
within each set of cellé éf a given sizé._

An attempt was mede to minimize this'variafion in each group by
giving some of thé;cells an edge etch prior to measurement of the I-V
characteristic at ice bath. The effect of such éh.etching process
proved to be‘minimal, and in.faét for a number of the cells the current
at a given voltage was found to increase as well as decrease in what.»
| appeared to be a randoﬁ'manner after conseCutiQe etches. ‘The cells.
which exhibited this type of behavior were then discarded, and the
Vlmeasuréd,charaéteristics are not presentéd here.» Results_are'reported
| for one.ce;l of each typé which showed a consistent cufpent decrease
after two consecutive etghes. It can be seen,frbm Table IV.I that the
majority of cells were tested with ohly an ethyl alcohol and distilled
water wash. -

Thé calculatioﬁél-technique used to-obtain the constants Reps Ioi’
5, IO and kmvwas butlined above anq sample piots presented for SiM aﬁ
274 °K. ’A least squares fit was used to estimate the experimental erfor
associated withvfhe determinéfion of the$¢ constanfs. The variance in
the /\ was determined frbm Egs. (E;9) and (E-16) of Appendik E. The

variances in I, and & were determined from Eqs;-(E-9) and (E-10). It

1

‘was then possible to detérmine the variance in RSF using Eq. (E-2).' The

variances in Ib and xm were more difficult to ascertain since the I-V



characteristic to Ee fit with the ideal exponential form was obtained by .
subtracting the non-ideal current contributions from the measured juncﬁion
I-v characteristic which resulted in a different variance for each dava
point. The variances in 3, Iol’ and RSH are cohveyed to these point;
through Eg. (E-17) where Ié(Vj)‘is the I-V characteristic to be fit

with the iaeal term Io(ehvj-i).‘ The variance of a given data point was
determined from Eq. (E-18) and the vgriances in IO and xm were determined
from E@s. (E-19) and (E-20). Representative experimental errors for

each type of cell tested are presented in Table IV.IV.

The errors quoted in Table IV.IV %or SiM are'representative of the
set of p-on-n Si cells tested with the exception of the ideal Junction
characteristic measgrements‘where the erfor is less fop the 2cm2 cells,
since Ij/Ié is smalier for these cells, Also for the junction character-
istics measured using the clip-on milliameter, the error in the measured
" values of current is epproximately #2%. Although this increases the
value of UI~/Ii in Eq. (E-18) with a resulting increase in lnIi,.it will

1

- not result in a sizable increase in InT and me, as uncertainties in
. . B o

IOl and 8 producg the dominant contribution in Eq. (E-18). Applying this
fitting technique to fhe I-V characteristics measured at the various
test temperaturés, the values of the fitting constants were obtained.

The fit at the four‘temperatures for éiM are shown inAFig. Iv.8 wheré

it is seen that a reasonably good fit can be obtained at 36%°K and o7k K,
whereas a smallwdéQiation 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‘v

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



-74-

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 o Error . Error . Error
constants T=274K (%) T=274"K (%) T=357"K (%)
A(10-6A/V)a) 17.2 3.80 1.54 3.20 5.14 3,70
Rop (k9 70.7 4,80  1.06x10° 7.4 3.24x10%  6.30
s(v1 17.0 0.35  20.3 1.30 15.6 0.48
I_,(A) 2.04x10-7  1.90  2,63x10-8 9.5 1.29x10=7  2.70
xm(V'1) 41.2 4.0 45,7 5.0 28.6 8.9
log I -13.265 3.0 -13.216 4.3 -11.464 7.0
R_(2) (b) 1.80  10.0 1.00 8.0 1.16 8.0

(2). 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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diode characteristic from the Jjunction characteristic. The values of

R s, 9, Io, and Km used to fit the measured I-V characteristics

SE’ Iol ‘
are listed in Table IV.V for both sizes of the p-on-n Si solar cell.

The results show that it.was impossible to fit thevset of I-V
characteristics for each cell using a constant value for A which we
would expect for a current contribution controlled by the process of
electron-hole pair recombigation (this includes the high and low injection
level diffusion currents, the Jjunction recombination-generation current,
and the inversion layer current). The factor &=A/A is however rélatively
insensitive to temperature which is the characteristic behavior of the
tunneling curfent. At the lower test temperatures the low voltage
portion of the I-V charactefistics appeafs to be controlled by a mechanism
which is a mﬁch strgnger function of voltage than at the higher test,
temperatures; The structure in the I-v cheracteristic for SiM at 90 °K
(that is, the inflective nature of the curve) is consistent with a
tunneling current controlled non-ideal current term. The tunneling
| current term fof a single intermediary energy state (i.e. one dominant
type of impurity;center) increases_with'increaéing applied bias through
the barrier penefration prﬁbability given by the exponéntial term in
Eq. (Iv-8) untii the tunﬁeling‘process no. longer corresponds to conserva-
tion of energy. "Referring tolFig. A.é(b) this situation cérresponds to
the case of Efp < E of inpurity center B. The current then levels out
or decreases depending upon the digtribution of the other'impurity energy
levels in thé forbidden gap and the magnitude oflthe éther current terms
contributing to the I-Y chafacteristic. . For the séecific 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.



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,

Cell Temp \:q/l;T Iy 61 A I, )\"3 Rey Cell Temp )\=q/1kT T4 51 A I, xmi Rgp

(°K) (V5 (A) (v (A) (v™H (KQ) (°K) (vV'5) (A) (v (A) (v'9 (KQ)
SiM 90 129 4001078 116 114 5.39x10°%° 544 - . _6 27

S 23 s SiiD 89 130 1.90x10°® 10,1 12,9 1.44x10 60.0 -

202 57.5 9.47><10_7 17.5.  3.29 6.80><10_14 59,7 3.47%10 202 575 16n10° 134 440 3451022 0.0 o

2714 4z.4 2.o4><1o_5_ 17.0 2.49 5.44><v10_10 41,2 7.07x10 273 425 169105 127 .34 238101 464 9.01

364 32,2 1.26x107° 15.8  2.03 7.03x10 36,2 1.73 265 308 6.30x105 16,0 4.99 2.79x10°  32.0  3.970"1
§i1CB 201 57.7 z.ssxio:i 6.2 3.57 1.o9><1o:i: 53.0  5.32x10° SiL 202 575 4111010 196 293 44710720 557 4.03x40°

274 424 SASUOT 5.2 278 5480 412 39210 274 422 26308 203 2.09 6.09¢10™ 457  1.06x10°
o sT 325 2000107 4.9 249 2.69x0 77 37.2 148 360 32,2 3.07x10°° 22.4 144 3.15x10°8 354 1.12x10
SiN 92 126 3.95><1o':s 8.59 14.7 7.82><10'§z 60.0 - SiL 202 575 20000 223 2.8 5.57%1020 s6.8 o

206 56.3 6-“’)‘10:8 4.3 3.94 3-7°><1°:15 57.1 -- etch L2402 424 1.85x40°8 245 197 2320012 424 2.92x103

274 42,4 5.04><10-6 9.0  2.23 3.91><1o_8 46.0  4.03x40 160 322 3.0140° 223 145 2.86x10°% 353 9.76

361 32.2 -3.90x40°% 17.8  1.81 1.66x10 32.6 4.2 mmmmmcemmmmcmmmme i aeme ool I
TTTTTommmommmmmmooes P o SiF 202 57.5  9.48x10°° 16.8 3,43  —— ——  1Leixi0t
Si3A 204 56.9 2.82)(10-7 15.9  3.58 9.79><10_15 56.2  6.66x10 2797 425 155107 473 246 L8600 437 1.94x10?

274 42,4 2.65%10 : 16,5  2.57 7.74x10 S a0 7.95%10 156 32.6 94010 163 2.00 L2ax10” 326  5.39

362 32.1  4.48X407°  45.8 2,03 6.83x4077  32.2  2.42 e mmmemmememimmmmam e e e aie e mamaal
TTTTToTrmmommmnooos o Tttt SRR GaAs 204 56.9  1.03x10°%  3.41 167 1.46x10°%8 555 B
E:cahA 92 126 5.35><1o_9 14 L4 133107 67.1 - A-20 . 025 550107 644 692 5.52¢10°20 43.0 L

204 56.9 2.23><1o_8 8.7 3,04 4.26x107% 57.6 - 265 308 3400000 105 3.04 242401 30.8 o

274 42,4 432x40°% 194 2.22  2.03%10 42,2 s.axa0% ool L L

362 324 3.68x40°° 187 .72 5.44x1077 32,0 6.4 GaAs 202 57.5  1.26x10°1 226 2.54 1.24x40°%7 547 3.89%10°
""""""""""" T A2 5q4 42.4  6.35x40 M 203 2.09 73340721 425 2.35%10%
Si1B - 90 429 84010 425 0.4 T e T uemao 357 32,5 129107 5.6 2.08 3.44x10 % 28,6 3.24x10°

202 57.5  3.46x10°° 43.9  4.14 1.05x10 56.9  1.03x10

274 42.4 1.03)(10-5 5.2 . 2.79 1.41X10-13 419 2.14 a, Runs for which I and A, were deter‘mined directly.

365 31,8 1.23x107% 15,8 2.01 3.40x10°8 31,9  1.02x10"?

_8L—
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The diffusion reverse saturation current was calculated from a modified . -

" 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 with the result that the diffusion

reverse saturation current is given by (see Appendix A)

. T\ t
‘ (Dn)[WhSlnh(f:)+COSh(f;>] : (Dp) ( )
I =¢dAn - + gA S ==). Iv-20
o TN com(Tsn()] | R0
Ly Ly

The material properties used in the calculation are listed in Table Iv.VI.
The measured.andvcalculated values of the diffusion reverse saturation
current are compared in Fig. IV.10 for the O.5cm2 cells and in Fig.

Iv.11l for the 2cm? cells. The magnitude and temperature dependence are
seen to Ee in'éood"égreement for both cell sizes. In addition the

values of xm are compared with A = q/kT in Figs. IV.lEIand Iv.13 for;the _
two cell sizes. Agailn the agreement is seen'tb be good at all tempera-
tures except liquid nitiogenvwhere the measured poinﬁs fall qﬁite close
.to the curve for A = 2. This is in agreement with the prediction of Sah,.
Noyce, and Shockley53 for the high injectio# level conditioﬁ of a diode

(see Appendix A) where the current is given by

g = 5/2<——-—E)A n;exp(MV,/2), | (w—él)

1 , o
D+ Dpl)/(Tpo + 1_ ). The constant in Eq.(IV-21) was

2
where I =(
o n no

calculated using L = 1.01X10 Sem and n; = 8. 88x10™cem™ in addition to
the same set of'materiel properﬁies employed in the calculation of Io |
for these cells (see Table IV.VI). The calculated values and the
experimental results are babulaued below, and the agreement is seen to

be relatively good in view of the rather large experimental errors.
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Fig. IV.10. The diffusion reverse saturation current for the 0.5-cm
p-on-n Si solar cells.
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Fig. IV.11l. The diffusion reverse saturation current for the 2-cm
p-on-n Si solar cells.
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Fig. 1Iv.12. The ideal exponential factor,xm, for the 0.5-cm p-on-n
51 solar cells. ‘
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The ideal exponential factor, xm, for the 2-cm p-on-n
solar cells.
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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,

Cell type p-on-n n-on-p
T(°K) 200 250 300 350 200 250 300 350
t(cm) 2.00x407%  2.00%107  2.00x107*  z.00x107*  2.00x107f  2.00x10  2.00x107*  z.00x107*
N (cm ™) 1.00x101®  1.00x10%6  1.00x10%®  1.00x10'® 1.50x10'7  1s0xa0!7  1.50x1017  1.50%1017
D" 5 15 15 16 16 17 17 17 17
n_(cm™) 9.84%10 9.84x10%%  1.00x10 1.00x101®  1.50x10 1.50%10 1.50x10 1.50%10
B, lem™) 12301077 2.43x10°1  4.40x103  5.44x10®  1.24x10°8  2.39%10°2  4.40x10%  5.44x10°
7, (sec) T 1.00x10°®  1.00x1078  1.00x10°®  1.00x10°® s.00x10°®  5.00%10°8  5.00x10°8  5.00%1078
Dp(cmz/sec) 4.57 5.10 5.95 5.86 2.73 3.44 3.88 4.15
L (cm) 2.44%1070 2264073 2.44%407°  2.42x407°0  3.70x407%  4.15x40°%  4.40x107f  4.55%107%
P .3 17 17 17 17 16 16 16 16
N (em ™) 4.44%10 4.44%10 4.44%10 4.4ax1017  2.01x10 2.01x10 2.01%¢10 2.04x10
-3 17 17 17 17 16 16 16 16
p, (em™) 3.19%10 3.72%10 4,00%10 41451017 1.97%40 1.99%40 2.00%10 2.04%10
npo(cm"3) 3.78%1077  6.42x1073 - 1.10¢10%  1.31x10°  6.14x10°%  t.20x10°%  z.20x10°  2.73x10®
7_ (sec) 5.00x10°  5.00x10%  5.00x107%  5.00x10°® 1.00x107®  1.00x107®. 1.00x107®  1.00x107
D_(cm®/sec) 4.78 6.33 7.80 8.94 1,00%40 1,47%10 1.63%10 1.66%10
L_(cm) 4.89x107%  5.64x107%  6.24x107  6.70x107F  3.22%1070  3.83x407>  4.04x107  4.08x1073
s(cm/sec) 5.00x10°  5.00x40°  5.00x10°  5.00x10°  5.00x10°  5.00x10°  5.00x10°  5.00x10°
7, (ampem™?) 4.65x10°%%  9.59x10""7  4.86x107"? 2.28x10°7 442510723 1.00x10° %8 1.92x1071% 2441077
ND’ NA, n, P — obtained from the assumed room-temperature values of o, and p_.
Pnos Npo — obtained from the values of n, and Pp and the temperature dependence of niz [F. J. Morin and
3. BY Maita, Phys. Rev. 96, 28 (1954)]. ’ :

'r.p, o ‘— assumed values. )

D_, D, —determined from the room-temperature values for mobility [M. B. Prince, Phys. Rev. 93, 1204

p( 1954)], the measured temperature dependence of the lattice scattering mobility [G. W. Ludwig and R. L,
Watters, Phys. Rev. 101, 1699 (1956)], and the theoretically predicted temperature dependence of the
ionized impurity scattering mobility [E. Conwell and V, F. Weisskopf, Phys. Rev, 77, 388 (1950)].

s , s_— assumed values,
np
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" Cell log Io,calculated log Io,measured
SilD -28.488 -256.8% x 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 & and Iol for the non-ideal exponential term are
pnesented in Figs. IV.1k and IV.15 in the form of ratios to their ice
bath values. Figure IV{lh shows 8(T)/8(273°K) for both large and small
" cells where the solid line corresponds to 8®=\/2 as is expected for
inversion layer’and Junction fecombination-generation currents over the
intermediate voltage region. The results are seen to exhibit a nearly
temperature independent behavior with &(T) for the individual cells show-
ing both slight increases and decreases with increasing temperature. The
results are in better agreement Wwith the temperature dependence expected
. of tunneling currents. Figure IV.15 presents the results obtained for
the ratio [Iol(T)/Iol(273°K)] where the curve represents the current
ratio calculated for the non-ideal term consisting entirely of the‘Irg;
The current due to recombination of electron-hole pairs»in the Junction
is given by Eq. (IV-6) with -

. E 3 37 . E

g 2mk=z.z [ g
n, =\/N&Nce kT = 2( ee )2 Tgexp( QKT). (1V-22)
h -

In the intermediate voltage region, Eq. (IV-6) becomes

-
- AV AV, = ’
5/2_ = 2kT 3 S0 :
I =~ CT —) = — ) -
re e exp(—57) = Iy, exp(5) - (1ve2p)
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Fig. IV.1lk. 6(T)/8(275 °K) for both sets of p-on-n Si solar cells.
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Fig. IvV.15. Log [Iol(T)/Iol(275°K)] for both sets of p-on-n Si solar
cells.



. | -88-

vhere

2
24 (‘”’ﬂ‘) 2 (V)

- C = : £(b), o o : (Iv-zi»)'

T 1 (Y.-V.)
PO no

and all the terms in C-are relatively insensitive to temperature.

Therefore the effective reverse saturation current ratio is given by

(T) E ' o
rg - ( )5/2 T -T ] ) ' ( IV-25)
LT T ol T8 |

It can be seen that the ex?erimentally measured points deviate sub~
sténtially from the calculated curve. It is quitelevident”from Figs.
‘IV.lh and IV.15 that the edge etch was not able to produce a non-ideal
I-V characteristic which closely approximated either that for a.surface
‘layervcurrent or a j;nction recombination-generation current. Table .
V.V shows'that the maggitude of & and‘Iol.do howeyef_changeISubsequent.
to the etéh for Si3A with Iol décreasing‘by about a fagtor of fi#e énd
'® increasing by approximately 15%. As far as the restlts for this oﬁe
cell can be interpreted as Being representative of the set, it is
evident that the pon—ideal curfent term is related in some degree to
the surface state of the device.. The temperature depeﬁdence of o ,-the
structure in the low temperatﬁrg I-V characteristics, and the changes
subseqﬁent to etching indicate that tﬁe dominaht contribution to the

non—ideal‘cﬁrrent 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. Tt was found that in a number of tﬁe test runs for

the n-on—p cells the‘ﬁagnitude'pf the non-ideal current term Was much
less than the ideal current term. This made 1t possible to.directly

fit the high voltage fegion of the measured I~V characteristic with the
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ideal exponential relation. Therefore the errors associated with the
defermination of Km and.Io for these n-on-p testlcells were much less than
those associated with the fitting technique uéed for the p-on-n. Si

solar cells (i.e., fitting the @ifference between the measured current
and the non-ideal exponential current with the ideal exponential relation-
ship). Typical errors associated with such a fitting process are listed
in Table IV.IV for SiL (unetched) at 274°K. The non-ideal term of the

I-V characteristic was theﬁ 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 IO and §:. TFor the case of Sil at 274°K the errors listed in

1
Table IV.IV are seen to re quite close to those for the p-on-n Si cells.
vFigure Iv.16 shows fhe fit obtained for Sil at 202; 274, and 360 K.
These fitted I-V characteristics are seen to deviate only slightly from
the measured points but still enough to show a weak struéture which
becomes moré pronounced as the temperature decreases.

In Fig. IV.1l7 a comparison is made between 8=K/2 and the values
obtained from the measured charécteristics for the two n-on-p Si cells.
As for the p-on-n cells the experimental results show that the exponential
factor, 8, is only slightly tempefatufe deﬁendent. The experimentally
determined ratio of the effective revérée‘satPration curreht, Iol(T)/Iol
(273°K), is compaféd in Fig. IV.18 with that for Irg as calculated from
. Eq. (IV-25). The agreement is good at the higher temperatures, but a
substantial deviation was found to exist at 202°K. Despite the agreement
at high temperature; it is high;y improbable that Irg is the dbminant
contribution to the non-ideal term in light of the discrepancy in the

observed température'dependence of B&.
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I

The values of R 3, Io and xm used to fit the I~V characteristics-

SH “ol’ _
for the n-on-p Si cells are listed in Table IV.v.” It is evident from

Figs. IV.17 and IV.18 and Table IV.V that the edge etch on SiL had

little effect upon either the magnitude or tempefature dependence of

Iol and o.

The diffusion reverse saturation curreﬁts obtained from the measured
characteristiés for béth cells are compared in Fig. IV.19 with the current
calculated from Eq. (IV-20) (indicated by the solid curve) and the
agreement is seen to be reiatively good. The material properties used
for the calculation are listed in Table IV.VI. The exponential factor
km.is compared with A=q/kT in Fig. IV.20, and the agreement here is

guite good.

s
¢

3. P-on-N Gads Celis. The three terms of the I-V characteristics

neasured 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 materialiproperties typical of the GaAs solar cells used in

this study are not as well known as those for the Si cells, and as a

-

result the magnitude of the measured diffﬁsion reverse saturation curients_
was not'directly compared with theoretical calculations based upon
" Eq. (IV-20). As an alternative the temperature dependence of Io was

compared with that predicted by Eq. (IV~2) using Roo = n?/N‘, o ='n§/N ,

o . 2 _ Y D o3
Dn,p = (kT/Q)“e,h and n; = Nchexp(- Eg/kT) = aT’exp(- Eg/kT). Also making

use of the carrier mobility temperature dependence for GaAs; that is,

-1 -2,
ko T T and wa T 1,52 Bg. (IV-2) becomes
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3 | Eg
I, =CrT exp{ - E”)’

(1v-26)"
and the ratio of the diffusion reverse saturation current at temperature

T to that at ice bath is

I(T) e _'3 o | o
10?2750K) = (2750¥>» exp;x(273 K)Eg<275 K)-MTES(T) ] - (IV-27)

A linéar temperature dependencé was assumed for fhe forbidden energy
gép using the éxperimentally measured values of Eg(300fK) =.l.h0 eV and
Eg(90‘K) = 1.47 V.’ A linear extrapolation was made using this data
to find Eg at BSO'and 400 K. In Fig. IV.21 the measured_ideal exponeptial
| factor, Km’,is cémpared wifh k:q/kT (indicated by the solid curve) and
' tﬁe agreemené‘isvseen to be good} The temperature'&ependence of the
' :reverse‘éatﬁrétionvpuirent as given by Eq. (IV-Q?) (thé solid curve in
Fig. IV.22) and the‘ﬁeaéured values are seen to bé in relatively good

agreement.

In Fig. IV.23 the ratio‘8(T)/8(273°k) for the‘two cells tested is
compared with that for 8=k/2. Thé_reéults fof_GaAs A-20 show‘np
reéemblénce to the theoretical curvé and in fact.show a marked deviation
from the results’ of all the other cells tegted. ‘This behgvior ﬁay
possibly arise from the presehce of some form Qf'shunt‘conductance
current path which could not be treaﬁed properly with a simple shﬁnt
conducténce. Further application of the edge etch techﬁique described
in Section IV.B might have brought about a similarity in the I-V
charactéristics-for this cell aﬁd those of GaAs A-22, ~'.fhe results for
GaAs A-22 are seen to be in good_agreement With:£he tﬁeofetical cﬁrve
above 2T4°K but.show a deviation at 200°K. The non;ideal effective
reverse saturation current ratio is presented in Fig. IV.Qh where the

results for gaAs A-22 also agree well with thelthedretical curve above
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274°K and show a substantial‘deviation at 200°K. The theoretical curve
as calculated froﬁ Eq. (IV-25) applies to the Irg' It is therefore

. apparent that an additional non-ideal current contribution becomesv
important for T < 250°K. The results for GaAs A-20 are again seen tg

be in poor agreément with the calculatéd curve. The values of RSH’ Iol;
5, Id,vand Km used to fit the I-V characteristics for the p-on-n Gals |
~s0lar cells are listed in Table IV.V, and the curves thus obtained are
shown in Fig. IV.25. It was possible to fit the measured I-V character-

istics reasonably well although a structure in the curve is noticeable

at the lowest temperature.

4, Series Resistance. As mentioned earlier the series resistance of

each cell was obtained from the displacement of‘the diode I~V character-
istic with respect to fhé 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

LT
s I

(1v-28)
A number of the cells tested exhibited a series resistance which

was dependent upon‘current (see Fig. IV;26),‘_This behavior is a resuit

| of the fact that the surface region-junction interface is hot an

equipétential surface. Ai the current is increased, the effective aréa

of the junction‘decreases (this was discussed in Section IV.A) as doeé

the length of thé.surface region path through which the current must

pass. In this way the contribution to the seriés resistance afising from

- the surface region decreases With incfeésing bias. For large short

circult 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 measure
effective series resistance will 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_éurreht
increases and tends toward a constant value. This indicates that a
voltage in excess of open circult voltage must be applied to the surface .
région-junction‘combination in order to pass a current equal in magnitude
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 chénge cannot be explained on»the basis of resistivity
changes alope. In Fig. 1v.27 the effective series resistance is
presented for one cell from each of the four cell classes tested..)

Both GaAs‘and Si p-én—n Cells-show the éame Qualitative shape, while
wihin experiméntal error the n-on-p Si cell exhibits a constant seriés
resistance. The ;saturation series resistance (that is, the series
resistancé determined in the high current limit) for each of the cells
tested is presented in Table IV.VII. The,éeries resistances measured for
Si51CB are seen to be greater than thése for the other p—oﬁ-n Si cells

which is to be expected since Si5I1CB was the only ungridded cell tested.

D. Conclusions.
We had initially hoped for a unique determination 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,

Temperature ( K)

Cell 90
SiM 21,0+1,7
Si51CB -———
SiN 20,0+1,5
Si3A ———
Si3A (etch) 37.0£2.9
SilB ' 2.50+0,22
SiiD 5.40+0.60
SiL -——-
Sil, (etch) -——
SiF -——-
GaAsA-20 -——--
GaAsA-22 ————

200 275 360
| 4.80+0.60 1,800, 36 1.800.27
32.0+1,6 4,30+0,34 2.30+£0.21
6.00£0,66 2,10+0.48 1,20+0,25
11,2+1.1 3.20+0.64 1,40+0,31
12.0£0,9 2.75+0,50 1,70+0.31
1.40£0,12 1,00£0.09 0.81+0,06
1,50+0,11 1,00+0,10 0.65+0,06
6.50+0,88 1,00£0,15 0.63+0,07
6.30+0,63 0.95+0,19 0.65+0,07
42,0+1.6 - 2.30+0.09 0.70+0, 04
2.20+0.42 1.80+0,45 1.60+0,24
0.90+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 types tested the ideal current terﬁ was isolated
from the measured I-V characteristic and found fo be in relatively good
agreement with theory. Tbe deviation of the measured ideal current term
from the simpie exponential relation employed for the ideal term in
Eq. (IV-10) arising from the incomplete use of the junction (associéted
with the IRS voltage drop in the surface region) was not discernible since
- the limiting effective junction area was estimated to be of the order
of 10 to 20% of the tétal Junction area (the electrical contacts cover
approximately 10% of the front surface). ‘Variations éf this order of
magnitude fall Well,within the quoted experimental error.

The junctionIrécombination—generation current mechanism and/of‘>
the surface inversion layer current mechanism were found to make a minor
contribution to the méasured non-ideal_cﬁrrent term for the p-~on-n Si
solar cells. The observed.temperaturé’dependence of the non-ideal
exponential facfor was found to be approximately that expected for the
" tunneling Qurrent mechanism, aithough the magnitude of the measured
curve could not be compared with 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 exponéntial factof for the p-on-n §i cells. These results are
consistent with a tunneling current mechaﬁism. which is dependent upon
the surface state of the diodé since it is possible that the concentration
of eﬁergy states.contributing to. the tunnelingvprocess undergoes a sizable

change upon etching, wheresas the barrier penetration probability remains
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virtually unchanged. This indicates that the tunneling process must

be, in part, associated with‘energy stetes exieting in a surface
in?ereien layer or in'thevsurface regioﬁ. The iatter is a possibility,
;since iﬁ was nbt.practicable to completely elimiﬁate etching of those
regions of the frent surface bordering the cell edges. .It tﬁerefore
appears reasonable to assume that the non-ideal cerrent term_is primerily
dﬁe £o tge tunneling current'mechanism for the p-on-n Si solar cells.

The results obtained for the>n—on—p Si solar cells were also not
consistent with the junction recombination-generation current mechanism,
aithough the discrepancy was not as great as,for‘the p-on~n_Si cells.

' The temperature depenaenee of the non-ideal exponential factor, 5,
-indicates that the non-ideal currenf term may well be controlled by the

. tunneling currenf mechanism. The negligible effect of fhe edge etch

upoﬁ the effeetivevreverse satufation current and the nen—ideal-exponential
factor for the n-on-p Si solar cells is consistent with evcurrent mechanishv
‘?rimarilyicontrolled by thelbulk meteriel properties. |

The non;ideal term measured fer one of the p—on-n_GaAs solar cells
was fouﬁd to agree well with ﬁhe junctioﬁ recombinaﬁion-generation
mechanism at the_two higher testvtempereturee.' The reeults show that

'another'currentﬂproducing mechanism enterseaf QOG*K, and the measuredv

' temperature dependence of the nen-ideel exponential factor ihdicates

that ﬁhis may be the tunneling current mechanism. It was therefore
concluded.that fhe.non—ideal term was composed of»these'tWO current

4 producing mechanisms which is‘in agreement with the coneiusions afrived
.at by M. F. Lamorte35 in 5 etﬁdy of the solar energy con#ersien 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 uss of ﬁhe junction will have a marked effect
upon the measured I—chhargcte:istic of this tefm. This results from-
the non-uniform surface region properties of solar ce;ls as ovserved by
Queisseru9 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 theirAdetermination is guite 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.(TV-10) is substantially
different from thatrfor Jfg and the form for a tunneling current is
not even known in the low voltage 1imit.

.The series resistance of the ungridded p-on-n Si solar cell  was
- found to be greater than that for the griaded'cells. This is to be
expected,vsince the gridded cell makes more effective use of‘the Jjunction
area thus allowing a larger current to be péssed at a given voitage
than its ungridded éounterﬁart. The obsérved temperature dependence
of the series resisftance was greater than that expected from resistivity
congiderations alone. The rather high series resistance measured for
some of the cells at low temperatures'possibly arises from poor electrical
contacts, since in a number of the test runs at LN temperatur§ the
surface or base reg%on electrodes separated from the cell and produced

Iy

an open circuit.
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V. ALPHA PARTICLE BOMBARDMENT OF SILICON
AND GALLIUM ARSENIDE SOLAR CELLS

A. Tﬁeony;

In Sectioﬁ 11T tﬁe performance of an C-voltailc deviée was énalyzed
for an incidernt alpha flux normal to the diode surface. For the
practiéal situation descriﬁed in this section; namely, a Si or Gals
solar éell exposed to a thin‘film of élpha emitting material.but not
in direct contact with it, the angular distfibution of the incident
c-particles is neither isotropic nor normal incident but falls éome—
where'betweeﬁ these twé limits. In additibn, for the experimental
work described in this section the sourée is circular and the test cell
rectangular, resulting in no radial symmetry. Howevér, in the latter
part of this section the a-particle flux incideﬁt upoh a test éell is
calculated by repiacing the rectangﬁla? cell with a circular disk of
the same area. This has the effect of'overestimating the magnitude of
the a-particie fiux incident upon the test cell.

in light of this symmetrizing step and fhe fact that an éxact
determination of the stopping power law for a general angular distribution
of the incident d;particles is quite complicated, we decided to analyzev
fhe experimental results ofifhisvsection on the basis of the formulation
of Appendix B. The effects of the incideﬁ£‘q-particlé angular distribution
and specﬁrum ﬁidthhare estimated in Séctioﬁ 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 funetion of track length_for'hMeV o particles.(this:is the energy
of the O-particles employed in this work, see Secﬁibn V.Cj was then

determined from a numerical integration of the stopping power curve of



Fig. 3.18, and.the result is presented in Fig. B.20 of Appendix B.
This figure was then used in. conjunction with Fig. B.lO to obtain the
.spétial variation of the electronic stopping power [dqx(x)/dx]ei which
is reﬁresented by the solid curve in Fig. V.l. As in Section III.B the
electronic stopping power was approximated by a polynomial in x (see
Eq. (ITI-22)) where the method of least squareé Was used to find the
beét it which is shown by the dotted curve in Fig. V.1l. The enérgy
required to produce an electron-hole pair was again assumed to be a
constant aléng the ¢-particle track length'(thevvalue of 3.55 eV was
again used) so that the spatial production of electron-hole pairs is
given by |

ga(x) = /%[dEa/dx]el = a+bx+cx2+dx3+foL (v-1)
where the values‘of the constants obtained from the least squares fit:
for Eyo % LMeV are listed in Table ITI.II. The resuits of Appendix B
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 productioﬁ rate was found to be

Bl (x) = Nan(x)ax. - - (v-2)

Figure B.16 of Appendix B shows the number of lattice displacements
produced by an ¢ particle of energy @1 per;unit track iengfh. Using this,
the spatial production'of lattice displaceﬁenfs per inciaent o particle,
nD(x), was determined and is shown in Fig. V.2. Followihg the suggestions
put forth on pages'25 and 29 of Section III.C, the average number of
lattice displacements produced per incident o pafticle vere determined
for the surface region and base region‘from Fig. V.2. Consideration
of Fig. V.2 resulted in thé deéision to divide'the_basevregion into

three sub-regions (a lightly damagéd region, a high damaged region, and
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aﬁ undaméged region) each with a different average lattice displacement
prédgction, whereés the surface region was characterized by a sinéle
average lattice diéplacement production. The division of‘ﬁhe base reglon
is indicated by thevdoﬁted lings in Fig. V.2. The average.values aré

then found to be

2.58ﬁl for 0 < x < d; (surface region)

D
Eb = 8.885l for d, < x < d »(lightly damaged base region) (V-3)
Eb = 2h9p for d5 <x<4q) " (highly damaged base reglon)
ﬁb = 0 for @) <x (undamaged base region).

The I~V characteristic for a solar cell under a~particle-bpmbard-
 mént'was'obtained from a éolution of the minority carrier diffusion
équation épplied.to[the’surface region and base region where'Naga(x)
was used as the minority carrier source term. Details of this develop—
ment can be found.in'Appendix C. The sﬁrface region and the three sub-

reglons of uhe base reglon were cnaracterlzed by dlf;erent effective

dlffu31on lengths In Section III.B the effective diffusion length L

- was found to be related to the average defect center concentration

(assumed equal to the lattice displacement concentratlon, HD ?gt) 5
: , : : X
through the relation .
%5 = -l—§ + Ke(t) - (v-L)
L L ‘
O A
where K = vo /DA . The alpha generated current was- found to consist

cp” D

of independent terms from the surface region, the junction, and the
" lightly damaged sub-region of the base:fegion.f The analysis was carried
‘out for a p-on-n solar cell with the result fhaf the alphé generated

current is



N
! (dl) nn

T /qN =L {'[x a >'"T_—7' - L x (dl)] 7 (di)
n .

[X(O)YLX( )]}

R (D

+ [H(ey)-H(a;)]) + T { (x,(a )———(—; | pf%(de)]

- EX (a5)+1 X1 (4] % - (v-3)
where D = (a3 - d2), t=(q - da),'and the re@aining quantities are
defined by Egs. (ITI-30) through (III-37). In the derivation of
Eq. (V-5), the current contribution from the highly damaged sub—regidn
of the base region has been neglected. This is quite reasonable for the”
damaged state of the soler cell, since this region then becomes a strong
sink for excess eleét}bn hole pairs. Even in.thé undemaged state this
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 damagéd_sub-region which is the
‘farthest removed from the junction) in which case the fractional

contribution from this sub-region is

".H(%)» 1 o7sx10®

.075X10
F_=1 - =1 - =222 - 0.0l3 - (v-6)
I H(d),) 1: 123x10° S

where Eq. (III-33) gives H(x) and the fitting constatrits of Table III.II
were used in the calculation. The error introcduced by negiecting the
highly damaged sub-region current contribution will therefore always
be less than about U%.

In the undamage - - L .= B}

n the undamaged state (that is, LpII LpI Lpo) Eq. (V-5)

simplifies %o
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. d;) (%, (0)=y, L X (0)]
ot -] Ity - ate] - o)
Lin 6 =
+ [H(dé)-H(di)] + Lo (U (p) U (85)exp (- =) 1 (v-7)

po
where Ub(x) = Xb(x) + IbX£(x)}

t an exposure level for which the base region properties gré sub-
stantlally changed whlle.tle surface region properties are virtually
unaffected (this condition is indeed realized since the surface region’
has a much higher impurity level_and'cofreépondingly shorfer minority
carrier lifetime than the base region), Eg. (V-5) can be simplified.

'For LﬁII < t/2 = l.ép, Ai and Ag'become | ‘ ‘ ,

ty (7-8)

o = cosh( )(lT;pI;) z‘cosh(L
' pII no pII
. and '
: - L .L . L . ; :
A, z_cosh(LJC )( pIFLpI )~ LPI cosh(Lt -) (v-9)
‘ pII “po TpIT pIT. pIT ‘ ‘
since L <L _.<I . 'Also if L _'< D/2 = T.T5u, we find that

pII pl ~ Tpo’ R Y §

‘ o Lot TR R -
'PP(D) cosh( )cosh@:**)[l ] cosh(L )cosh(i——)(ig——), (Vv-10)
pII . pIL : pII pI "pII .

, (v

and

' A o L
t .
R (D) ~ cosh(z Jeosh(z-) 1+LPI ]~ cosh(z t )cosh(i-D-)x(LPI ). (V-12)
- TpIT  TpI  CpIT . . TpII pI  “pII ’
: / . D ’
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Then the base region contribution to the alpha generated current

becomes

| | ' [x (a,)+L % (a)) Lot
/N =L, {rx (d L _Xr(de)] . R 3 -?Iyn% (LpI_)}
I

cos%(

C—Of lo; RR T cosh(i;)_.) 0
I .
: ‘ . L
= LpI[Xp(d2>+Lpf(£)(d2)] I LN D( (d3> DIXp(dB)] | (V-15)

pI

. - . LN 2 .‘o_‘_ t :,'1‘ :d
Therefore, in bhlS 1imit tha LpII < LpI < Lpo’ Ln Lo 17

LpII < t/2, and LpT < D/Q the alpha generated current is given by

) [X_(0)-y 1 X' (0)]
(T /¥ g JL{Ex(dl)—(—T LX(a)] - XT(a) }

+[H(ay)-H(a;) T+ { Lo B (ag)+L X (dy) ]

L
- R px (a ) e )1} - (v-14)
cosh(———) .
pI '
Further consider tion of the condition that L T < (d3~d ) R, allows
us to approximate ga(x) with the constants gos and g_, for the surface
and base regions respectively, since the electronic stopping power is
nearly constant over the first feW'microns of the a—particle track

(see Fig..V.1). Therefore, the base region contribution to uhe alpha

- generated current becomes

IT, 1 | -
(I,/a, fl(" ) 1~1 -8 (V-15)
pI ob I’pI COSh(?E—) pIob i
T
pI
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and. Eq. (V-14) becomes

Teo . [N (d )-1] : iy
g§_ = gos”RTTE"T"" + [H(d )-H(d )] + LpIgpb (V-16)
3 a .

The current contributions from the surface region and the junction
region are approximately constant for medium exposure levels so that
" these two terms can be replaced by a constant, Ic' Then using Eq. (V-1)

in Eg. (V-16) yields

1 1 1 = : |
EET—u;_Sﬁ. = RN [ 2 + KO (v-17)
Go” 9 V8o po

o 1 o
and when -7 1s small in comparison to K& (u31nf L oI Lpo in Eq. (th»:

Eq. (V—l7)Lgecomes f”

CESIRL 1/2 -1/2
_ obiy _ = )
T —.Ic + -y 2] o= I, + X6 R (v-18)

-1/2

'I‘herefore'Ic and K can be obtained from a plot of Iai versus. @
The applicability of these limiting equations will be discussed in

connection with the experimental results presented in Section V.C.

B. Experimental Method.

Irradiations were.pérformed uéing p-Gn-n andvn;onQp Si solaer cells
and p;on-n GaAs solar ceils;”which were ﬁufchaééd from commercial |
sources. The Si cells were IRC type lOéO with rated solar efficiencics
of 9% and il%, thle the GaAs cells were RCA type XSC1l00 with a rated‘
" solar efficiency of approximately he, . frior to méunting-in the
irradiation chamber, all the sample célls received identical treatment.
Thesample cells first received an'eﬁhyl alcohol wash waich was féllowed

by a distilled water rinse, and finally they were dried in an air jet.
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The air jet was used.in order to insure the removal of éll'liquid from
the narrow region»betweén the rear surface of the cell and the mqunting
plate,

| Before being placed in the bombardment chamﬁer, the sample cells -
were séldered onto a two-inch square copper or'brass mounting plate
.using a conducting.silver impregnated glue. The copper mounting plateé
wére 5/32-inch thick and the brass mounting plates l/l6-inch thick.
Owing to tﬁe fact that the irrédiation chamber was situated in a glove
box, it was considered desirable to perform the preparation and solder-
ing steps outside of the glove box. qusequeht to soldering, the mount -~
ing plate ahd attached cell were passed into the glove box and bolted to
the top of the irradiation chamber.

The irradiation chamber consisted of a éylindriéél brass vacuum -
chamber with a source holder containing the source affixed to the
chamber base. Through the chamber top wa.s passed a rod and an éttaéhed
shield plate. The shield could Bé inserted between the sample cell and
source by rotation of the rod in a sealastic fitting. The irradiation
chamber is shown ;/in Fig; V.3 and V.h4. When meésurements were made at
200°K, it was necessary to heat the rod and sealistic fitting with
heating tape in order to maintaiﬁ the desifed chamber preésure.
| An opgrating‘pressure of approximately 100 microns was chosen fo
insure negligible O-~particle energy loss in_thé path length between
source and sample and to minimize the poséibility of water vapor adsorption
on the sample cells during irradiation. |

An Americium 241 @-~particle soufce was used fof 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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MU -35549

Fig. V.3. Diagram of irradiation chamber.
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ZN-4828

Fig. V.4. Photograph of the irradiation chamber, the fluid container,
and the glove box interior.
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into the sourcé holder unit and held in place with a retaiﬁing ring.

The source was calibrated in position in the vacuum chamber and found

té have an activity of (5;5i0.l) millicu;ies.h8 The calibration was

acéomplished by attaching to the chamber bottom é“long:cylindrical un;t_

containing an ORTEC SBDJO25 Si solid-state detectpr.' The solid state
detector was attached to a rod (locatéd_on the centrdl axis of the
cylindrical body) which had approximately two inches of axial travel.

This allowed %he detector to be situated.far enough from the source

éo‘that-the electronic counting equipment employed was not saturéted.

. Counting rates were measured for a number of source—detector separations
and used in cdnjunction'with a machine calculation to determine the
source>strength.,"f |

Both the Si ané GaAs solar cells were irradiaﬁed at temperatures
0f?é73°K and 200 °K. Avstyroanm‘containef was-uéed to hold the

_ irradiation éﬁamber in either -a distilled water and ice soiution at

 273°K or a dry ice.and éfhyl alcohol solution at.approxima£el§ 2CO°K.

' The opérating tezr}pe_i*ature; radiation exposure‘level, ' and otﬁer propertieé

for gach cell‘arqvpresentéd in Taﬁie VfI. |

The initial‘plag‘wgs_to irradiate the‘éolaf cells;ﬁngil the shorf
circuit cufrentlhad dé&feééed by a factor/bf‘five which should correspond

;  to a decreasé'infmaximumiefficiency‘ofVmore ﬁhan én order of magnitude.
This was easily reélized in‘g onefday fun'for;thevp-on-nisi cells, whereas v

the n—oﬁ;p Si gells reQuifedha Fwo—day exposure‘ﬁimé. 'Fof the p-on-n “
GaAs cells, an exﬁosuré‘fimé‘éf ten days ﬁas required in érdér to attain

' the desired reduction in short circuit current. 'Three.ofvthe 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.

Ratfed. solar(a) Test i’f}:{s(‘gz)

efficiency temp 12 Symbol used
Cell Type (%) (°K) (x10°7) infigures
Si P p-on-n 11 275 0.753 O
Si H p-on-n 11 200 5.94 O
Si 4 p-on-n 11 275 1.21 V
Si G p-on-n 11 200 0.812 A
Si O p-on-n 9 275 1.11 O
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 A
SiJ n-on-p 11 200 1.40 B
GaAs A-21 p-on-n 4 275 7.11 ©
GaAs A-22 p-on-n 4 : 200 5.60 0o

Manufacturers' estimates of device properties:

Si p-on-n; junction depth of 1p to 2p, I_.nz 1u, Py = 1Qcm. ,
Lp ~ 10p to 100y, s = 5,000 cm/sec.

Si n-on-p; junction depth of 1p to 2p, L = 1y, Pp = 1Qcm. ,
L_ = 10p to 100k p

GaAs p-on-n; junction depth = 1p * 10% (never more than 1.5u),
p_=2.3x101%m.-3, L =0.5- 1.0,
P n 17 -3

s =~1,000 - 5,000 cm sec-1, n %10 'cm. ~, L_=1-3p,
n n P

{(Zinc diffusion)

{a) Cells are rated at 10_01'nW/cm2 input photon energy flux. At an
equivalent input energy flux for an alpha-voltaic device the
results of Section III predict n_ = 14.5%.
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‘Each experimeﬁtal run started when the shield plate was rotated
S0 as'to.QXpose'the samplé.cell'to thé alphg flux. At this time the
opeh ;ircuit Qoltage'and short circuit current were measured in rapid
succession. This was.followed by.a number of coﬁsecutive measurements
of the.short circuit current during the time interval when this short
circuit current ghangés rapidly. The open circﬁit‘voltage was read
less frequently during the same time interval. At such time as it
became possible, thé complete I-v charactéristic Wwas swebt.out wi@h an
XY recorder.v Periodic-measurements of the open.circuit volfage and
short circuit current continued betweeh measurements of the complete
I-V characteristics. In addition- the short circuif current was
continuously monit;red usiné a Bristol.éircular recorder. The short-
vcircuit current«was’measured by way of'fhe'voltage drop écross a ;
calibrated pfecision resistancef The open circuilt voltage was measured,.
“with thelcircular recorder for values less than 100 mV and with dn
electrometer~voitmeter digital;voltmeter‘éombihation for values greater
- than 100 mV. 'In effect, the electrometer voltmeter was used as an
impedence transf@rmer, since the‘digital Voltmeier had a relatively low
input impedence but a much greater accurécy; In the méasurement of the
compiete I-v éharacteristics thé ouﬁput 6f‘tWO electrometer voltmeters
were used to drive- the cd-ordinates of an X-Y recorder; The random aﬁd'
;ystematic uncertainties arising from the use of these measuring dévicés
are listed in Table V.II. The circuit"used is shown in Fig. V.5 aﬁd
Ithe-equipment used in Figﬁ V.6, |
The dark I-V éharactefistics were measﬁred two or more times prior

1g>amisubsequen£ fo irradiation for most of the cells. The purpose of

this was to observe any inherent drift in the I-V characteristicvof a
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Table V.IL. Uncertainties associated with the measurement of the dark and irradiated
I-V characteristics.

Measured
quantity

Open-circuit
voltage and
short circuit
current(a)

I-V Characteristic

Dark(®)

Irradia.ted(c)

V(V <100 mV)

"Random +0.2% of F.S. +0.2% of F. S. +0.5% of F. S.
Systematic =0.5 mV =0.5 mV =0.5%
V(V > 100 mV)
Random +0.4 to 0.5 mV +0.4 to 0.5 mV +0.5% of F. S.
Systematic <0.3 mV <0.3 mV «0,5%
(I < 5x10~ 8 a)
Random +0.5% of F. S. +0.5% of F.S.(d)
Systematic _— =2% ~5% (e)
V(1> 5x1078 4)
Random +0.2% of F.S. +0.2% of F. S.
Systematic 0.5 mV =0.5 mV
RI’ Random +0,25% +0,25%

(a) Voltage measured with circular recorder (V < 100 mV) or Digitec (V > 100 mV)
and current with circular recorder.

(b) Voltage measured with circular recorder (V < 100 mV) or Digitec (V > 100 mV)
and current with EH Meter {I < 5><10'8A)or circular recorder (I > 5><10'8A).

(c}) XY Recorder with inputs fed by a Keithley and an EH meter.

(d) Oscillations were observed at times thus leading to larger errors.

(e} Corrected for by calibration with the circular recorder.




(a)

Hastings
thermocouple-type
pressure gauge

Westronics Model
2705 strip-

chart recorder .
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- circular recorder
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(b)

L Bias supply Decade
Irradiation o\o resistance
chamber [ /L box
9
Keithley EH Model 250
Model 2008 electrometer
dc voltmeter | - multimeter
Kinney'KC-5 (}\ ]
Houston Model
vocuum pump T
Dzlgn;cooMo;el HR—96
Digital voltmeter X=Y recorder
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Lire L,
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Fig. V.5.

R,~Oto I, 11l § decade resistance

box

Ry =500~ Helipot
Rz —500- £ Helipot

VoI5V

MU-35550

(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-4829

Fig. V.6. The apparatus used in the measurement of the dark and
irradiated I-V characteristics.
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given cell. Iﬁ‘these measurements the voltage was meaéured with the
circular recorder.for values up to 100 mV and with the glgctrometer
voltmeter;digital volfmeter combination for values ébove'lOO mV, The
current was obtained from the voltage drop aéross a calibrated precision
~ resistance as meésured by the circular recorder for currents greater
than 5de*8A and a micromi&ro ammeter was used to measure lower currents.
The uncertaintigsﬂip these measurementé may also be found in Table V.II.
The ciréuit used for these measurements is also shown in Fig. V.5 aﬁd the
equipmehtvused in Fig. V.6,

.In all butfbnercell the irradiation was continﬁbﬁs. 'Tgis speclal
:éase was SiH for which the dark'I-V characterisfic was measufed period-
" ilcally during expospre. This was accomplished by shielding the sanmple
cell from the aiphé flux during the measurement of each dark I-V character-

istic and resuming the irradiation immediately thereafter.

C. Results ananiscusSion.

The experiﬁéntgi results preéented in this section are, whenever
Poséible, compargd with gheoregical éalculationé for é devicevwith solar
cell geometry (sée Fig. #II.B):“\The éhorﬁ'circﬁit cuirent calculations
aré based upon an incidént d-particle flu¥ thét is_normal to the front
- surface of the solar cell and is assﬁmed to_beAmonoenérgétic. Subject
‘to these'conditioné the short cifcuit current was calculated usiﬁg
. Eq. (V-5) and the electron-hole pair production rate, ga(x), obtained :
from the calculated_electronié stopping power presented in Fig. V.1. |

Pfior to the presentation of theéé-resﬁlts, it is heceésary'to in-
A,vestigate the departure of the actual situaﬁién (that is; a radioisotope

alpha source) from the idealized case used in the calculations.
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1. Alpha Source Angular Distribution and Energy Spectrum. The G-

‘ particle flux incident upon an incremental area of the solar cell surface
is not in prac@ice isotropic as a result of the finite size of the alpha
source employed and of thie separation existing bétweén the alpha sourpe.
and the target solar cell. This separation in conjunction with the size
cf thé‘source and the cell determines a maximﬁm angle of incidence
relative to the surface normal. For the pufposerf this discussion

to be of a semi~quantita£ive nature) it is acceptable to replace the
rectangular solar cell by a disk of equal area. The effective radius of
the solar ceil is then 0.31l4 inches, and the diameter of the source is
0.625 inches. The spacing between the solar cell and source is 0.672
inches(for the l/l6finch thick brass mounting plates) and mey Be in

error by as much as 0.031 inches. This geometrical configuration and the
associated maximum angles of incidence are shown in Fig. V.7(a). Also
shown ;n'this filgure is the maximum anglé of incidence for.the alpha |
flux incident upon an actual test cell. t can therefore be seén that
replacing the solar cell by an effecti&e disc was not a bad approximation.
Figure V.T7(b) presents a rough estimated of the angular distributions

(in three dimensions they would be cones) éxpected at fhe outer edges and
at the center of the solar cell. The masximum angle of incidence occuring
at the edge is approximately 43°, and the axis of the cone is at
approximétely 25° to the inward normal at the surface. At the center of
the cell the cone axis is perpqndicular to fhe surféce, and the angle of
incidence ranges up to 25°. .From tﬁe approximate angulér distributions
of Fig. V.7(b), it is seen that the majority of incident o particles
travel in a direction closer to normal incidence than to the 43°

- 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 o particles.
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approximation to a mean angle of deviation from the normal than 430,
The perpendicular depth of penetration, R', for an @ particle incident

at this angle is related to the range by

L
R' = Racos(éaean

) = 20.3 cos(25°) = 18 by (V-19)
This twg-micron difference should have a relatively minor effect upon
the caiculated electron-hole pair production rate, ga(x) (this can be
seen from Fig. V;l), whereas it may have a substantial effect uﬁén the
calculated lattice displacement productioh rate, nD(x)Nd, over fhe
latter portion of the -particle track (this can be seen from Fig. V.2).
As will become evident later, the calculated lattice displacement rate
isAonly used in a quantitative manner when analyzing changes in the
short circuit curreﬁf occurring at high expdsure levels._.Only those
regions of the solar cell within eightvmicrons 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
curfent), and:thus the efﬁect 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 diffuéion length.degradation

constant.

e

The incident c-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 *40CkeV. 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 o particles emitted from Am24l
and (b) the o particles incident upon the solar cells (at 20
volts detector bias). Relative abundances of a's from Ame+l -
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. 30, 585 (1958).
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uncertainty in the range of the ¢ particle; and, therefore, the comments
made above with regard to the effect of the incident G-particle angular
" spread upon the calculations of ga(x) and nD(x) apply equally well in

connection with the energy spread.

2. Initial Energy Conversion Properties. The short circult 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 cemmerciall& available
Si solar cells) were used in the calculation aleng with the polynomial
fitting constants for a 4MeV o particle (see Table III.II). Table
V.III presents the total charge collection .efficiency and the number of
electron-hole pairs ‘collected per incident O particle by each region of
the diode. The calculations were perfofmed for both p-on-n and n—on-f
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 w;s obtained. hThe short circuit current was measured
by applying a reverse 5ias forthe diode sufficient to null out the
voltage developedwby the diode. This~proeess took on the order of 10
' te 350 eeconds Withmthe result that an extrapolation of the experimental
results was required in order to determine the initial value of the
short circuit current. The 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 resuits 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
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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

200 250 300 200 250 300
d, (cm) 2.00x10"*  z.00x107* 2.00x107* 2.00x10"% 2.00x10"% 2.00x107%
d, (cm) 2.5o><1o“31 2.50><1o“31 2.5o><1o"31 z.soxw': 2.50><1o"31 2‘.‘50><1o"3*
R, (cm) 2.03X10° 2.03X10° 2.03x10° 2.03X10° 2.03X10° 2.03Xx10°
L_(cm.) 4.89><1o’: 5.64X10_: 6.24x1o“31 3.zz><1o“31 3..83><1o"31 4.o4><1o“31
L fem.) 2. 14x1o; 2.26x1o; 2.44><1o€') 3.7o><1o;) 4.15><1o; 4.40><1o(')
N, 142407 1.42x107 142107 112400 1.12x407  1.12x410]
N, s 9-17X40°  9.41x10"  9.58x107 71807 7.48x0° 7.70%40°
Nep s 2.72x10t 2,720 2.72x10 2.72x00%  2.72x10%  2.72x10
N.y BR 6.94x1oz 7.o9><1oz 7.28)(10: 7.77><10': 8.08)(102 8. 11><1o§
Nep 8.13x10°  8.31x10°  8.51x10 8.76x10°  9.11X10°  9.15X10
Q 0.724 0.740 0.757 0.780 0.811 0.814

d1 - assumed
d2 = d1+W, assumed W = 0.5
L. ,1L. - see Table IV.7.

n p
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Fig. V.9. Extrapolation technique used to determine Tgeco. The curves
are (a) the extrapolation of the short-circuit current to zero
time and (b) the comparison of Voc,o @nd Igeo 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 bombardment,

Cell

Si P
Si4
Si 0
Si G
Si H
Si R
Si 10
Si K
SiJ
GaAs A-21
GaAs A-22

nrnax, o}

T(OK) Na(a/seC) Isco,lnea.s ISCO,CalC QO, meas Qo’ Calc' VOC, e} mp, o] Imp, o] max, o

(LA) (rA) {mV) (mV)  (rA) (W) (%)
275 8.2x10®  1.29  1.105 0.860  0.749 274 14.6  0.670  9.76X10"7  0.186
275 8.5x10°  1.37  1.145 0.884  0.749 .- . - .
275 8.2x10® 131 1.105 0.873  0.749 58.0 35,0  0.650  2.28X10°°% 0.434
200 8.2x10°  1.31  1.070 0.873  0.724 133 80.0  0.793  6.34x10"8 1.24
200 8.6x10°  1.41  1.120 0.898  0.724 286 195 1.087  2.12Xx10"7  3.85
275 8.0x10°  1.30  1.170 0.890  0.812 101 55.0  0.697  3.83x107 % 0.749
275 8.ox10®°  1.28  1.170 0.877  0.842 - .- _— .- o
200 8.2x10°  1.29  1.151 0.860  0.780 353 290 1.074  3.11X1077 5.94
200 8.2x10°  1.30  1.151 0.867 0,780 310 214 0.950  2.05X10" " 3.90
275 8.2x10°  0.198 0.266® 0.151  0.203®) 226 155 0.158  2.45x10~8 0.467
200 8.2x10°  0.330 0.266) 0.252  0.203®) 680 565 0.300  1.70X10” ' 3.23

(a) Calculated from Eq. (5.21) with d1 = 1p, Ln = 1p and Lp = 2.

-9¢1-
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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.10(a) for the p-on-n Si solar cells and in Fig. V-10(b) for the
n-on-p Si solar cells. It can.be seen from thié comparison that the,
minority carrier lifetime and associated diffusion length in the base
region ﬁust be greater than the assumed value, since we feel the spread
in the incident O-particle energy spectrum and angular distribution
cannot accouﬁt 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 Tablé V.IV. 'The initial.values of the open circult 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.16 and V.l?) From the Irradiated I-v
characteristics cénétrucjed in this manner the iﬁitial 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.IV. As expected from theoreﬁicél considerafions the
efficiency increases with a decrease in témperature for all three types
_of'celis tested. The maximum efficiency is found to be consistently
higher for the n-on-ﬁ Si solar cells that for thé p-on-n Si solar cells

even though the charge cbllection efficiency is approximately the same
for thgse two cell types. The superior ﬁerforﬁance of the n-on-p Si

. solar éells arises from ﬂhe 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.10. 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 ﬁhe forbidden energy.gap increases. This is evident from
-the results presented in Table V.IVthen-it.is noted that the GaAs
solar ‘cells (E% ~ 1.35eV) yield maximum efficiencies comparable to those
of the Si solar cells (ﬁg =~ 1.1leV) at much 1oﬁe£ values of the short .
éircﬁit current. Therefore, the maximum conversion efficiency of a
GaAs solar cell with a short circuit current in- excess of one pA would
.bé 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 Q-particle bombardment
give rise to a decrease in the minoriﬁy carrier lifetime and mobiiity in
that portion of the material traversed by the & particles. (The changes
in minority carrier lifetime ére in general observed at substantially

4k, 8k

" lower exposure levels than the changes in mobility. These changes
in the material properties are responsible for the observed degradation
in the power conversién p?operties of the Si and GaAs solar cells tested.
The results for the exposuré induced changes in short circuit current

" are presented in %igs. V.il through V.1k.

" Prior to a detailé& diécussion of these results,léne important
point should be made. Despite the fact thaﬁithe electronic préperties
of a material are quite sensitive to radiation damage, a device composed
of said material with felativély high impurity concentration can exhibit
an apparent resistance to‘radiationfdamage; from a device standpoint.
This type of behavior will be encounfered when consideriﬁg the expefi-

" mental results for the GaAs solar cells. We have determined fhe

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 %rom the measured values of the diffusion

.length degradation constant (see Eq. (V-4).

Short Clrcult Current. We see in Fig. V. ll that the test runs for

the p-on-n Si solar cells at both 200°K and 275°%K yield nearly identical
results for the fractional change in short eircuit current with exposure.

Ih addition, the approximate equality of measured values of the initial

-'.iv 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 eyident that the type of‘radiation damage.
produced is the_Same at both temperathres.'lThis type'éf a temperature
"Rindependent behavior{has been observed for the eleetron bombardment
t.produced A-center ihln;type Si. As_a result of the techniéues usea‘

- in the preparatiohtof Si solar cells, the’surface region possesses a
.{-much hlgher impurity concentration than: the base region with the result
.:] that the: base reglon is the first to exhlblt radlatlon damage Thls-
‘means that the base reglon is prlmarlly respons1ble for the observed '
degradatloh in shortlc1rcu1t current and the other energy conver31on
'preperties. Bearlng this in. mlnd it is ev1dent that the location within
--the energy gap of these energy states ar1s1ng from. the bombardment
~induced recomblnatlon centers (those lattlce dlsplacements which act as :'
recombination centers, hereafter referred to as the defect recomblnatloﬂ
'centers or DRC*s) must 11e well below the Fermi level which is situated
below but near the bottom of the conductlon band for the n-type material |
used in these p-qn-h cells. ‘Therefqre the'DRC energy states must also
lie wellibelqﬁ the»bottom of the eonduction band. AiDRC energy state

located near the bottom of. the conduction band weuld have a fihite
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Fig. Vv.11. Shori_:—circuit current rat?o, Isc/Isco’ vs exposure for the
p-on-n Si solar cells. (Key in Table V.1.)
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probability of being unoccupied by electronsvand therefore incapable of
~contributing to-hole recombination. This probability (that is, the
Fermi-Dirac dlstrlbutmon functlon) would then exhibit a temperature
.'dependence in contrast to the observed results. The solld curve in

fFlg V 11 represents a calculatlon of I /Isco wh;ch is drscussed below

‘Tl'(see page 1h7)

| The results for the n-on-p ‘51 solar cells as deplcted in Fig. V.12

show a marked temperature'dependence. It is’unlikely that this difference

is attrihutable to different initial minority carrier lifetimes at the

two temperatures since the measured initial short circuit currents are
nearly 1dent1cal for both temperatures. There 1s no a priori basis

_for believing_that the DRC's produced in the hase'p-type material are
ldentical to those produced in the base material‘of‘the p-on-n cells.

. We cannot therefore‘use the results ohtained'for‘these cells to further

o:isolate the position of the DRC energy states produced in the.p—on—n

cells by the ¢ particles. In order to explain the behavior of the

'ln-on-p cells, the DRC energy states produced in the base p-type materlal

 must be sltuated/near the top of the valence band whereupon the tempera-
ture will affect the probablllty of occupancy for these energy states.

’Assuming the DRC produced at'200°K and 275°%K to be identical, the

._,greater resistance‘tO'radiation damaée.at'2757K can only be realized

for DRC energy states lying aboyepthe Fermi 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

ﬁ{ 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 p0331b111t1es with any reasonable degree of certalnlty.
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It is difficultptovdrawlconclusions about the temperature depernidence
of the device radiation resistance-for the p-on-n GaAs solar cells
1nasmuch as only one cell was tested at each temperature Therefore
.‘the spread in data for GaAs cells at a flxed 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.15 that the cell tested at 275°K is more resistant to
radiation damage from a-device'standpoint. Thls behavior is consistent
with an initial base region diffusion lenéth for GaAs A-22 in excess
. of that for GaAs A—2lz and the existence of such.a situation can be infer- ‘
red from the greater initial shOrt circuit current for GaAs A-2é» In
iv1ew of these facts, 1t is not poss1ble to obtaln any information
frelatlve to a temperature dependence in the nature and productlon rate
.of the DRC or of the position of the DRC energy states in the forbidden. |
energy gap. .

In Fig. V lh a comparlson is made for all the cell types tested.

The p-on-n GaAs solar cells exhibit the strongest device radiation
- resistance which'ls’in‘part a,result of the short‘initial aiffusion
lengths of these cells'as deduced from their low initial short circuit
currents. The n;on;p Si solar cells showrless resistance to:radiation
;damage than the p-on-n GaAs cells and the p-on-n Si solar cells are

:the least resistant. The n~on-p Sl cells possess base region diffusion -
| 'lengths that are only sllghtly less than those of the p-on-n Si cells
(see Table V. VII) Therefore the large d;fference in device radiation
:resistance for the p-on-n and n-on-p Si solar cells cannot be.entirely
attributed to dlfferences in the 1n1t1al dlffus1on lenguhs. Thé basic

nature of the DRC and/or thelr productlon rate must be different for
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Fig. V.13.
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Fig. V.14, Comparison of the short-circuit current ratio, Isc/Isco’ for
representative cells of each type.
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these two cell types. fhis will be returned té‘when we consider the
experimentally measured values 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 Eells are the most
resistant to device radiation damagé, the measured short circuit
currents are lowest for “hese cells at intermediate exposure levels
(6> 10™ grg).

In Fig. V.1l a comparison was made between the experimental results
and a calculation of ISC/Isco for a p-on-n Si solar cell at 250K based
upon a modified formvof Eg. (V-5). The calculation was simplified by
assuming the electron-hole pair production rates in the surface and
base regions to be §patially unifofm and given by oo and €ob
respectively. In this case Eq. (VTS) becomes |

M (d;)-1] B (D)-R (0)]

Too/ ¥y = BosR e * [H(ap)H(a) T L 1B e (v-20)

-~ In the calculation the properties listed in Tablé IV.VI were used for
theJinitial properties, ekcept that the surface region thickness was éet
equal to l.5XlO-§cm. The reason for this qhange will become evident
when we estimate'the initial'diffusion lengths in the base and surface
regions. The changes of thé diffusion lengths in the surface region
and the sub;regiéns of the base region wére calculated using Eq. (V-4)
upon normalization of fhe.K(x) curve (K(x)anD(x) of Fig. V.2) to the
experimentally measured vélues of K (see Table V.V). The values of K

" for the surface region and the subregions of the base region were found

. to bé
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N |
= [ K(x)ax ~ 2.08x10™ 2t

p
. M
uoo

= _1 9 _ ey
X1 =D fde K(x)dx =~ 1.55010

T dy’ ' s
= 1 -11 .-2 -1 o - (v-21)
Kir=% f as K(x)d.x +-%.34%10 o _

Krrr = 0 | | |
u" The'experimenta1 rééults and.fhe curve calculated using Eqs. (V-QO) &nd :
(V-21) are seen to be 1n qualltatlve agreement where the calculated
curve is conslstently above the measured values. This is a result of
.the-averaéing proéess uééd forvﬁhe three sub-region analy51s. The
- three sub-fegion model uﬁderestimates‘the amount of démage produced
. évér the latter part of fhe O~particle track, énd as a result the
“]»éxperimentally'meésured short circuit.cﬁrrént~decreases at a'fastér
“rate that fhe calculation. The a&eraging brocess however leads to an
'overestimaté of the DRC_cﬁncentrétioﬁ ih sub-regioth with the reéﬁlt

11

that at intermediate exposure 1eVelsv(922 107" a's) the calculation and

. experimental results are seen to be in relatively good agreement. Finally

" at high exposure levels (8 > 1072

a's). thé/éxperimehtal results decrease
at a faster rate %han the calculation. 'Tﬁis indicates that either the

- DRC introduétion rate was underestimated for the sufface region or the
DRC‘concéntration ié highﬁenough to produce substantial.chang§S'in the

: diffusion”coeffiéienﬁ inAﬁhe base region. It is highly prpbable that
\ the-calculation‘c6uld be brought into better agreement with experimehtﬁz

”by dividing the base regién into a greater number of sub-fegions.
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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 fractional change iﬁ short circuit current. The relation

between I, and V_ as obtained from Eq. (III—lé) is
I .
1 l G
Voo =5 Iz 7+ 1) o (ve2)

where & = A/A. Figure V.15 shows that Voc/v does indeed decrease

oc, 0

more slowly than Isc/Isco for each of the three cell types.

Maximum Efficiehcy. During the initial period of a test run, it

ﬁas not possible to obtain the complete irradiated I-V characteristics;
-and therefore it was necessary te construct the characteristics in this
exﬁosure interval using the same method.we previoﬁsly eméloyed to
determine the initial irradiated I-V characteristics. The plete'of
Isc/Isco and voc/Voc,o were used to get the intercepts at a given
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 thisexposufe interval. Figures V.16 and V.17 show the
irradiated I-V characteristics obtained for SiH (p-on-n) and Sij (n-on-p)
respectively where the solid de£'curves are the constructed I~V
characteristice, and the other curves are the measured I-V characteristics.
It was then.ﬁossible to graphicallyvcalculate the exposufe induced |
changes in the maximuﬁ power, voltage at maximum power, current at
naximum power and maximum efficiency. The maximum efficiency determined
from the constructed and meaeuied irradiated I-V characteristics is
presented in Figs. V.18, V.19, and V.20 as a .function of expesure in

- the form of n___ As expecled from our previous discussion of

/nmax,o'

the exposure induced changes in sh.rt circuit current, it is found that

i
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the p-on-n GaAs solar ce_ls and the p-on-n Si- solar cells show the

~  highest and lowest dev1ce radlatlon res1stance respectlvely In

addition to changes,lnrthe alpha~generated current (the alpha generated
currents.are equivalent to the.short circuit current for the low currents
_encountered), the changes 1n the dark I—V characterlstlc ar1s1ng from
bombardment also contrlbute to the observed changes 1n max1mum efflClency.
Thls ‘can be seen from the curve for SiR (n—on-p) in Flg V. 19 where
/nma beglns to level off at 6'~ 10 a's,'whereas I, /I
X, 0
‘contlnues to decrease. Thls behav1or resulted from.a substantlal

~ improvement in the dark I-VJcharacteristic‘at'this exposure level (this

o .was'observed from the shapevofithe‘irradiated i-V'charaCteristic) The

: dark I-V characterlstlc then proceeded to degenerate w1th the result
that-n /n - underwent a sharp decrease at 0= lOl a's. The )

maximm eff1c1enc1es for cells SlH SlJ, and GaAs A-22 are shown in
Fig. V.21 +to demonstrate the fact that, although the 1n1t1al max1mum |
efflclency is the lowest for the GalAs cell thls cell would yield the

- greatest energy output (that 1s, Eout}= jP (G)de) for exposure levels

9

in excess of 10 a’s.. The harder dark I-V characterlstlc of the GaAs -

solar cell 1s respons1ble for 1ts superlor performance

4, Dpiffusion Length Degradation Constant The dlffus1on length degrada-.

tion constant as deflned in; Eq (III-28) is a contlnuousLy varylng

vfunction -of pos1tion where the form of thls varlatlon should have roughly:_
- the form of the lattlce dlsplacement productlon per o partlcle shown 1n'
.V Fig. vV.2. It is evldent therefore that K(x) cannot be determlned from
the measured changes in short crrcult current unless the current

v contrlbutlons from every half micron or so along the a-partlcle track -

- were 1solated from the total current."At hlghvexposure levels

R S
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Fig. V.21: Comparison of the maximum efficiency for cells SiH ( -on-n),
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(6> 101%1'3) a situétion:is realized fof>the Si solar cells in which
the'base,region,contribution ﬁc the short circuit currenf arises from

that portion cf the bese'region within a few mincrbns of the Junction-
base region interface. This situation exists for all values of é in .

~ the case of.ﬁhe GaAs,solar cells,“since they possess &ery-short initial
diffusicn iengths; Now K(x) undergoes a relatively small change over

tﬁe first few microns of the.base region so that_for these limifing

cases an effecti#e_diffgsion lengﬁh degradation'constant can befdetermihed
for this spatiaiviﬁterval. The effective diffusion length and effective

diffusion length degradatioﬁ constant ere related by

LRe(e). o (v-e3)

. b&lH
omeJ

This is a_measuredeffecfive,diffusion length.end is noc ﬁhe same as %he
C‘calculated effective.diffusion length defined,in_ﬁq. (v-9). ‘In Section‘
?iV.Avit was found that the diffusion'lengﬁh degradetion coﬁstant'is'

" related to the short circuit current throtgh 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 Ic’(for all cell types

'.this corresponds tc.9 ¥t16l%1*s57but, in tﬁe case-of the Si solar cells,
has exceeded an exposure level of 0 = 1ol%§{s so that the conditions

B LpI < D and LpI < Lp' will be satlsfied. The'seccnﬂ cf these inequalitiest
is in fact never satisfied for the GaAs sclar_cells,with the resuit that

| »Eq (V¥l7) must be used for these cells. In 1light of the 1n1t1al dlffu31on
1ength estimated later in thls sectlon (see Table V. VII) 1t is permlss1ble

‘to use Eg. (V-18) in ana1y21ng the short c1rcu1t ‘current changes for the

'.: Sl_solar cells. Recalllng that the short clrcu;t current and O generated_

‘current are equal-for theflow current values encoﬁnfefed, we reccgnize thetb
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ISc = I + Kle (v-2k)

where Ic = ISR,+ IJ, ISR and IJ are the éurface region Qnd juncﬁion
contributions to the Alpha geneiated current respectively, and
= 98 g/ 72,

Si Cells. Figure V.22 presents plots of I_ versus 9-1/ 2 for 5iJ
(n-on—é) and Si0 (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 both high (@ > lOlga's)
exposure levels as can be seen in Fig. V.23 for S110 (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 expected the
n-type surface region material undergoes.damage faster than the p-type
surface region(ﬁn(Si)>ﬁ£(Si), see Table V.V)which,is evident from the
observed decr?ase in Ic a? lower exposure levels for the n~-on-p cell.
At low exposure levels the finite extent of the source term (extending

[

'only to the deptﬁ of the O-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 smaller contribution to the short circuit current_than predicted by

Eq. (V-2L), since it was derived using a constant diffusion length in
sub~region I-of thg base region.  The values éf the diffusion length
degradation constants and Ic determined'for the Si solar cells are listed

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, Ig., vs g"L/2

(p-on-n) and SiJ(n-on-p) used to determine To and K.
(Key in Table V.I.)

s for SiO
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Fig. V.23. Plots of the short-circuit current, Ig., vs 9—1/2 for SiH
(p-on-n) and Si10 (n-on-p) used to determine Ic and K. (Key
in Table V.I.) :



Table V.V,

Silicon and gallium arsenide device and material properties determined from the bombardment-induced changes in

short-circuit current,

¢ (1) -2 Y = (2) (2y =

Cell T Nu. ) Ic,meats Ic,calc E;i 1 qNagob _I; -1 Gi ef LBRi BRf Eu
(°K) (a's sec )  (pA) (pA) (A™¢ o™} (pA/p) (em™“a (a's) {a's) ) {u) (MeV)
p—on—n

siP 275  s8.2x10° 0.099 0.132 100 0.0764 5.8x107>  2.92x10'1 7.53%x 101! 2.38 1.49 3.3
sio 275 s.2x10® 0.078 0.132 - 121 0.0764 7.1x107°  2.48x 10! 1.29x10%% 2.29 1.01 3.3
si4 275 8.5x10° 0.107 0.137 86 0.0791 6.8x107° . 3.95x 101 1.09x 10?2 2.18 1.30 3.3
siG 200 8.2x10° 0.090 0.132 128 . 0.0764 7.5x107°  2.66x 101 g.a2x 10t 2.19 1.27 3.3
SiH 200 8.6x10° 0.104 0.136 98 0.0801 7.9x107° 3.87x10'1 1.49x101% 1.96 1.00 3.3

. n—on-—p

. 6 ' -5 11 12
SiR 275  8.0X10 0.270 0.130 39 0.0745 2.2%10 3,72x 1011 1.25x101% 3,44 1.85 3.3
si10 275  8.0x10% 0,194 0.430 66 0.0745 3.7x107°  4,00x101 1.34x101% 258 1.40 3.3
siK 200 8.2x10° 0.190 0.132 62 0.0764 3.6x10°°  3.00x 10! 7.00x10%! 3.04 1.95 3.3
siJ 200 s.2x108 0.222 0.132 111 0.0764  6.5x107>  2.65x10'1 1.00x10%% 2.3 1.24 3.3
p—on—n
6 -4 .10 11

GaAs 275  8.2X10 0.084 — 500 0.0835 3.5%10 1.57x 1010 7.16x 101t 1.20 0.55 3.0
A-21 ‘
GaAs 200 8.2x10° 0.120 - 600 0.0835 4.9%x10™%  1.48%x101% 6.s0x 101! 1,94 0.48 3.0
A-22

(1) I. for the silicon cells was calculated assuming dy=1.5p, d, =2y, and using the diffusion lengths given iﬁ Table V.IILin conjunc-

t1on with the curves of Figs. V.26 and V,27 and I from Table V VII.

{2) The diffusion lengths were estimated from LBR( 8) = (qNagob)

! ect0)- I.].

=291~
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'diffusion lengths at the eitremes of the intervael, and the average C-
particle energy.¥

An error analysis was performed on SiO and the results 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 O.8XiO—6 < 6-1/2 <
2Xlo-6. The slope and intercept and their associated variances resulting
ffom the spread in the data were found to be Ic = 0.078 + 0.006pA and
X, = 0.091 £ 0.00kyA o2, hese results are quite sensitive to the
specific poinfs chosen for the least squares fit. We feel however that
‘the set of points selected i1s 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 efrors.' The precision error in

the measurement of Ic was determined from the spread in data points .

~1/2 '
.and the variance in 6 1/ which is

» N2 6941/2 2 2 1 -1/2.2, T2
(09_1/2) = (—a‘-ﬁ;——) (ol;ra) =(-50 /‘) (Ifh) (v-25)
: a o
o a -
g-1/2 -

o)
)= 5 (22
NO!

o172

-

The measured\yalue of X is most heaviiy weighted by K(x) within the
first diffusion length from the junction. Therefore i%:was determined

from Fig. B.20 at a position

) 1
x = &y + 5(Lpp; + Dppe) -
' . 1 '
. + 7 -
The error in %x corresponding to #* E(LBRi + LBRf) was found to be approx;

mately * 0.35MeV.
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where (Uﬁd/md) = * 4. 1% (see Appendix E). [The varience in 8 will be
greatest for the upper limit of the interval employed so that a some- e
what conservative estimalte of 09_1/2 = % .OO%X10—6A al/g; Since the . o -

effective diffusion lengtﬁ degradation constant is . .

L1 2, . 2 , o
K= (-K-l-)- (?ngéb),__ - : (v-26)

* the variance is given by

%2 [ ,% T %ob .
=" =1 L . -
3° - RESX o‘>+( ] © e

The variances,in Kl and ﬁd have already been specified solthat‘the only

variance remaining to be determined is og . Thevvalue of gob used in
. . Sob . .

the calculation of X was 20% below the curve of Fig. V.l at the junction- ;

- base region interface (d2 = 2u) and 30% high at a position 8y into the

base region. The errors'present at positions farthest_rembvéd from the
" Junction are not as important as those ciose_tb the Junction, since
,theee remote regions are not as-effective in contributing to the alpha E;
generated current as the- portlon of the base reglon w1th1n a diffusion
length or so of the Junctlon (the base reglon diffusion lengths encountered
“are on the order of one to three microns). We therefore thought it
reasonable to weight the deviation at p031t10n x by the factor exp(-x/LBR)
- where ‘the source term can be falrly_well'approx1mated byvga(x) =

(50.1 + l,hx) x 103eh/p over the interval 2 x g lou.i The average

'spread deviation.in this interval is then found to be = - - : o |

X <x:.;-‘ 2'.‘e Y
) j‘;; &[ga() .go_b_] (- po)dx

_‘fdeX_p(-_-f-{-—')dx T _ '
e R L L R L
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(1.hmo3)2 | 2 . 2
el TS ] [(t-de) ~2Lop(t-d)+2L ] |
: L
BR
- [(l"—t)2 +I2LBR(ILt)+ 2L§R] exp( -~ %;ia)}. | (V—28)

where t is the position at which %a(x) = g, For LBR =~ 3u (representa-~
“tive of.the values encountered at higher 9—1/2), the variance in &b is
found to be Oéob/gOb z.v]?l/Q/gOb ~ * 5.5 Then the precision error in
K is CK/K=8 + 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. From our previous discussion of these properties
of the source, it is evident the value of gob'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 Eg. (V-2L4) we shéll look at the case of SiJ in detail. The

1/2

diffusion length in the exposure interval over which LﬁI =~ Kle— was

estimated from the relation that LnIgob%[Isc(e) - Ic] where gob.ls the
average electron-~hole pair production<raté for the interval d2 = 2u to

10p (all diffusion lengths were found to be less than 10u for

11

6> 10"a's). In particular it was found that L= 2.36p at 6=

I

2.65XlOllOt's and Ln = l.2hp at 06 = 1.oom012a's for SiJd.

I
The value of D is lGquor the assumed value of d2 = 2u and therefore
D/LnI > 2 1s indeed satisfied for 211 6 > 2.65X101%x'3. In addition

the average values of K in sub-regions I and II of the base region as
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calculated from nD(x) given in Fig. V.2 lead to an expected diffusion

length ratio of

I ,' X 1/2 . _
r;nII- ~ (an ) =~o0.189 - 1 - (v-29)
nI . nIT ' S

with the.result'that L ~ 0.45u <vt/2 = 1,5u.ata‘6:= 2,65Xlol%1's.

nII

VATherefo?e the condlﬁlons that LnII'é t/2 and LnII <iLnI a?e also

 satisfied for this cell. The condition that Lot < Lno is satisfied as
ean'be seen.from Table V.VII for the eStimated initial diffusion leﬁgths.

The next condition to be checked is that of

(I 1 g o w0
L/ D, ° T
nI :cosh(f——) :
T nl -

and-for the two expdéure level limits we find thaf'this term is equal

12 '
to .0002 at = 2. 65XlO a's and essentlally zero at 6 = 1.00X10 o's.

’Iherefore the neglect of th;s term is Justlfled,:and the only‘approx1-
ZImation left to be considered ie_that of the assumed ebnefahcy of the
electron-hole pair source term. iThe validity. of this approximation'was
ascertalned by comparlng the K and I values obtalned from Fig. V.22 |
w1th those obtalned from Eq. (V-lh) where the second term in the base

region contribution is neglected in comparison to the first. Then

T (0= I, = L (0 }_(nI(dE)‘ + L(ex(dy) ] (v-31)
where X (x)'=a+bx.=f(50.l+1.h>®x103eh/u is a good repreéentaﬁibn of

_ _the electron-hole palr productlon rate from the solar cell surface to a’

depth of approxlmately lOu. Us1ng thls form for X (x) and the fact uhat .

L (G) -1/2, Eq. (V-El) becomes
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Qﬁo‘(a%dg)] o1/ 4+ [qﬁo‘b] oL, (v-32)

ISC( e) = IC + [————:175— ——
. X
. Therefore we used the method of least squares to fit the experimental

data with a polynomial of the form

1 (6) = I, + Kle"l/2 + K29‘1/2 - (V-33)
withvthe resultAthat the fittiﬂg constants were found to be IC=O.210uA,
Ki'= 0.115pA al/e, and Ké = -7.lOX103uA 0. The value of IC is in good
agreement with Ic = 0.22240.017uA given in Table V.V. The negative
value of K2 is unacceptable in light of the arguments made leading to
Eq. (V-36); ramely, the assumed constancy of the diffusion length in the
basé region. As mentioned pfeviously the downward concavity of the |
curve is a result ovf the decrease in diffusion length with distance from
the junction.’ The effective diffusion length degradation constant as
found from Kl is K = 5.80X10—5cm-%u~l as compared with the value of
(6.h8il.oﬁ)XlOf5cm_2a”l given in Table V.V. The substéntial discrepancy
between these two values -is a result of the improper weighting of the
experimental data at large 9-1/2 through the constant Ké. We therefore
feel that the least squares fit-with Eq. (V-Qh) yields.thé most meaningful
results. | o | o~ |

From the resulté presented in Tdble V.V we find that Kn for the
p-on-n Si solar cells shows no preceptible temperature dependence within
the experimental error. The results for theln—on—p Si cells indigate'
that X is approximately a factor of two greater than Ké( 275°K) and
only slightly greater than Kb(200°K)vif at all.

Comparison with Other Work. Values of the diffusion length degradation

constant as measured for electron and proton bombardment df Si solar -cells
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are llsted 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. . A’c this -
" proton energy Egs. (B-49) and (B-50) of Appendix B yield K = 1.5 and
§ = l'.2X_lO-lL for proton stopping in Sl Therefore, it is expected that
rthe sca’_ctering process caen be represented to a fair degree of accuracy '
by the-classical Rutherford scattering cross section (see Appendix B).
I_n fect, the QM Rutherford scattering cross section must be used for
K < l'.; and since o (Q,M) <o (C) , the ratlo of the lattlce dlsplacement
.production rate for 3.3 MeV a--particles and 8.3 MeV- pro‘cons is therefore
expected to be (seeEq. (B-69))
v H(8:3MeV) o, (8. aMev)
I = 7 (J ST oy a(3 e (Vb

Providing that the same type of defect, recombina.tion' center is prod,uc’ed ,

. by both partiole types, the diffusion length degradation constant ratio
| is identical to that in B (V-34); that is, | |
(8 3) z, M | ‘ '

—L-(———; < ( ) (ﬁ )y )(—L—) 0.015  (v-35)
} 5.3 Brp VR o .
, [ 7
- where Eg. (B-67) ‘wa.s used to obtain V. Using the average value of -

-5 -2

= X0 %en o
- work in Eq. (V‘35) s the antlc:.pa‘ced value of K, for 8.3MeV protons

(assum:mg 1dentlcal defect recomblne.tlon centers) is found to be

6 .
(83) S 2XlO o) -1 is an order of magnitude below the mea.sured values’

presented in Table -IV.VI. : S:mularly the predlcted value of K (8 5) <
8XlO 7p -1 is an order of magnltude below the measured ve.lue. It 1s
therefore ev:.dent that protons are more effectlve at prod.uc:.ng damage 7

. in Si than are oz—partlcles. '

from Table v. V and the area of diodes. tested in this -

I -(.A,_”,;_L N W

e LT U
e
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Table V.VI. Diffusion length degradation constants for electron
and proton bombardment of silicon solar cells.

Cell Baseregion :
type resistivity Bombarding particle type and energy

W. Rosenzweig 2) 1-MeVelectrons 16.8-MeV protons 4130-MeV protons

- e e o m e e = e = e e e e e o e = e e e e e e e wm e e e o e w e =

n-on-p 12cm 1.8x10" %1 8.3x10"7p"!  3.3x1077p7?
n-on-p 102 cm  5.8x10” 11e~1 - -

-9 -1 -6 -1 -7 -1
p-on-n 1 cm 2.6X10 ‘e 5.1X10 "p 2.0<10 'p
W. Rosenzweig
cetal I:MeVelectrons _ _ _ _ . ____._.__._._.
p-on-n - - '1.22)(’10-86—1
n-on-p - - 1.70)(10"10e_1
J. A. Baicker and (£)
B.W. Faughnan(c) 8.3 MeV protons 19 MeV protons”’_
p-on-n'® Lo 44+t03.6x107%p" 1 1.8 to 12.4x10™p~*
n-on-p - - 0.6 to 3)(10-5p-1 0.2 to 0.44l><10"5p_1
p-on-n'®) _ . - - 0.28 to 2.4x10 °p~ 1
n-on-p - - - - ~ 0.14 to 0.4)(10"5p.1

(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. Baicker and B. W. Faughnan, J. Appl. Phys. 33, 3271
(1962). o

(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 A
quoted by Baicker and Faughnan using a diffusion length
of D=5 cm? sec-1. '
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GaAs Celis. The situation .for the p-on-n GaAs solar cells is
; complicated by'thevfact‘thét L"2 cannot be neglected in comparison to
K0 (these cells posses% substantlally shorter base reélon diffusion
_‘lenv ths than the Si cé&ls)as was the case for the h solar cells. Let
us for the time belpé return to Eq. (v-5) for the alpha generated
current where it iézpossible to use for X(x)=atbx as a result of the
short initiei‘diffision ilengths. Using the estimates of thevinitial
;difquion lengths iﬁ'#he base'region listed in Table'V.ViI we-find i
:lthau D/L >k so that the base region contribution to the alpha

-generated current becomes

A ) Loz (%, (85)4L pr(%)]

(=) ' )
] =1 EX(d>+L (a,)3-(:
qqa)BR IXP % Ai S cosh(———ﬁ
| " | 3 |
where cosh (———) > 30 for D/L h. Making use of fhe supplementary
. - . 'OI K]
- fact that LT <L o1 = p o it can be shown that Al/(Al Ag) <'1/2 and
therefore’ Alcosh(—-—) /(A1 +4,) < 1/60. In addition b < 2 LPI = 2u,

R pI
. and we have chosen d2 l 5u so that

E{p(ds)@pf{i’(%ﬂz[x o) pr(dz] ' | | o (v-37,$ . |

. Therefere_the_second-term“in-Eq? (V-36) can be neglected and the alpha

generated current becomes . | g
T\ (a))-1 R |
(;ﬁ—)sf L& ——f;(517]+ [H(d )-H(d )] + L Igob (v-38)
o _ : . o

where it has further been assumed that the electren-hole'pair sour ce
uerms in ‘the surface and vase reglons can be approx1mated by the constants

g and g ob respectlveLy

os

We shall’ one again assume the surface region and junction contributions

to the alpha generated current to be reasonably constant over the early



- . ' _ ~171-

stages of exposure. Then the measured short circuit current for the

' -6
GaAs solar cells (Isc <10 amps) is

Isc = Ic * LpI(qugob) " | (V—59)
or
-2 " 2. -2 . 2 2 o
(T~ T) ™ = (g y) Ly = (agy) by, + K]
. -2 -2 -
= (I T) + K 6. | (v-éq)

Finally let us rewrite this equation in the form

: . -1/2
I (8) =TI, +K[6+6] | _ (v-b1)

- Ic)_g. This is analagous to Eq. (V-24), and the

8 =% 2
where 6_ = K| (Isc
~1/2

o

values of Ic and Kl’éan be obtained from a plot of Isc versus [9+Q)]

Since_%)depends upon Ic and Kl’ it is first necessary to estimate Ic

and K. and then determine first corrections from the plot of Iscversus

1
[6+Go]—l/? This iteration process is to be continued until only minor
changes are observed in the values of Ic and Kl from one iteration to

~the next. In the application of this technique a number of points must
!

be kept in mind. The initial shprt_cifcuit-current must lie above the ‘
curve of Eq. (V-L1), since fhe analysis leading to this equation did not
properly accoUnt_fpr the increase in the éleqtron—hole pair production
rate with depth‘of penetration. Sooﬁ after_the start of bombardment the °
minority carrier diffusion length in the base region ﬁndergoes a
substantial decrease over that portion of tﬁe base region associated
with the latter portion of' the a-partiéle track. As mentioned in thev
‘discussion of the results for the Si solaer cells, this situation lead;

to a lower measured value of the short circuit current than predicted
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'.by Eq. (v-k1). ‘At sufficientky:high exposure levels the measured short
circuit current must decrease below that predicted by Eq. (v-b1) as a
l.result,Of the decrease iu ica A knouledge of the.exposure-level at which
the current contributdon‘from the-surface region begins to diminish Is of
:'the utmost;importanCe if.one,isvto-achieve'a ﬁrecise determination of
Kl and to a.lesser degree of Ic' ' |

| The curves resultinv from the aforementioned iterative technique are
shown in Flg. v.2k for the two GaAs cells tested, and the measured values
vof I and K are listed in Table V.V. The curves for both cells exhibit
the ant1c1pated shape although the choice of the data points.used for the
determlnatlon of I and Kl is a rather nebulous affair. In'an effort.to

be consistent the measured value of R for the base reglon (1 e. K =~ 5.5Xlo
-2 -1

-l

for GaAs A-21) was used to estimate the value of K for the p-type
surface region. Thls was accompllshed by assuming K for GaAs to be

‘ 'approx1mately two to three tlmes that of* Kb as was found to. be the case’

. for Si. We therefore expect to observe avnotlceabIe decrease in the

-2

(measured short circuit curreﬁt at an exposure level Wwhere ipe = Lno’

iUsing the estimated ihitial surface region diffusion lengths listed in

‘Table V. VII thls condltIon is seen to correspond to er =~ 1 or 9 = leOl

" which corresponds to a value of lO [6+6 ]1/2

2 1.0 which is in reasonably -
jgood agreement w1th the curve in. F1g V 2L. This kind-of seui-quantitative
agreement is also reallzed for GaAs A-22 It is only possible to give
rough estimates for the possible errors‘in Iévand'K when this:iterative
..process‘is used}' we feeI that the value ova£2 may be:iﬁ error'by as

-ﬁuch as 30%. I is less sensitive to the set of data points chosen. for

. the flt and the error in thls quantlty is estlmated to be on the order

of +10%.
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Fig. V.2k, Plots of the short-circuit current, I

vs (6+9 )" for

GaAs A-22 and GaAs A-21 used to determlne I and Kl (Key

in Table V.I.)



A more preciSe determination-of II end K might be realized using
what mlght be called a self-cons1stent 1te1at1ve technlque This would
;.1nclude a deoermlnatlon of I and Kl follow1ng the technique outllned
above. The addltlonal steps are then as follows: (l) Calculaterthe bom-
barament induced chehges'inoISR from the initiallf,determined.value of |
1:1Knsusing R
(0 = I, (8) -1, -%e, (v
(2) Use the charge collectlon efficiency corresponding to a glven I (9)

o SR

'h{ln conJunctlon w1th ‘the curves of Flg. V.27 to obtaln L (6), (3) Plot
EPSR(eﬂ = as a functlon of 6 and determlne Kﬁ for»the surface reglon,
(4) From gp and_ﬁhe estlmated value of Lno‘determlne the exposure level at
‘h'whichvnofioeable chenges in I; occur, and thén (5) Modify the set of points
"?_used to determine tﬁ; initial Kﬁ and Ié accordingly and fepeat‘ﬁhe completeh
4f sequence of steps. It is also possible that the technique could be further
: improﬁed throﬁgh'the use-of X(x) ‘a+bx. and ‘the polynomlal flt of I (6) f: o né
' alscussed in connection with Eq. (V-Bl) e
Tt is reasonable to assume that thls technlque could be applled to
-.the data for SiH and SllO 1n order to estlmate the dlffus1on length degrada-_
tion constants for the hlghly doped surface regions of ‘these cells. In
the appllcatlon of this technlque to any of the cells teshed it is 1mnortant

-

to know the surface region thlckness, and as thls was not measured in the.

present work (once.the solar cellswere passed into the glove box for the
irradiation, they could not be removed), the experimental results were

not ‘analyzed using thisvmore sophisticated technique.. B ' | n i

Electron-Hole. Pair Production in GaAs. ~In the process of obtaining_

K from the measured value of K, it was nedessary to estimate the i

1

- electron-hole pair productlon rate in GaAs. There was no- experlmental

m———

data avallable for the stopplng power of o partlcles in GaAs so that it
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B

was necessary @o use the information available for Ge. We feel this is
not a bad approximation, since Ga and As bracket Ge in the periodic
fable and the data for Ge was only used for high Q-particle energies
where the complex nature of minimum excitation energy transitions is

. o7 .

of minor importance. Gobeli measured the range-energy curve Tfor 0.7

to 5 MeV a-particle stopping in Ge and found that

R(k) = 1.95 [E(MeV) AR S (v-h3)
This relation was used to construct the stopping power curve presented
in Fig. V.25 where the agsumed average stopping powers in the surfacg
and base regions are shovn. The electron~hole pair production rates

. : N
associated with these averages are 8os = 6.05X10 eh/u and

3

8 = 6.35X10” eh/p and hold for d, = 1y and dy = 1.5u. The surface

1

region thickness was chosen to coincide with the nominal thickness
specified by the manufacturer. In order to determine the electron—h&le
pair production rate from fhe stépping power, it was necessary to aséume
'a vaelue of € for GaAé, since the only measured value for GaAs, that of
€= 6.3 eV, is known to be in error.* It has beén found from the
measuréd values of € for é number of‘insulating‘and semiconducting
materials that tﬂe quantity (e - Eg) is approximately a constant value.h5i

The value for € was théh obfained from

-

€= Eg K (¢ - Eg) =1 h eV + 2.6 eV = 4.0 eV . (v-Lh)

This value of ¢ led to the 8os and 8ob quoted above. 8oy WoS in turn

~ used to find the values of IC and K listed in Table V.V, and both were

H. Pfister, Z. Naturforschg. 12, 217 (1957). The value of € was
measured using low energy electron bombardment of GaAs diodes (junction
depth = 10u). The incomplete éharge carrier. collection resulting from the

relatively impure material employed led to a high value fdrle.
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ﬁsed in estimatiné the initial diffusion lengths éiven in Table V.VII.
On the basis of these approximations, it is estimated that GG/(}z +15%.
Therefore, the error in K‘for GaAs is expected to be about 55 mnot
including the éystematic error resulting from the angular and ehergy
spread of the alpha source.

A comparison of the results presented in Table V.V shows that n-type
GgAs ekhibits a much greater sensitivity to radiation damage fhan either
type Si material. Inasmuch as data was évailable on only two cells, it
is not possible to draw any meaningful conclusions as fo the temperature

dependence of Kn for Gads..

"5. Initial Diffusion Length Estimates. Having determined the initial
surface region plus junction contribution to the shoft circult éurrent,
it was then possible to estimate the initial diffusion lengths in the
 surface and base regions for each test cell. The initial base region

o2 Vas estimated comparing the measured (Isc -I)

diffusion length, LB o c

R
with that calculated from the base region contribution to Eq. (V-7).

The calculations were performed for various values of d2 but with the

ideﬁtical d3 = 18u, and the corresponding charge collection efficiencies
. |
are shown in Figf V.26 with d2 as a parameter. The estimated values of

LBRo are presented in Table V.VII along with the base region charge

‘collection. efficiency. The initial surface region diffusion lengths, LSRo’

were estimated from (IC - IJ) (the junction width was assumed to be 0.5p

-

in all cases) and the surface region contribution to the alpha generated .A
current as given in Eq.'(V-l6)3 The calculations were carried éut for
varilous values of dl,Aand the resultg are présentéd in Fig. Vf27 with'dl
SRo 2Fe listed in Table V.VII

as a parameter. The estimated values of L
along with the measured surface region charge collection efficiency. The

value of dl which yvields the most reasonable estimates of LSRo for the
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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 ! sco Ic Isco_Ic di IJ ISR ISR,ma,x QSR I"SRo dZ IBR,ma.x QBR I"BRo
(pa)  (pA) (pa)  (p)  (pa) (pa) (nA) () (w) (pA) (w)
Si P 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 0.474 1.01 2.5 1.303 0.915 71
Si O 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 1.337 0.923 77
2.0 0.0349 0.0431 0.1353 0.318 0.65 2.5 1.303 0.946 107
Si4 1.37 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 1.27 2.0 1.385 0.913 69
2.0 0.0362 0.0708 0.4403 0.505 1.08 2.5 1.352 0.934 88
SiH 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 0.1057 0.641 1.14 2.0 1.404 0.931 85
3 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 0.5514 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
Si R 1.30 0.269 1.031 2.0 0.0340 0.2350 0.1320 — —-— 2.5 1.274 0.811 33
3.0 0.0349 0.2341 0.2000 —_ —— 3.5 1.202 0.859 42
4.0 0.0358 0.2332 0.2705 0.861 —— 4.5 1.136 0.909 66
5110 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 0.795 4.60 3.5 1.202 0.903 60
4.0 0.0358 0.1582 0.2705 0.585 2.80 4.5 1.136 0.956 125
SiK  1.29 0.190 1.100 2.0 0.0349 0.1551 0.4353  —— —— 2.5  4.303  0.845 414
3.0 0.0358 0.1542 0.2056 0.754 3.60 3.5 1.232 0.894 53
4.0 0.0367 0.1533 0.2777 0.553 2.50 4.5 1.163 0.946 105
SiJ 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 Iy » where g, =6.35% 104 eh/p

4

Ro ~1N.8.51ER,

(b) Estimated from IBR , where g°b=6.45X 10

o “IN. 8 pRo
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p-on-n Si cells ié 1.5 which i$ within the 1 to 2u interval estimated
by the menufacturer. A surface region thickness on the order of 3.0u is
required in order to account for the larger values of Icimeasured for
the n-on-p Si cells, since the junction current contribution is expected
to be approximately the same fof both types df Si cells. The values of
A LSRO obtained in this manner are also higher than expected on the basis
of the'manufacturers' estimates. These discrepancies for the ﬁ—on-p Si
cells cannot be resolved at the present time. The GaAs cells most
probably have a junction depth of slightly over 1p as this situétion leads
to estimates of LSRo‘in'good agreément with the 0.5 to 1y quoted by the

" manufacturer.

6. Bombardment Induced Changes in the Dark I-V Characteristics. In our

7

previous discussion the bombardment induced changes in the short circuit

current were attributed to decreases in the minority carrier lifetimes

and corresponding diffusion lengths of the surface layer and base region.
It is therefore Quite clear that such changes ;hould also'lead to an
increase in the current arising from the vafibus mechanisms contributing
to. the dark I-V characteristic. From Eq. (IV-2) of Section IV.A we

can see that thgjideal\termﬁofuthe dark I-V charaéteriStic should increase
with increasing eXpOsure,lsinge it dependg;ﬁpon L;l and Lgl. Ihe-
Jjunction recombination-generation curfent>increases as T and ?bo
decrease as can be seen from Eq. (IV-6). These two currents shduld
therefore undergo noticeable changes at roughly fhe same exposure level.
In addition, a surface inVersiohvlayer current;‘if present, will be
modifiéd at approximately this same exposure level, sincé it depends at
least in part upon the bulk mat;rial properties. It is aléo possible

that a fraction of the defect recombination centers produced during

'bombardment paru1c1pate in the tunneling mechanism and thus produce an



"thevsurface:layén. Therefore the magnitudé‘of these'changes in‘Ib

<. ase-

 increase in this current contribution to the non-ideal term of the dark

I-V characteristic. The exposure level at which this increase occurs
neéd-not be the same as that required to produce chahges 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 récombination 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 showp’in Figs. V.28 through V.30 for one cell of each

type at the two test temperatures. Only diode I-V characteristics (see .

‘Section IV for the definition dfrthe diode and junction I-V characteristic)

are presented as it was not possible to measure junction I-V characteris-

tics subsequent to bbmbardment owing to the substantial reduction in the

‘ -minority carrier lifetime'of the base region énd; to'a'leSSer degree,.of .

could not be ascertained, and in addition changes in RSH were not

.determined; ;ince the reliébility of phese‘values would'be‘quésfionable
“as mentioﬁed in the'Section IV.D. Thg vaiues of'Iél and § for the non-
5ideal.current term wérerﬁowéver'eétimated from the measured dark .I-V
_characteristics;fénd the’resulté are presented in Téb;e V.VIII. rThé?

. #echniqge‘usedvtq estimaﬁe.Iéi.aﬁd 5 can.best be:déséribéa’iy making-

- feference to the pre-bombardmgnt dérk i-chharaéteriétic of.SiGiof

Fig. V.28. The current shows an initially rapid increase at low applied

bias. This is followed by what is approximately a sihple exponential

'
i
¢
i
!
i
H
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Table V.¥IIL. Values of o4, 8, and A for the solar call pre- and
post-bombardment dark I-V characteristics,
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Cell T(eK) MV™Y 6(a's) I,(A) s(vl) a
Si P 275 42.5 0 1.45><10'6 16.0 2.66
| 7.53x1011 1.63x10°%  16.3  2.61
Si 4 275 42.5 0 1.40x107° 14.5  2.93
1.21x1012 1.85x10°®  15.4  2.75
Si O 275  42.5 0 (o) 3.53x40° ¢  47.7  2.40
7-°9><1°“(; b 2.00x10°7  20.5  2.07
1.a1x1012 7 2074077 208 2.04
Si G 200 58.0 0 3.00x10° 7  42.5  4.62
8.12x101? 4.85%10° 7 12.3  4.72
si H 200  58.0 0 1.53x10®  16.2  3.58
3.72><1o“(c) 1.38x10°%  16.0  3.63
1.49x1012 - - -
2.99x1012 2.16x10°7 208 2.79
5.95%10 12 5.19x10° 11 273 2.12
SiR 275 42.5 old) 1.50x40°8 21.9 1.94
1.27x1012 5.65x10°8  26.7  1.59
Si 10 275  42.5 ol 2.65x107  15.3  2.78
5.40x1012 4.00x10°7  25.0  4.70
Si K 200 58.0 0 6.28x10°10 202  2.87
1.35x1012 3.00x40° 20 276 2.10
siJ 200 58.0 ola) 2.48x10°7  20.0  2.90
1.55x1012 7.80x107 10 234 2.51
GaAs A-21 275  42.5 of@) 1271077 22.3  1.91
7.11x10%2 9.10x10°7  23.1  1.84
GaAs A-22 200  58.0 0 2571071 272 2.43
5.60x1012 6.80x10° 1% 28.3  2.05
(a) Was not possible to find semilog region of sizable extent.
{b) Despite the fact that I decreaéed, the current at a given voltage
either increased or remained 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 qudite short,
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dependence over a substantial voltage interval, and then at high applied
. bias the ideal eprncntial term begins to make its appearance only to

be pvershadowed by the IRS intcrnal voitage-drop with the result that
the I-V characteristic tails off at high voltage (this bchavior is even
_ more evident in the post—bombardment I-V characteristic for SiG). From
our brEVious experience at fitting the dark I-V chgracteristics of
similar solar cells in Section IV, we knew that a good estimate of Iol
and o for the non-ideal ﬁerm of the dark I-V characteristic could be
obtained from'the slope and the intercept (extrapolating the curve to
V=0) of that portion of the measured I-V characteristic exhibiting a
simple exponential behavior. Some.of the characteristics exhibited an
approximately simplc_exponential dependence cvef more than one‘voltage
{intervél as is the case for 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 ccmpiex behavior. In determining
ﬁhe appropfiate region to use in these caseé, 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
likewisc that portion at higher voltages where the ideal current term

begins to make itself felt. Comments_relating to any difficulty encountered

in determining Iél and & 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 excéption of the post-bombardment I-V characteristic for
GaAs A-22. The complex shape of this characteristic may result from

bombardment inducéd changes in resistivity (presumably in the base region)
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~ 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 substantiglly with exposure. At very
_high voltages the current tail-off is seen to be more pronounced for ther
post—bombardment than for the pre-bombardment I-V charecteristics (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 particle,(see Fig; V.2),we expect the increesevin series
 resistance to be'primarily associated with radiation damage to the
base region;

Non—Ideal Current'Term In dlscuss1ng bombardment 1nduced changesf

in. the 1ntermed1ate voltage portlon of the I-V characterlstlc, 1t is
" necessary to consider each. cell type separately. From Fig. V.BO and - T
Table V. VIII it is seen that for the GaAs cells 8 is nearly 1ndependent

of exposure, while Iol undergoes a substantlal 1ncrease and in addltlon

- A=~ 2. This type of behavior can be accounted for on the basls of

~all the mechanisms discussed in Section IV in connection with the non-

ideel current term.
The n-on-p éijcells exhibit'quite.unexpected changes in their dark
I-V cheracteristics.i We.see fromuFig. V.29 thet in contrast to pre-
dictions based upon eny of the current producing processes mentioned
: thus far the current decreased w1th exposure in the low voltage reglon.
VThls behavior may be compatlble with a current produc1ng mechanism
“assoc1ated with surface states wnlch at a_sufflclently high exposure
level are "passivated" or rendered incapable of further contribution to

the current 'passed by the solar cell. .Tn addition we see from Table .

OO
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.V.VIII that the post-bombardment falues for & correspond more closely to
an A of 2 thanAfor the pre-bombardment situaﬁion. t is not unreasonable
to expect the junction.recqmbination-géneration current to make a
substantial contribution to the non-ideal term subsequent to bombardment,.
siﬁce it is inversely proportional to the minority carrier lifetime
(this has been found to decrease substanfiall& during exposure), and in
aadition the other contribution to the non-ideal term is found to be
diminished subsequent to bombardment. |

The p~-on-n Si éolar cell dark I-V characteristics'béﬁave in a more
conventional manner under bombardment (at least at the lower exposure
levels, 6 < lO12 a's) as can be seen in Fig. V:28. Thé bombardment
- produced changes in the I-V characteristics are found £§ be much less
pronounced in the low and intermediate voltage regions thah in the high
voltage region. In addition the data of Table V.VIIL shows that little
change is produced in d during exposure énd_therefore Alhas a negligible
tendency towards 2 if any. One p-on-n Si cell (SiH) received an unusually
large ¢-particle dose. The.dgrk I-V‘characteiistics were measured

perioqically during exposure and a number are. shown in Fig. V.31. It

is evident from these characteristics that the current in the high voitage'

fegion uhdeféoes a more rapid change.with'exposure than the current at
-low and intermeédiate vqltages; Therefore, the mechahiém 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 dominanﬁ, the curfent ié seen to
'increaée initially_and then decregse. This behavior is consistent with

a bombardment induced increase in the base region contribution tb the

internal series resistance inasmuch as this would lead to a delayed
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decrease in tﬂe current, as observed. The dark I-V characteristic is
finally found to undergo an abrupt andrsubstantial change in the inter-
mediate voltage region which i; in no way consistent with the changes in

a Jjunction recombination-generation current ariéing from a decrease in

the minority carrier lifetimes. This behavior is similar -to that exhibited
by the n-on-p éi cells at 1owér exposure levels. Comments made relative

té the béhavior of the n-on-p cells apply equally ﬁell here. The final

I-V characteristic possesses a non-ideal term witﬁ a sigzeable contribution
“from the'junction recombination-generation current as is evident from

the value for A in Table V.VIII.

D.. Conclusions.

All the céll types exhibited an increased maximum conversion
efficiency at the.lower test temperature which is'in agreement with
theory. A comparison of the ma#imum_efficiency and corresponding shorf
circuit current for the $i and GaAs solar cells indicated that ‘the maximum
efficiency increasgd with increésing forbidden energy gap of the material,
and this is algo iﬁ agreement with theoretical ﬁredictionsl

The measuréa maximun efficiencies for~the Si solar cells fell well
below theoretical predictions. .This behavior was attributed tovthe very
- "soft" I-V.charactefistics exhibitéd by tge Si solar cellé.

The GaAs solar cells were found to,exhibit the greatest device
radiation resisﬁance witﬁ the n-on-p and p—on-h Si cells showing decreased
resistance in that order. The device radiation resistance of thé p-on-n
Si solar cells WAS independent of temperature (in the rahge of 200X to
275°K), while that for fhe n-on-p Si cells was found to be greater at-
2275°K. The behavior 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. »Theapparent temperature dependence for the GaAs
cells may be'attributable.to'the unequal initial‘diffusion lengths of
the two cells. V
| The initial values of the meximum efflclency were found to be only
'islightly greater for the Si cells than for the GaAs cells. However, the
total energy output (F jP '(G)de)-was'foﬁnd to be the greatest
- for the GaAs cells as a result of thelr greater device radlatlon
resistance. |

The diffusion length degradation constant was used as a measure of
t>.the ﬁaterial radiation-resistance. The diffusion length degradation
'%a-l

. constants for p-type Si, approximately_3X10-5cm at 275°K and

5XlO-5cm-2a_l_at 200°K; were less than those of both thé n-tyﬁe Si,
7 PR _ . v
approximately 7X1O‘5cm. a“l at 275°%K and 200 °K, and the n-type Gals,

2@ L at 200°K and 3.5X10‘hem a.l at 275%. .-

approxiﬁately 4.9X10—hcm
»Therefore p-type.Si isithe most resistant to.radiatioh damage. The.ratio
“of diffusion length degradatlon constants for Si at 275°K K /K = 2, 5,
Cis in good agreement with the- results for protons Where this ratio is

approx1mately 3.- ThlS is the prlmary reason why the n-on-p Sl cells

exhibit a greater device radiation res1stance than the p-on-n Si cells.

The- substantlally greater sensitivity of the n-type GalAs to radlatlon

damage is conszstent w;th the argument that, in add;tlon to the productlon

of Frenkle defects whlch are common to both materlals, the dlsplaced Ga
or As lattice atoms can 1n general be replaced by atoms of the other
: type and thereby create additional lattlce_defects. This replacement

process is not of importahce ih Si Since ail-the lattice atoms are alike.
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The device radiation resistance of fhe 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 Sihcells. Therefore a greater exposure is reguired for the Gals gells '
in order to realize changes in the base region diffusion length.

| The bombardmenf induced chahges 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
currént arising from a decrease in the minority carrief lifetime result-
ing from bombardment. In the intermediate %oltage 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 thé Junction recombiﬁation-generatioﬁwcurrent. For
the h-on—ﬁ Si cells a dec}ease 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 expésure". Tt is felt that this
type of behavior can only be attributable to changes.in the surface
state of the celi.“ o

Subsequent to exposure, the non-ideal term of the dark I-V chaiacter—

istic was observed to have an exponential dépendence approximately equal
- to thaﬁ predicted for the Sunction récombination-generatioﬁ current for
'most of the cells tééted. Considering these results, we feel that a
surface ‘state éontrolled non-ideal current contribuﬁion is eliminated
during exposure leaving thevjunction recombination-generation current

contribution which is greatly enhanced as a result of ﬁhe 5ombardment..
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VI, SUMMAﬁY
We have seen that the'energy cdﬁvérsion efficiency of a pgrticle4
vqltaic device 1s controlled by its charge collection efficiency and
daik‘I-V characteristic. The charge céllection éfficiency for a given
.device is coﬁtrolied byTSurfaceiana volumé charge carrier recombination
aé is, -in part, the dark I-V characterisfiq.
" 'The energy conversion properties for an idealized Si &évbltéié
device were calgulatgd. For this device the dominantléurrént contribution.
to the non-ideal térm was assumgd to be the junction recombination-
éenération current. At rddm.temperature the maximum efficlency was
calculafed to be aboutAlé%-f§r a device exposed to a lCO mC alpha
source; The useful }ifetimevfor-such a device (that i§5vthe time
vrequired for the m&#imum'efficienéy to decrease by an order of magnitﬁde)
| was ¢stimated to be one minute. - | | |
The dark I-V characteriStics were meééured*fbrlpgon-nkand n-on-p
Si and p—on-n‘GaAs séiar celié at various test tempe?atures in the range
of 90°K to 360°K. The ideal contr_ibution to the I-V characteristic v'
was isolated fbr all three ceii types.v Iﬁ was, howeve?, not possible to
sepafate out the effects of.sﬁfface région éheet resisténce due to the
large exﬁerimental errors éncounterea. Thé non-ideal current term was
best descfibed by'ﬁhé meéhaniém of charge cgrrier tunneling"throﬁgh the
junction.for_the p-on-n Si cells. In light of the effect of chemical
' >etchihg upoﬁ the'non-ideal'currént term, it 5ecame evidenp that the
 tunneling mechaﬁism is;'at'ieaét ih’ﬁarf;.;ssociaﬁéd with-fhe surface
energy states of'fhe device. The ﬁon~ideai current term for the n-on-p
81 cells was also foﬁnd to be consistent Wiéh a tunneling cﬁrrenﬁ'

mechanism. However the' noan-ideal current term for these cells was closer
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to a junction recombination—generationIcurrent than for thé p-oan
cells. In addition thé n-on-p Si cells were affected to a lesser degree
by chemical etchiﬁg than the p-on-n cells. One of the p-on-n GaAs
cells teséed possessed a non—idéal current term thch was in good
agreement with a junction recombination-generation éurrent for temperatures
above 2505K while showing‘a substantial deviation below this temperature.
The energy conversion properties of Si and GaAs soler cells under

a-particle.bombarément were measured at QOO‘K‘and 275°K. The GaAs
solar cells were found to be more resistant to radiation damage from a
device stahdpoint than either type of Si cell, and this was attributed
to the lower'purity ana correqundingly shorter base region diffusion
length’for the GaAs devices. The greater devicevfadiation resistance of
the n-on-p Si 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-t&pe.
| The improved radiation resistance of b-type Si at 275K relgtive to that
at 200°K implies that the enefgy states corresponding to the radiation
iﬁduced‘defects must lie above the Fermi level, since it is unlikely
that the nature of the defects produced at these two temperatures is
different. | o |

/fThe diffusion length degradation consﬁants were also determined for

. both materials. P-type Si was found to be the most resistant to

-%a-l 2 -1

at 275°%K and 5X10—5cm_.a

at 200°K, followed by n-type Si for which K (Si) = TXL0Pem 2™ at both

temperatures, and finally n-type GaAs with Kn(GaAs) ~ thO"hcm-%a'l.

radiation demage with K?(Si) ~ 3XlO_5cm

Comparison with the data from proton irradiations showed that the « -
particles were less effective than the protons in producihg electrically

active lattice defects.
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The bomﬁardment inducedjchanges in the dark I-V-characteristics
were in qﬁalitative agreenent 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 were in‘no way consistent with expéctations
for tuhneiing.or junction recombination-generation curfents controlled‘
by bulk ﬁatefiai properties. Thevresults indicate‘thét ohe of the
'éurrehtvééntributions fé the non-ideéi current term_(presumably'a tunnel-
ing current associated withAsuiface-enérgy states) is rendered inactive
by a—pafticle bombardment.wifh an associated "bardening" of ﬁhe'I—V
. characteristic at low forward applied bias. The post-bombardment I-v
characteristics were;found to pdssess a non-ideal current térﬁ in good‘,
agreement with the Junction recombihation-generatibn current provi&iné
' anfexposﬁre level héd.beeﬂvreached for thé Si‘cells sufficiént to realize

" the "hardening" phenomenon.
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NOMENCLATURE

A p-n junctioﬁ non-ideality factor

Ax p-n junction cross sectional area

a screening radius

a radius of the first Bohr orbit

b - classical distance of closest approach

c capacity

c velocity of light

Dn. - electron diffusion coefficient

ép hole diffusion coefficient

%x = Q-particle energy

%xo initial Q-particle energy ;
Ebi étomic binding energy of ith electron

Ec : eﬁergy at the bottom of the conduction band

ED ) threshoid energy for the'productién of a }attice diéplacement
Epy intrinsic Fermi erergy

Efn. Férmi energy in n-type material

Erno equilibrium Fermi energy in n-type material

Efp Fermi energy in“p-type‘ﬁdterial o

E%po equilibrium Fermi energy in p-typeimaterial'

Eg forbidden.energy gap

‘ER- energy of k=0 optical phonon for Si o ‘
Ev . energy at the top of fhe‘vaience 5andy

- electron-hole pair'production'rate per a-parficle'
h Plancks constant (4 = g%) |

I mean ionization potential or total éurrént'

I surface region plus junction cﬁrrent'_
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T p-n junction diffusion current

feiectron current

. particle generated éurrent

‘ a-parficle genefated current

hole cﬁrrent

averagé'ionization poféntial of ith electron
p-n junction,inversion_layer'current
light génefated cufrent or (QUWELJS/K)l/Q.

cﬁfrent at maximum power

revefse saturation current fbr the”ideal diffusion.term

~effective reverse saturation current for the non-ideal current
" term . : ' .

. p4nvjunction”;ecombipatipﬁ-géneration'current

“short Cifpuit current |

p-n junctioﬁ tunneiing‘curfent -

‘electron éufrent'dénsity o ,:

" hole currént density .
. ieverse saturatioﬁ current aehsity forfidgai‘diffusicn'term
‘ diffuéioﬁ.léngth degradation constanf :_-' :

ldielectric constant. o | f
: Boltzﬁang éonstant

electron diffusiqn'iength,

hole diffusion 1éng£h,

resf méss 6f'the-§lectréﬁ

_incident d¥partiéie'ié£e

acéeptor atom conéentfation>.
-_iohiiéd accéptof atom concentration

~ donor atom concentration or defect center concentration
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N;. ionized dénor atom concentration
No atomic density.éf stopping medium
N concentration of localized energy states contributing to
T tunnelinglcurrent :
n electron concentration '
o number of displacements per unit track length per o'particle
n, intrinsic carrier concentration
n,  eléctron concentration in n-ﬁype materiai
np electron concentration in p-typevmaterial
npo | equilibrium electron concenfration in pffype material
max maximum power ‘
‘D hole concentration or impact parameter
n maximum'iﬁpabt parameter |
P, hole cbncentrafion in n-type material
Po equilibrium hole concentration in n;type matérial.'.
18 hgle'céncentration in p-type material
Q semiconductor diode charge collection efficiency
q - magnitude‘df thélelécfronic charge
R atomic raaius determined from atomic aensity
%j a;partigle range
Rc equiyalént solar cell radius . } .
R, . Rydberg energy for the hydrggen atom
'Ro radius for hard sphere scatfgring
R, internal series resistance
.RSH | -shunt resistance k
r, distance of closest apprqaéh,in coulomb‘Séatteripg with arbitréry P
h S electrén surface recombination velocity , | '

s hole surface recombination velocity
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'absolute'ﬁemperaﬁurev

maximum energy transfer in 2 head-on collision.

s as Scth o o e
ionization energy for j electron in ground state

~ voltage drop across junétion

Voltage at maximum power
open circuit volfage_.
junction width
_aﬁomic numbéfv

mean charge on the o particle

e?fective reverse saturation current non-ideality'factor or
V/e s B

| b»;'D/LES. ‘

' X/A; the non-ideal exponential\factdr

electric field

‘enefgy’?er'eléctron-holé pair =
_ permitiviﬂy of free space
'vséreeningvpéfameter'
) mﬁximum,cphvefsion efficieﬁcy 

' particle exposure “;ﬁhf

classicity constant L e

a/kT

. minority carrier lifetime degradation constant

© electron mobility}_ -

hole mobility_"'f

: number of lattice displacements per,pfimary .

resistivity

.-

cross section or variance
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cross section for lattice displacement production
differential cross section .
lifetime for electrons in highly ﬁ-type material
lifetime for holes in highly n-type material

equiiibrium p-n junction contact potential
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APPENDICES

~A. Semiconductor Diode Dark I-V Characteristics.

In this appendix ths various contributions to the dark current-
voltage characteristic of a semiconductor diode will be discussed in

detail.
56

Diffusion Current. Shockley” has shown that the ideal current-

véltage characteristic of a p-n junction is obtained from fhe solution
of the minority carrier diffusion equation in the n- and p-type regions
on either side of the juaction. (A large field exists in the junction
region, whereas the p~ and n—fype régions‘are'esseﬁtially field;frée.)
" For example, in th¢ h-type region the steady state hole continuity

equation is

2 .
a A;pn A»pn '
p) - = 0, ' (A-1)
P 2 T
ax P

where Ap_ =7p =~ p_ _ is the excess hole .. concentration and p__'is

n n no no
the equilibrium'u'hole“; concentration in the n-type region. Equatioﬁ
(A-1) is solved subject 4o the boundary conditions that the excess hole
‘concentration goés to zero at distances from the Junction which are

large in comparison to the diffusion length,

-

A pn(x »co0) =0, (A-2)
and the excess ~hole - concentration at the boundary between the
Junetion and the n-type region is

AP, = Pp (p(AV5)-1] = Ap o, - o (A-3)

where Vj is the voltage ¢rop across the junction. The excess hole con-

centration obtained from Eq. (A-1) is
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~bp = Ap etp(--—% I'A_. . 8 (A-L)

for O < x < ®. whlch represents the n—type reglon. The hole .-

current dens1ty at the’ Junctlon boundary (x_o) is given by

R ' dAnr'(@ D : : o N
B i e e .qpno(i-g—) [exp(av,)-11 . (A_—s)

' The electron current density, Je, is obtained in a similar manner with -

‘the result that the total current is

T +T = 1] e -
Iy =1, th Io[e:;p(xvj) 1] s o (A-6)
- where

IQ/.gAx s vnpo(-lg)' * pno(f) o o s S (A'7)

L

is ‘the reverse saturatlon current and.A is the junction cross sectional

‘area. In Appendlx C the precedlng anaLys1s is extended to tne case O;

a thin surface reglon dev1ce'where Eq. (A-2) is no longer a valid ooundary

V'condltlon for the- surface region, and it becomes necessary to account
for the recomblnatlon of electron-hole palrs at the surface. The I-v
characterlstlc of a shallow Junctlon dlode (i. e., see Fig. A. l) is of
vthe same form as Eq (A-o) except that the reverse saturatlon current is

1obta1ned from .
. . t t \
fYn51nn(E;)+ccsn(i;)]

I /e, = <—-> ———— + 1 <—B> (a-8)
Ov .x ' . n EY cosh(-—)+s1nh(—~)] e Lo ' -
: L .n__,_e
: where' 7 =D /L s 'and 4 is thev*hickness'of the surface'region.

vKuatlon (A 8) represent the reverse saturatlon current for a-diode wit

a thin p-type surface reglon and a thlck n-type base reglon.

B N
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Inversion Layer
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MU-35589

Fig., A.l. Geometry for a shallow-junction semiconductor diode.
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Thus far the p0531ole exﬂstence of a voltage drop in elther the
n- or p-type reglons has been neglected. Sah, Noyce, and_Shockley5;
have considered this casz and obtain the I-V characteristic by solving

the current equation, continuity equation, and Poisson's equation in.

both the n- and p-type regions. These equations are

Keggdivf = q(p-n#N), | : o (4-9)

I, = qutx_éio-gradpj . S (an10)
-d£'=uq3n[x5;n+gradnj',' ., : 1_' E V(A-ll)
)= )

’l'ana_t - ' »ls.u”jldiv(Jﬁ) = qU - | -l': _ | (A—l5)

where E is the electrlc fleld N is the number of ionized donors or

acceptors (1 e o3 s for donors and - for acceptors), and U is the bulk
. N
eleCUron-hole palr recomblnatlon-rate _ Thls recomblnatlon raue for non-

vequlllbrlum but steady s,ate condltlons has been calculated by Shockley

o7
and Read _for a:s1ngle recomblnatlon,center of unlform spatlal dlerl-

“bution located at an energy Etnwith respect to the top of the valence

‘band and is -

‘

(pn-n )
Kn+n )T 4{p+pl)1

S ey

_ where nl and pl are the electron and nole concentratlons correspondlng

'to the situation wnere the Fermi level lies at Et’ and Tbb and T are.
: o

the mlnorlty carrier lifetimes in hlghly doped n-type and p-type matefial

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-reglon side (x;O)

. 2 -
p (0)n (0) =_niexp<xvj> , (4-15)
and. ’
n_(0) = pn(0> + N (A-lé).
so that
o (0) = 3 1P 0) — 17 . (adD)

Equation (A~L7) is valid so long as the guasi-Fermi levels for the

electrons and holes are constant in the junction. Using Egs. (A=9)
: | . . 2 2

through (A-14) and (A-16), it is possible to solve for d pn/dx and

then integrate to obtain

o 21,2 2y
(ap /ax)" = 1" ix(p_-p ) + (N-p )(p_-P )

(p +0 O)

2 -
- (po(N-Po> ni)lnm 1- : (A‘-L‘8)

where

T n.+7 P.+1 N ,
0.1 no 1 T
o PO'T +7 =2 (a-19)
PO no

o]

and the boundary conditioh used in the integration was P, =P and

gradpn -0 as X —» . The same set of equations is also used to find
the hole current at the Jjundtion edge with the result that

ap [2p (0)+¥1ap, (0)/ax
[, (0)+¥F] o

(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. fThen in the case of low level

~ injection (i.e., p(0) < /10) the. current becomes

Bl

. D . : . v
T54(9) <mno<i—1;<> B (o day e

.:.where b = Dn/qg; ihie:is siﬁilar'to the diffusion theory reéult obtained
vabove'except for‘ﬁhe'facfor JZE:ES7§E’ which.afises.from the fact that
in the present developmenu an elec»rlc fleld was assumed to ehlst outside
| of the Junctlon _ '
tn the case of hlgh level injection (1 e., p(O) > lON) the currenu

Cis glven.by

Jhd(-q)'v= V2 q(_%pn(o), L . '.: (a-22)
where _ ;
. (l/D +l/D )/(rno+1ho) - _‘: L (a23)
pn«s'),.;jni;emvj-/e).* N

- Recombination-Generation Junction Current. Sah, NbYce, and. Shockley
~ have also considered the effect of carrier generation or recombination.

in the junction7up0n the:cﬁrrent—voltage characteristic. . For'an'eléctron_

e

hole pair recombination raﬁe'in'the‘junction given by Eq.e(A;lh),_the tetal'-

. ‘current contribution due “o recombination or generation in the junction
is given by
B rg

‘where the integral is carzled out over the Junctlon thlckness._ The

- electrOSuatlc potenulal Vﬁrlatlon in the Junctlon must be known in order

to solve Eq. (A~l5), .s1nce D end n are related to the'electrostatlc

'potentlal,.dgvthrough"'
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b= nemMg, - 9] : (A-26)
. and

n.:= niexp[x(w - ¢n)] . ” (A-27)
where q¢p and q¢n are the quasi-Ferml levels in the junction for holés

and electrons respecﬁiveky.

Also _ ' py = nyexp [(Ei—Et) /KT ] - | (A-28)
and n, = niexp[(Et—Ei)/kT] | : ' (A-29>-
where |

[E +E_ -kTln(N_ /N ) .3/2 = - qy (A-30)

is the intrinsic Fermi level.
Then use of Egs. (A-26) through (A-30) in Eq. (A-1L) yields the

steady state recombination rate as a function of the electrostatic

potential,
: XV.
—
n,sinh 2 /J ToTno
U= ", (E, ) (4-51)

DO)]+exp[- —__JCOSh['""TT'——+ —ln( )]

where Vj = ¢p - ¢n- It vas also shown by Sah, et al., that in a diffused

diode the electrostatic potential variation in the junction can be
approximated, to a reasonable degree, by that of a linear graded junction

in vhich case

(¢ +¢,) o A
Y- = (Y e/ : . (A-52)

D
and W is the junction thickness. Then Eq. (A-31) can be integrated with

for -W/2 < x < W/2. 4 is the equilibrium junction contact potential

the result that'Sah;‘et'al. found this current contribution to be
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qr_i LA 2sinh(>\vj /2)

I, ' £(b (433
e = TRV, ) (a-53)
- po no
~ . where
EORS) "'z—qz—“ ’ C (a3h) '
B R 4 +2bz+1 : A .
E
‘b= exn[ehv /2]cosh[ kT - 5 1n(29) ] ) (a-35) o

‘no
"‘and the limits of integration are

g‘;J“/‘mw(wwn O

1,2 po no

- Surface Current, It has been found that'contamination of a semi-: . -

conductor surface ‘can lead to the formation of an inversion layer on

vethe surface which is of oppos1te conductivity type to that of the bulk
12,19, bk, 6o

material. . This inversion layer formetlon arises from surface

energy states whieh are produced by impurity atom adsorption or struetural
defofmation at the sﬁrfaceﬁ, r"he.fornie.tion of such a layer requifes that

T a p-n Junctlon or depletlon reglon e present between uhe inversion layer
_ and the bulk materlal.‘ Therefore, the total junction area is 1ncreased_

" and negleetieg Tig the total diode current becomes B | | .

ST = J. : : : ' o
1= I (e _:_L) +,IE(VJ.), o (A-37)
where IIL(Vj) is the inversion layer current. The inversion layer current-

15

volfage charecteristicihas been determined by Cutler.and Bath." This

- development involved the simultaneous solution Qf the eQuatiohs for the

voltage drop in the sﬁrface leakage path

e =ML (a38)
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where p is the resistivity of the surface channel and L is the width

of the channel, and for the current flow,in the leakage path
aI(x)/ax = -sz[exp(XV(x)) -17. _ (A-39)

‘where JS is the reverse saturation current density for the surface
‘_‘barrier formed by the inversion layer. The boundary conditions used in
thersolution of Egqs. (A-38) and (A-39) were I{®.) = 0 and V(=.) = O.
'The total current contribution from the surface barrier is obtgined
from the solution for I(x) at x=0 with V(0) = Vj' The current found
from Egs. (A-38) and (A-39) is

AL
= '+ J—)\V-— 1/2 . -
I _IL(e L 1) | ‘ | (A 40)

where the plus and minus signs hold for forward and reverse bias

respectively and

Ii = 2w2LJs/xp . - | (A-h1)

The total current given by Eq. (A-37) then becomes

AV, .
IQVj)_= Io(e VJ-l) + IL(eXVJ-xvj-l)l/z. (A-k2)

Excess Current. Another process whereby the charge carriers can

contribute to the current is that of electron 6r hoie tunneling through

the junction from one base region to the other. This is indeed dominant
current term at small épplied bias in tunnel diodesgo 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 shown in Fig. A.2(a).
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(a)

(b)

MU-35590

Pig. 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 region through an intermediate localized energy
level in the forbidden eaergy gep into the valencevband on the opposite
side of the Jjunction. Figure A.Q(b) shows the energy diagram for this
situation and indicates one possible route for the tunneling process.
Chynoweth, et al.,lBanalyzed this mechanism assuming route CBV to be the
most probable mechanism for the tunneiing process. An electron making
2 tunneling transition from B to V in Fig. A.2(b) must tunnel through

an energy barrier given by

= - - - - - = R - _)4—'
E. Eg (Ec Efn) (Efp Ev) qvj (Efn pr) qVj _ (A-13)

’

assuming the electron ends up at the top of the valence band. The .

tunneling prdbability for this transition was found to be
P = esp(, B2/ ) ©(A-kk)
T i T°T :
' where &€ is the electric field in the junction, aT is defined by

l{ 2/5ehA]9 ’ , - (A-b5)

o, = (2m,) ”

and 6 is a numerical factor of the order of unity and oy is the ‘effective

mass for the tunneling process. For a step junction the electric field

in the transition region can be approximated by

1/2 -
U~V [PV, ] _ )
g€ = ija = —= d R (A-k5)

o
where Wo is the junction width for unit voltage across it and q¢b =

Efno_Efpo' The transition probability therefore becomes
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1/2

P(V,) = exp(-afl a/° [(By -E, ) - oV, ]). - (a)

For a concentration of occupied energy levels at an energy ET above

the top of the valence band (i.e., levels such as B) of N, the tunnel-

o
. 13
ing current was then found to be

1/2

T(V,) = ANV )R(V) = ANV Jexp(<oni a2 (5, B )-aV,T)  (4-48)

i

where A is an undetermined coefficient.

Total Current. In addition to the previously'mentioned contributions

to the current;, it is necessary to consider the possible existence of a
shunt conductance path in parallel with the junction. The contribution

to the current resulting from this mechanism is
T = ‘ -
Tgg = Yy /Ry | | (A-49)

where R.., 1s the shunt resisﬁance in parallel with the junction.

SH
The total'currentvis'then, in general, the sum of the contributions

~from all these mechanisms discussed above

' = I -
P I I+Irg+I + .+l-T (A-50)

a IL T  °“SH®

The material properties, surface preparat%pn, and device geometry of a
semiconductor diode determine which of the terms in Eq. (A-50) dominates

at a given température and voltage Vﬁ . The current-voltage character-
istic of a practical device is given by Eg. (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& ana an

~ internal voltage drop of IR - Therefore Eq. (A-50) becomes

I(v) = Id(vj§ + Irg(Vj) + IIL(VJ)‘_+ IT(VJ.) + Isﬁ(vj) : - (a-51)
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where V5 =V - IRS- Figure A.> shows the calculated I-V cheracteristic

\ “and its individual currert contributions for a p-on-n silicon diode

with negligible inversior. layer and tunneling cu;fehts. ‘The temberatufe
dependence of this particular I-V chafacteristic is presented in Fig..
A.lL, where the material properties used in the calculations are ..
repfeséntative of moderately pure material (for Values used see Table

‘ ITT.III) and the front surface was assumed to be-completely covered by

an electrode. In a calcuwlation of this type for a solar cell it would

be necessary to consider the effect of tﬁe non-uniform potential wvariation
in the thin surface region upon the characteristicr Current passing

from the junction to the electrode stiip (see Fig. A.l) results in a voltage
drop in the surfacé region with the result that the junctioﬁ-surface
region boundary is not an equipotential.68 The analysis of this situation
wouid be similar to that used in the determination of the inversion layer

current.
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B. Charged Particle Energy Loss in Semiconductors.

In this appendix the various contributions to the total stopping
power are cénsidered in detail. These include the stopping powér
contributions from atomic electron excitation and ionization, valence .
band to conduction band electron excitation, and classical hard sphere
and cléssicai Rutherford atomic collisions. The célculated stopping
power curVg consisting of these confributions is then . used to determine
the spatial variation of a—particle energy, %}, the electronic Stoppingi
.power, [d%x/dxjel, and the lattice displacement production per o

particle, nD(x).

l. Atomic Electron Excitation and Ionization. A number of modeis have -

been proposed to pré&ict 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 encoﬁntered détermine which of thé

' stopping power quations is applicable.

A quantum mechanical calculation forffhe excitation of the bound
atomic electrons into the energy continuum and/pr'the empty excited
electronic states has been carried out by Bethe.5 In this treatment
the couwlomb scaftering cross section was calculated‘using the Born
approximation which, accordingvto Bethe, is a valid approach 50 Jong as
2zm/1576 << 1, where z, is thé'mean charge on the enérgetic particle,

Z is the atomic number of the stopping material, and B = 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

L 2
Lre z o

N Z2[1n
2
mv © T

&

-7 -8 (5-1)

where No is the number of stopping atoms per unit volume and Iris the
mean jonization potential of the stopping medium.

Also at éufficiently high charged particle energies the mean
ionization potential is approximately constant, and empirical values
have been determined from éxperimental measurements of the stopping
- power. At lower particle energie; the méan ionization potential is a
‘functién of the charged particle velocity, since excitatipn of the most
tightly bound atomic electrons becomes energetically impossible. If
the factor Z/l57B becomes on tﬁe order of unity or larger, the Kfsheil
electrons are no longer ionized. In Figf‘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
seén fo yield good agreemént with experiment over a very limited range

]

of atomic number; whereas the empirical relation¥
£ -15.5-1.65 1nz +2.22 x 107 2 | (B-2)

gives reasonablexagréement over the entire range. Bethe defined the
dependence of the mean ionization'pptential upon the energy necessary

for excitation and‘ionization of the individual electrons by the relation

ZInI = 5, £.InE,, | | - (B-3)

Introduced without discussion in the Ph.D. Theéis of J. Erkins,

University of California, 1959  (unpublished).
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where fi is the sum of the oscillator strengths for all optical transi-~
> 'th L = s 1.7 * g > o R PR
tions of the 1 electron and E, is the mean excitation energy for this
o 21 . . =
electron. Evans  has suggested that fi is close to unity and bi
) odo

h
can be replaced by the average ionization potential of the 1Y electron,

I,, with sufficient accuracy. Using Eq. (B-3) in Eq. (B-2) yields
i
bgre 'z e

- - —2 N z [12mV2

mV2 1—l i

The mean charge on the energetic particle, zZ is also depéndent

- 1n(1-8%) - 871 . (5-4)

&l

upon the particie velocity. At high particle énefgy the electrons of
the incident pérticle are stripped off due to the large relative velocity
between these electrons and the electrons ofvthe stopping medium. As
the energy decreases, the charged particle can capture atomic electrons
from the stopping materiél with a resulfing decrease 1in its meanbcharée.
At very low energies ioniiation of the incident partiéle is improbable,
and-the scattering process is brimarily of an atom-atom nature. In
this eneréy region the stopping results primarily in the production of
lattice defects as oppOsed to electron excitation.

As mentioned:previously3 the validity of the Born,apfroximation
determines the applicability of ihe Bethe stopping power equation. At
low charged particle energy £he factor'Qzé]l37B becomes large compared

25

to unity and the Born approximation is no longer valid. Fano ~ 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 Borniapproximation

is once again valid. Mbtth6 has also shown that the Born approximatioh

gives the correct result independent of the condition that QZm/137B < 1.
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provided z. << Z which is not rigorously satisfied for C-particle
stopping in Si. .

The factérs 2zm/1373.and-Z/137B are shown.%n Fig. B.2 for the
special case of C-particle stopping in Si where the velécity dependence
of zm presented in Fig. B.3 was used in the calculations. It can be
‘seen that th¢ condition QZm/IBTB <K 1 is never satisfied, and, therefore,
uée of the Born approximation is questionable. For energies such that
2zm/1576 >}l, the stopping power can be calculated on the basis of
classical coulomb scattering. Two stopping power eguations obtained . in
this way will be discussed below. TFigure B.2 shows that neither of :the
limits for 2zm/1378 is realized for CG-particle stoping in Si, and over
this energy interval (1KeV to leeV)_Evansel haszsuggested-that at a
given energy the stopping power law yielding the least energy loss be
used. It wiil be seen later that this corresponds to the Bethe equation
for 2zm/1375 < 1 and the classical equation forr22m/137B > 1. TFigure
B.2 also shows that Z/lB?B > 1 over fhe energy range of interest. This
means that K-shell ionizdtion will become impossible in this energy |
range, and the same will be true for L~ and M-shell electrons. For this
reason it was necessary to useLEq. (B-4) rather than Eq.(B-1) when
calculating the stopping power. At non-rélativistic o-particle velocities

Eq. (B-L) becomes

2

o _ 9 Zw, 2 -3, %
5 (KeV/p) = -k.76 x 10 (ET_) .za In[5.48 x 10 ()] (B-5)
(04 i= i

where E,and I, are in eV. The mean charge is dependent upon the particle
type and stopping material.v Experimental measurements of z. for o

particles in light elements such as air and mica have been summarized
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by Evans’2l and the curve drawn through thé data is reproduced in

Fig. B.3. The experimental results exist for d-particle energies above
300 KeV. Below this energy Evans extended the cprve-b& assuming a
linear velocity dependence for Z - This is only an approximation,

since the‘electron capture and ionization cross sections are not linear
-with vélécity which suggésts that the/mean charge on the & particle
éhould in reality go to zero in a more abrupt manner as its velocity
decreases below the speed of its second orbital electron. The results

of Fig. 3.5 were nevertheless used for z in all the calculations of this
report. . ” .

vThe average ionization potential to be used for the individual

electrons is not easily obbained. This is due bo the fact that it is

to include the effect of excitation as well as ionization_processes.)
‘Using_Eq. (B-B) with fi = 1 and the binding energies of the various
étomic sub-shells obtained from spectroséopic data,35 the mean ionization
potenﬁial was found to be 85.5 ev. fhé individual binding energies are

given in Table B.I. This.result is much lower fhan the value obtained

from the curve in Fig. B.l which for Z = 1l yields

I = 2[15.5 - 1.631n% + 2.22 x 10°972] = 157 ev.

- The excess energy must arise from.the‘irféversible nature of the process
wheyeby an partiéle imparts energy to the other constituents of the

atom during tThe time of interaction.- if it is assumed that the average
ionization pofential for each electron can be related to the binding energy
Tor that electron by a coastant which is the same for ali the atomic

electrons, this constant can be obtained from

. Z :
InC = 1nI -2 = InE, . (B-6)
: o Z i=1 . '
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© In the remeiner of this 2ppendix Ii is assumed tp e identical for all
the electrons in a given subshell (i.e. 1s, 2s, 2p, etc.). The results
are summarized in Teble 3.I.

'Figufé B.L depects'zhe different stopping power cur&es obtained
from the use of Eq. (3-1) with'I’.—_ 157 eV and Eq. (B-4) with the set
of Ii corresponding to I =.l57 eV along withvzﬁ as given in -ig.’B.B.
This figure clearly shows ﬁhe ability of the outer electrons to. take
part in the stopping process even though~the innef electrons.can no
longer contribute. /The average electrdn approximation which is equivalent
" to considering only one mean excitation potential is séen to be a poor
approximation below about 1 MeV. Also shown in this figure for comparison
is the stopping power calculatedlf:om Eg. (B-L) assuming the particlé
remains fully ionized (z = 2).

. , n ,

Bohr9 has developed an exp?ession for the stopping power which is
based upon a classical treatment of the coulomb scattering between a |
heavy charged particle arnd the atomic eleqtrons of the stopping‘material.
Thé minimum inpact parameter is p=0, corféspondihg to a head-on collision,
while the maximum impact parameter mustAremain finite iﬁ order to
obtain a finite energy loss. Bohr assumed that only those collisioﬁ
times, T zvp/V , on the order of or less.than'the'characteristic freQuency
of an atomic'electron, were importént in the energy transfer process.
This!charécteristic frequancy, v , correspohds to the natural vibrationai

freguency of the electron produced by the atomic forces when the electron.

experiences the perturvation arising from the coulomb interaction with
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Table B.I. Binding energy(a) and average ionization
potentials of the atomic electrons in silicon.

Electron configuration: 1s 2Zs 2Zp6 3s Z3p2

(b) ()
E_ .(ev) I (ev) I (ev)
Shell  Subshell bi i i

Binding  Average Average
energy ionization ionization
energy energy
K 1s 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
A . 8 .. .48 128
Mean ionization
potential, I 85.5 158 137

(a) Binding energy data from Harnwell and Stephens (33).
(b) Calculated from Eq. (B-6) and Ii CEbi for I=158.
(c) Calculated from Eq. (B-6) and Ii

CEbi for 1=137.
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the passing ¢ particle} The maximum impact parameter obtained by Bohr

was
- = _ 1.123V (B
Py =P, TvV T 2mv ) ' (B-7)

with a resulting stopping power.of

2 kL
bz “e ™ 7Z S
gﬁ - _ m No S 1n l.lQBmZ M _ (5-8)
e Ci=1 2mv,z e (Mtm)

where Vs is the characteristic frequency for the ith atomic electron.
The assumption was also made that the characteristic frequency and the -
average lonization potential for charged pérticle scattering are related
by ‘
/I = hy, . | (3-9?_
Bohr has defined the mean characteristic frequency as
— z . | |
Zlnv = 5 1nv,- : (B-10)
. i :
i=1 S .
Using Eq. (B-9)in Eq. (B-10) yields
ZInI = 3 1nI, B o e (B-11)
oi=1 o : -
which is similar to Eq. (B-3). For the previously mentioned case of

o-particle stopping in Si, Eq. (B-8) becomes -

s L2 5 w3/2
= (*_EZ = - b.76 x 109(-5;3-“—)» % 1n[9.76 x 10—7(”0‘1 )] (B-12)
: o i=1l . - "mi

where again E& and I, are in eV. In'this classical analysis it was
assumed that the electrons taking part in the interaction with the

incident charge particle‘were'initially at rest.

‘

t
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.

The effect of the orbital eleetron motion upon the classical
coulomb scattering process has been considered by Gryzinski. The
stopping power equation obtaiﬁed in this way is -

L‘- )'l' 2 * . .
e 7 . .
— v )efa(v,),n(v,) Jav, o (B-13)

my”

ag
=

where v_ is the electron velocity, A = V/ve{ d = gl/ave, and g = D m/zmee.

m
P 1s the maximam impact parameter and the integral is carried'out over
the atomic electron velociiy distribution of the stopping_medium, N(ve).
‘Gryzinski préposed that thé maximum impact parameter can be determined
_from.the minimum excitation energy of the»first excited state of the

»atom, Ui-
For the large"ﬁalueS‘of impact parameter corresponding to an

energy - transfer near the minimum excitation potential the‘maximum

impact parameter is approximately equal to the distance of closest

approach for the given trajectory, rc-‘

The-energj of interaction is then

2
, z e
U = = .
Py \rl ‘
or , ;
. zmeev sze2 C - _

S A T o : ' (B-1%)

1 - d

where Uﬁ is the ionization energy of the grdund state for the outermost -

: S | L A
electron. Then since Uj = é-mvejz, it is found that

-~
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and

4. = v .
J & €J

The function G[2;M(v_)] is plotted in Fig. B.5. .In our application of
Eq. (B-8) the atomic electrons are considered separately, and the form
of distribution function is chosen to be

. .
Nv,) = = Wslv, - [<vei2> avg1/3) (3-15)
i=1

where m <Véig> avg/2 = Ii is the energy an ¢ particle must expend in
a collision with the atomic system in order to ionize the ith electron. .

Then the sto?ping power becomes

L
5 e 'z 2 Z , o : .
S TN s GER] (B-16)
o mve © i1 SR :

-2
where Ki = V/E<vei > a,vgjl/2 = (m.'E:a/MIi);'/2 and d has been assumed to
be the same for all the electrons. We feel that this is not a bad
approximation since the cutermost electrons (for which d = 2) make the

dominant contribution to the stopping power. In the limit of V >> Vo

(i.e., N> 1)

HSPECC I (31

‘and the stopping power becomes

L 2
hme"y
dE 2 '
== - N =z 1n(_I_mV2) (B-18)
mvV i=1 i :

.which is-just the Bethe stopping power equation. In the low energy limit
'~ vhere V << v (i.e., N << 1) Gryzinski has shown that Eq. (B-16) goes

within a factor of L to the stopping power law of Fermi and Teller
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Gryzinski's stopping-power equation.

-



233~ -

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 material since the conduction eleéﬁron gas in
normally doped material is non-degenerate. For £his reason the Fermi
and Teller stopping power equation will not be considered further.
For the previously mentioned case of an & particle siowing down in Si
Eq. (B-16) becomes

(—;—if:q Yy L L u76 x 100 (Z—Igi) ,;.fzz_l o2,n 1 (B-19)

B | 1=

2 -4 ' . ,
~where A" = 1.37 x 10 (qx/Ii) and as before E and I, are in eV.

Bloch carried pﬁt a quantum mechanical calculation of the stopping '
power for energetic charged particles valid for all values of 2zm/l376.
His resulf goes fo Bethe's and Bohr's results for the two limiting éases.
In this develbpment the stopping atoms Wére represented by the Thomas-
Fermi model, in effect‘replécing the'discfete atomic -electrons b& a
continuous electron density distribution.( The impact parameter was
fhen specified as the distance from the nucleus toithe path of the

incident particle. The result obtained by Block is

. hze' o 7 'z 2
+ 1) - RY1+i-T )J | (B-20)

- NZ[?og
. 2
v I hv

& _ .

&=
where ¥ is the logarithmic deiivative of the gamma-function and Ry
denotes the real part of . As we shall see shortly the_decisioh was

made to use the Gryzinski stopping power'equation in the main body of

the report and therefore Eq. (B-20) will not be considered furthér.
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Calculations based upon the stopping power eqﬁaﬁions of:Bethe

(Eq. B—S).and'Bohr (Eg. B-12) are cbmpared with the experimental results
of Gobeli for a@pértiéle s%opping in Si27'in Fig. B.6. It can be seen
from the figure that for a givgn set of average ilonization potentials
for the atomic electroﬁs (the curves labeled A are based upon the binding
~ epergiés, and the curves labeled B are baéed upon the set.of Ii which
yield I = 158eV.) the two curves cross each other at an energy which
vcorresponds to 2zm/1576vw 1. Ihis was discussed previously at which
time it was pointed out that the resultant stopping power is best
- appréximated by Bethe's equation for 22m/1576 < 1 and Bohr's equatioﬁ

'for:2zm/l575 > 1. The composite curvevobtained iﬁ-this manner from the
.curves A is not iﬂ gdod agreement_with the experimentél'résults of
Gobeli,vwhe;eas the result obtained from curves B agrees fairly well’
with experiment. Two factsimust be édnsidered in Judging the dégree of
agreement. between theory_and experiment as presented in this figure;_
They are (a) the neglect of the effeét of atomic eleétron motion'on the
-eﬁergy transfer pfocesé and (b) the fact that the analytical model of
Bethe and Bohr do not pro?erly accoun£ for the eﬁérgy 1o§s arising from
the ekqitation of electrons from the valence band to the conduction band-
in a‘sémiconduétor for low alparticle,eﬁefgieg} This latter précess
will be considefed'in detail in the following apﬁendix. fhe'éffect.of
the elecﬁron motion can be accounted for by using CGryzinski's stopping
" power léw.: Curve A in Fig. B;7 is the stopping power-obtained from .
Eq;'(B-IS) using the set of Ii cériesponding to I = 158eV and z_ of

Fig. B.5. The agreement with experiment is reasonably good, however, if
a set of Ii is chosenvwhich corresbondé to a mean excitation potential

of .137eV (see Table B.I), the curves labeled B are obtained using Bethe's .
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and Gryzinski's equations. The agreement with Gryzinski's stopping

power law is quite gobd now, the calculated curve being slightly low.
This is acceptable since a contribution to the spopping power from

the valence baﬁd to condﬁction band transitions must be included. TFigure
B79 shows that this cdntribution will not appreciably alter the agree-
ment of the calculated stopping power with experiment. Therefore, the
equation of Gryzinski was chosen to represent thé atomic electron
excitation and ionizatién contribution to the stopping power in the

mein bo&y of this report. The stopping power considered in this ;ppendix
has been termed the atomic electron stopping power 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 fo; a perturbafion of the electrbn potential produced

" by a heavy charged particle passing in the vicinity of the electron. The
analysis of this process does not follow that for the con&entional heavy
charged partiqle energy loss léws described above since the electron is
‘not ionized (a continuum of states is not available after the transition) .
but 15 instead excited into a band of éneggy states. This band of
available states 1s narrow compared to the continuum énéountered in the
ionization process, and therefore bnly interactions over a limited

range of impact parameter can meke a strong contribution to the excitation
process. A thorough analysis of this excitation procesévshould include
all possible fransitions 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 thét the
availablé sfates which are the most important in the transition process
iie ﬁear the bottom-of the conduction band. Th?s should be a reasonably -
good approximétion for iﬁsulatgrs with their large forbidden enérgyv~ %
gaps..‘sémiconductérs with their smaller forbidden energy gaps do not |
satisfy these»approximate conditibns well, but the apéroximation will
-‘nﬁnetheless be made in order to facilitate the analysis of this section.
The perturbing potential,cﬂ > iniﬁially.small,viﬁcreases té a
 _maxiﬁum at.theAdistance Qf_closest'approach and then decreases as the
.charged particle t?avels away from the atom.__The Hamiltonian fér the
system df'valence and cqnductiqn electrons inrquestioﬁ:wpuld'then be

| L E'=H + q(t) ‘ I (3;21)
whefe HO is ﬁhe'unﬁerturhed Hamiltonian with_eigen functions . . } _ ST

CH® = Eo - o ~ (B-22)
_ ‘ n nn _ : _

and ®£ is'thé‘unperturbed wave function{fdr the system Qf'electrons in-:
.the vaiénce and‘canduction Eands; .ﬁéing first order pgrturbation theoiy
fdr:a'tWO level transitién éroéess'the.probabilify of the excited state
being occupied at time t is found to be | |

P(t) =‘igl,ffm.ngl<t)eh‘2 Vet - (B23)

and the excitation-probability after the event is complete is '

vy

- l _x_ T . » 2 . . - '
P =2 [.-f_cpzn(t)cplel, ._QVidt ‘]. . (B-24)

where the time integral extends from -®v>to- ® and

o = —%——l— . | (B-25)
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At this point the ore electron approximation will be introduced.
This assumes that all the electrons in a given band experience the same
: petential which arises from both the fixed atomic centers and an averaged
out contribution from all the other electrons. .ﬁach electron is then,
~ureated separately The wave functions @ and ® are those.of an electron
© in the valence.band at energy E and an electron in the conductlon band

at energy Ec respectively. The transition freguency becomes

. (Ec—Ef)' E, o
(L)=-——'ﬁ—'~ = B—— . . (B-26)

where E_ 1s the forbidden energy gap. The interaction potential for this
limiting case is just the coulomb interaction between the incident

charged particie and the electron under consilderation, .

©(¢) = —RrEyT | (B-27)

where z m? the mean charge on the energetic particle; is a function of
. its veloc1ty, V, and lr—R( )[ is the distance between the charged
particle and the electron. For this term to be small compared to the
unperturﬁed Hamiltonian, HO, the smallest separation encountered during
the interactien,should be large'COmpared to. the distanees separating
the electron from both the nucleus and the other atomic\electrons. This
requires that the distance of closest appfoach for the albha varticle-~
electron interaction should be greater,then a distance of.the order of
2. the radius of the first Bohr orbit. |

Fer-the case of repulsive coulomb scattering, this condition can be
satisfied by imposing an upﬁer limit on the energy considered. In this
"lfype of scatteripg the distance of ciosest approach rc(p) for a given

impact parameter, p, is
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rC(P) =2+ [+ p° | ~ (B-28)

which shows that the condition rc(p) > b is satisfied for the duration
of the interaction. Therefore the perturbation method discussed above
will be valid for an incident particle energy Qalwhich corresponds to

b > 24 where

- 1z§ge [ ,'(;'\'ﬁ') (B-29)

is the classical distance of closest approach.
The situation is more complex for an attractive potential for -

which~¢ase.rc(p)-is

'Vrc(p) = - g + ‘(123)2 + 0o, N (3-30)
'an@ the condition rékp) é:b.is no longer satisfied'during the time of
:céllisionf Then rc(p) > aé is only satisfied when

.p2 > a02 + ba 7 . . - A | (B-31)
This sets a minimum limit‘on the impacé parametér and in addition a
maximum iimit exists as a résult of the finite extent of_fhe interaction
: bétweén the inciéent particle an@ the electron.. The iﬁcidenf particle
predominatéiy iﬁtefacts.with an electron on another atom when tﬁeb
impéct parameter gxceéds the atomic radiu;, R. The céntribﬁtions to the
energy loss resulting from coilisions whichbdo not satisfy Eq. (B-31) ére
therefore neglected. Thils situation can be aﬁﬁroximately‘compensated
for by{chosihg a maximum imﬁact parameter gfeater'than the atomic radius
. with a'resuitanﬁ équai overeétimate of the energy ioss.fér collisions
where ﬁ(t) < ﬁo; Seitz and Koéhler,55 when éonsidering.excitations

of this type for a nearly neutral incident particle, assumed the inter-

action potential to be sé?arable into sbatial and time functions.
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Making use of the same assumption, we obtain

: 2,2 '
n(e) = a(x )e™ /7 | (3-32)

where T = rc(p)/V and n(rc) is_thevcoulomb interaction at the diétan;e
of closest approachL The time function is only approximate but does
represent the actuai charactér of the interaction. The form for the
spatial term is a rougher approximation than that made py Seitz and

Koehler who assumed the interaction matrix element to be given by

42/:2
85 nav = nye : (B-33)

In order to accurately evaluate UNE it i1s necessary to know the initial
and final wave functions for the electrons and to expand the interaction
potential in multipéles and. caleculate the éontribution to the matrix’
element for each term in the expansion. This is beyond the scope of

the present analysis and therefore the approximation éiven by Eq. (B-32)"
"was considered to be sufficient. Using this relafion for the interaction
potential in Eé. (B-2k) yields

; ” 7]21‘ 7TT2 2 2 :
P(T) = *f£§~—— exp-{ - »} L (B-3k4)

2

where we have assumed thet 17, = f¢§ n(rc)¢idV'z n(fc). Equation (B-3L4)

written in terms of the distance of closest approach is

P( ) zmegﬂ' E€2Tc2 v ( )
T B e @XD [N = S, o B_35
B - 2R S

where we have also assumed that Moy & n(rc).= zmee/rcg; "The differential

scattering cross section for coulomb scattering is

ao(E,p) = K(E,p)dp = - 2mpdp. S (336)
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Assuming that the energy trensfer per transition is approximately equal

EN

to Eg’ (ef. Eq. (B-26)) the stopping power is given by

a p > » ’
‘ %g = BN [ ™ ao(E,p)P(p)dp o (B3T)
° Pmax :
or
2 2L 2 2 ,
dE 27T Zm e NOEP' pmax ) Eg rc' :
a}—c = e 2 ‘ 2 f pdp eXp v"‘ “2 2 . ’ (B~38)
h V2 ' Pmin Zh7v - ;

The integration is most easily carried out over'rc so that making use of

- the équality pip = (r + b/2)drc, Eq.. (B-38) becomes
o - c _

2 24 S 2. 2 _ 2 2
a8 T zge NoEg e, max E r. . jrc,max Eg r
cax - T 2.2 r 2rcdrcexp 2 P r drc . 2. 2
hov “e,min 2h V2 ‘c,min T .| 2h
’ (B-39)

The first term in the brackets can be integrated while the second must
 be evaluated numericélly. Integrating the first term and considéring
Q-particle stopping in Si yields

2 2 . 2 - Ye,max -ar2

(KeV) - 6(—-——) l -arc’.min - e-arc,mxj + bfr Cdr e (¢4 (B—LY'O)
a, c,min ¢

. - ) A. 2 -.'v .
where 8 = 5.39 x 102h eV/cm u, a = 2.88 x 1018 eV/cmz, E,is in eV, and

r, is in-cm. The minimum limit on the distance of closest approach is
taken fo be r min = lC-8cm; and as stated previously, the maximum should
'be greauer uhan the atomic radlué, ~ 1.7 x lO—8 cnm. In selecting a
maximum value for r., the condltlon given by Eq. (B-51) was employed.

This condition specifies the ¢-particle energy at which the electron

excitation stopping power and atomic collision stopping power are

comparable. At ¢Q-particle energles in excess of the cross over point
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energy, eleétron excitation and/or_ionization is the dominant mechanism
for energy loss. The maximum was taken to be rc,max 23 x 10*8 cm with
a corresponding cross over energy of E, = LXeV (see Fig. B.18). This
is in excess of the valus obtained from Eq. (B-51) (that is,.Ei ZleeV)
which is consistent With.the discussion wﬁich accompanies the introduction
of this equation in the next section Qf this Appendix. The stoppiﬁg
power calculated using these limits is presented in Fig. B.8 where the
relative contributions from fhe tﬁo integrals are indicated.

'As the ¢-particle energy decreases; it captures electrons and
.approaches neufrality. This is Just the situation considered by Seitz
and Koehler as mentionedvearlier. The neutral particle has neglibible
4 probability of interaction unless its electron cloud penetrétes the
electron cloud of an atom gf the stopping medium. Therefore, Seitz énd
Koehler assumed that the cross section for scattering will be zero for
r, >R and g = ﬂR2 if rc.< R. This assumes only minor penetration of the
silicon atom electron cloud by.the néutral helium atom which is reasonable
at the léw energies considered here. The characteristic interaction
~ time in this césé is T = R/V. The interaction potential for this atom-
atom scattering process is diffiéult‘to ascertain. TFor the present
analysis we assumed that the scattering fésults in an interaction
pptehtial between fhe incideﬁt particle and avvalence.electrén in the
crystal of a coulomb nature where the net charge én the incident partiéle _
is z (i.e. that obtained from Evans). In the present case the orbital
electron épeed will be on the order of or greater than the incident
particlé speéd so that their average sepafation will be approximately
quual to the atomic radius inasmuch as the electron makes a numper of

orbits during the time of interaction. The condition v, >V is satisfied
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Fig. B.8. Coulomb interaction stopping power for valence band to

conduction band transitions in Si.

ey



245

so long as E < 10KeV for a-particle.stopping in Si. An impact para-
meter relative to the elecfron has no meaning due to the electron's
orbital mofion. As a result, the transition probability was assumed to
be constant fof any direction of travel of the incident particle taking
it through a cross sectional area of ﬂR2 about thevnucleus of a lattice

atom. ~The interaction potential in this approximation is

= T : (B-41)

and the transition probability is

o1 o EX
(V) = —55—exp (- =—5) . (B-k2)
RV 2 |
or o
th z 2R2

P(V)

m g , :
—— exp (- ) . -. (B-43)
15 ooV -

The stopping power for this neutral resonance excitation process is

then given by

aE | T?RezmzehNoEg 'E;Re - -
= = -Ech(V)NO £ - ene exp (- —S5—) - - (B-kk)

and for the a-particle stopping in Si this becomes

S 2 ,
o (KeVy _ 9 Py 832y . ' (a_l
== > ) = ~3.89 x-lO (_E;) exp (- B (B-k5)

For incident particle energy less than 100 KeV which.ihcludes the energy
range of interest for this energy loss mechanism the approximate linear

dependence of mean charge on velocity yields

.2,

Z
- = k.35 x 107 oyt



and then the stopping power is

iaX ) g 8
ﬁ(%ﬁ - -16.9 exp (- jE—:Z | © (B-k6)

~where E is in eV. The stopping power calculated from Eg. (B-45) is
-presentéd as-curve’B in Fig. B.9. The composite curve for tﬁe stopping
| power is oﬁtained from Eq; (B-k6) for E,< 10KeV, Eq. (B-40) for

Ezz 100KeV, with the two belng connected in the energy interval 10 KeV <
E,< 100KeV. '

The total electronic stopping power is equal to the sum of the
atomic electron stopping power and the stopping power resulting from
valence‘band to conduction band transitions.. This is shown in Fig. B.10
where the individual’éontributionsfor each term are indicated by the

27

dashed curves and the experimental results of Gobell ' are included for
comparison. This is the stopping power relation which must be used in
Eq. (B-83).

5. tomic Collision Stopping Power and the Production of Lattice
Displacements. As an energetic charged particle penetrates a stopping

medium, energy is lost through atomic collisions with the lattice atoms

as well as through electron excitation and ionization. Those atomic

-

colliéions for which the energy transfer exceeds thaf necessary to displace
the atom from its lattice site lead té_the’produgtion of radiation induced
defect centers providing theveffect of atom replacements is negligible. |
The interaction potential for the atomic collision is of the screened

coulomb type,

z7Ze
r

V() = 2 exp(- ), (B-47)

P
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where BohrlO has suggested that
g

O '
SRR 2R (5-48)

Z is the nuclear charge of the lattice afoms,‘and z‘is the nuclear
charge of the incident particle. For high energyof the ipcident particle .
the screening is weak, and there is a direct coulombd interaction between
the incident charged particle and the atomic nucleus. At low energy
the screening is strong, and the particle undergoes hard sphere scétter-
ing with the lattice atoms.

Seitz and Koehler55 have shown that the method of analyzing the
scattering process depends upon the magnitude of the screening parameter,

¢ , and the classicity. parameter,.k, where

/2 (B-49)

and : .
2 M., + M, a ‘ '
Wty (3-50)

Here Rh is the Rydberg eneigy‘for the hydrogen atom <13.5h eV), Ml is .

the mass and E is the energy of the incident particle, and Mé is the

mass of the lattice atom. K and { are presented in Fig. B.1ll for «-
particle scattering from silicon. It-can Be seen that §{ <1 is satisfied
for %3 > 2.4 keV, and §.> 1.for Ez < 2.hkeV. Seitz ahd‘Koehler state
thet when ¢ >> 1 and K >>.l'(i.e. E, < 2L40eV) the a particle will suffer
classical hard sphere scattering with the lattice atoms and, when { << 1
and K >> 1 (i.e. for §14>;2hkev up to several MeV), the scattering ﬁill

be of the classicél.Rutherford type. In,£he_energy.intervai; 2h0ev < E, <
2hkeV, the scattering process undergoes g'transition from ¢lassical hard

sphere to classical Rutherford scattering.
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Seltz5 has also suggested that the charged particle loses energy

primarily through electron excitatlon above an energy

"8€=I-I-1F',' _ . | | (B-51)
where €, the minimm excitation energy for electrons in the stopping
material, has been set equal to the forbidden energy gap, Eg’ for the
special case of a semiconductor. If this transition process had been

-analyzed on fhe basis of hard sphere scattering; a minimum threshold
energy of MEg/hm is predicted. The interaction is howevef guantum
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 E; = th/2 which led to Eq.-(B-5l).
The resonance behavior of the interactioﬁ would lead to a decrease in
the stopping power for E:> Eth if it were not for the coulomb nature of
the interactlon which enhances the stopping power for E > Eth through

those collisions corresponding to large impact parameters. The result-

Dy

of this is a stopping power curve which falls rapidly for E < Et- and
, : h

rises slowly for E > Et In light of these facts; we feel it more

n

reasonable to assﬁme that the two energy loss mechanisms (electron

transitions and atomic collisions) aré compara”r;le at \Ez Eth = 2Ei'

Returning to EQ. (B~5l} we find that; in Si, for diSplaced primaries
, Ei(Si) =~ TkeV

while for incident & particles

¢ -2 'rﬂ;" X '
Ei(.x) 1KeV.
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For classical Ruthérford scattering the cross section is
aoDR(E T) = JcDR(E T)dT - T, 5 (B-52)

where T is the energy of the displaced atom after collision, the maximum

energy transfer in a head on collision is

'l'f'MlMg ' ' ' :
T =-——0p E | | (B-53)

M.+

(ul+h2) .

and the classical distance of closest approach is

i 2 (M+M) '
b = vz.e _1_~ 2 . | (B-5)+)

T M
B 1%

The energy transfer; T, is limited to the values above the threshold for
defect center production, E. The average energy of a primary displace-
ment is then obtained from

- T

Jz Tdo (,T) o
_ _ D DR
EP(DR>-=T= o — . (B-55)
m

[z dopp(E,T)

D

The cross section for classical hard sphere scattering is

2
0.

o)

a0 (B T) = Kgg(BDaT= =S (356)

5|

where Ro is thé radius_for herd sphere scattering. Again only those
~collisions for which T > Ep are cohéidered s0 that'the‘average energy of
a primary displacement resulting from classical hard sphere écattering
is

Dlch HS(E, T).

E(DES) = T = —= = 5 (T_+E,). (B-57)-
(E,T) . :

P—"_

f m
D D{S
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In the rather broad energy interval over which the scattering undergoes
the transition froﬁ classical hard sphere to classicael Rutherford,
Dienes and Vineyardl8 have suggested that the Qifferential cross section
for screened coulomb collisions;éan be represénted by

n

E,T) o S | (3-58)
. |

dopge

where n is between 1 and 2. The average energy of a primary displaced

atom in this case is

T, _ T (n-2)
Jg_ Tdopg (B, (g - 1]
E,(DSC) = —= =T gﬁ:g e (B-59)
[™ar__ (E,T) T
E-D DSC v [(-E_I;) - l]

Figure B.12 shows the average energy of a primary displaced atom for -
classical hard sphere scattering, for ciassical Rutherford scattering,
‘and for a number of values of n in the'sééttéring law applicable in
the transition energy region.

The totél cross sectlon for the production of a pfimary displace—
ment is given in:Egs. (3-55) and (B-57). TFor the case of classicai

Rutherford scattering

-

T TFbé"‘Tm} .
cDR(E) = fEDngR(E,T)dT = = (-E—D -1) (_B-6o)

while for classical herd sphere scattering

T ! e . |
. e o D —2 )
- “pug” 'fED Ay { B, T)AT = mR (1 - Tm)- (B
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Fig. B.12. Average energy of primary displaced atom for Q-particle
stopping in Si using various scattering laws.
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The radius for hard sphgre scattering,bRo, is a function of energy in the
KeV energy region and slowly approaches the atomic radius as obtained
from the atomic density when the incident particle energy is less than
the threshold energy neéessary‘for the production of a displacement. -
Seitz and Koehler state that the radius for hard sphere scattering is
approximately eéual to the distance of ciosest approach obtained by
equating the kinetic energy of the two particle system to the screened
coulomb interaction potential. Therefore

M, E 2 R

(MliMQ) = de exp[- —33 (B-62)
O .
oxr
@ ;2 M ‘ |
z 0 zZe o
Yo ” [z2/5+232/5 ]1/2 inl ER ( M+, )] 7' | .(B—§3)

It is not possible to obtain the total cross section in the transition

energy range from Eq. (B-58). The fotal displacement cross section

obtained from Eqs. (B-60) and (B-61) for the interaction of an o particle

with‘Si is presented in fig. B.13, where the créss section is zero for
%# < 3k4.5ev (this corresponds to the minimum threshold energy transfer
of Ej = 15V for si).

The number of defects produced perlﬁﬂit track length by an incident

particle of energy E in losing an increment of energy 4E is

. ) T ) .
dny = nD(E)dE = jﬁz NOKD(E,T)V(T)deE, E (B-64)

where V(T)Ais the number of displacemehts produced by a pfimary of

energy T, NO is the number of lattice atoms per unit volume, and

KD(E,T)dT is the appropriate displaéement cross section for the energy

" region under consideraticn.

-



-256-

1 III]IIIII []I Illlll ||l IIIIIII lll I‘ITTII T I l|lr”] ] 1 ||IIT_
I | |
I I | 1 .
| |
® 108 |~ | | | } =
[ = | -
S - I | | | -
£ o I | | | .
§ i | | | '
8 [ | | i
O (o LA S | ! ! ~
» 3 | 3
S g | l ' I E
G n | | | [ 3
P - ! | | 1
S B { | ! i 4
5 ! | | {
s 10%E | ! | E
S - | | 3
a2 | .
© -~ | | | ]
%) o | . | | 4
= Classical - . ,
= t e Classical Rutherford 4
g :hard spherer—TmnSl |<')n region l :
< 108 — | | | | =
= | ] | | | | I | | I | | WA AT B T
5x|04 bl pla Lt el e
10 102 10® 10% 10° 108 107
Alpha-particle energy (eV)
MU-35539
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>The average number of displacements produced per primary by an
incident particle of energy E is
Tm ' |
™ o]
fﬁ doD(u,T)v(T)aT

W) = 68
_[E;’_ dop (B, T)ar

3L

where the relation of Kinchen and Pease is to be used for V(T). t is

‘shown in Fig. B.1l and is given by

-
0 for T < ED |
. 1 for E < T<2E .
W(T) = < b="="D | (B-66)
T/2E, for 2B, < T < E,
/Ei/a};D for E, <T

The average number of lattice displacements produced per primary
for classical coulomb scattering 1s then

T
m v(T)
fin__zi_

fm aT
Ep

v,(E) =

;Hml

=< o o o (B-6T)

-(——-—-)- [1+1n( )] for T < E,

‘while the number for classical hard sphére scattering is‘ 
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[;n”v(T)dT
- D
E —
Vg (E) T
Jg ar
D
2 ) .
g B (1,°-km7) . E;(T,-E,) )
— T o — o+ — for > E.
(Tm-nD) (Zm-uD)uhD : QED(Tm—hD) m i
= < _ (B-58)
Ep Tm2 -uEDQ
+ 7 - for T < E,
g (T, Ep) @_m-EDmD m = i

Equations (B-67) and (B-68) for the average number of displacements
produced per primary in Si by an o particle of énergy'@j are plotted
in Fig. B.15).

‘The number of "displeacements produced per unit track length by an

incident particle is then

dn = anE)dE = TKE)GD(E)dE' k 1 : (B-69)

énd Egs. (B-60), (B-61), (B-67), and_(B—68) have been used to obtain
curves A and B of Fig. B.16 for ¢-particle penetration of Si. A
composite curﬁe forvthe displacement production rate per O particle was
" obtained by connecting the fﬁo iimiting curves with the assumed dotted
line shown in the transition energy regibﬁ.

The rate of energy loss through the atomic collisiorsunder con-

sideration here is_given by

£ N '}.Tm Td (E T)4T. o (B‘” )
ax =~ o jﬁb OptHrH/Gte o : =10

For the case of classical Rutherford scattering this becomes
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2 T

dE _ o o ooooemy | g
== -1 Tml\oln(ED) o , . (B-T1)
.where
’7rb2 T __'n'zQZae <N_ﬁ__) T | (B-72)
4 m E M, 7 . o ‘

-and for the case of classical hard sphere scattering

2 2

' TR . E : ‘ -
dE - (o] _ _2 - N 73
== - NI (Tm) I | (B-73)

whéreva.is given by.Eq. (B-53). The afomic collisioﬁ stopping,péwer
;is presented in Fig. B.17 for a—partiéle stopping in 8i. The classical
hard sphére and classipél Ruﬁhéfford contributions are cﬁfves A énd B
respectively. Once’ggain thé composite,curve is obtained'by comnecting’
" the curves A énd_B.by the asSuﬁed dotted line in the transition enersy
region.. It muét;ﬁe noted fhéf although there is no strict theoretical
basis for the choice'of the'curvé in the transition enefgy region thé |
chosen shaée appearsvréaSOnable. | |

The fotél s?opping power which is'composed of the electronic
-,'stdpping powér and the’atomic éollision Stopping power is shown in
Fig. B.ls.’ This total Stépping powerlrelgtiqn'was ﬁéé@ to find f(ﬁyo,
x,%x); that is,,the energyv%x that an'a-particle Qf initial engrgy Eud
has at position x is foundithrough é.numerical_ihtegra%iOn of the total
stopping power. This numerical integration madevit possible to:determine
- the range of aé a-particle wiﬁh inifial energy an' These calcﬁlated
ranges afe compaféd wiih'the éxpériméntal results of Gobéli27 iﬁ Fig.
B.19. in the comparison fhefcalcuiaﬁed range 1is taken to be the

position at which the a-particlé energy has decreased to 200 keV which
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is approximately 100 KeV less than the noise level quoted for the

apparatus used by Gobeli.

Lk, Spatial Variation of the Flectronic Stooping Power and the Latticev
Displacement Production Rate. We must now deal with the problem

of deﬁermining the spatial variation‘of the eléctronic stopping'powerv
and the lattice displécement production rate. For fhe practical case
of an a-voltaic devicéj nemely, a semiconductor diode expoéed to an
alpha sburce but not in direct contact with'it,-the anéular diétribution
-and energy speqtrum of the a—partiéles should be considered. _In the
development which follows the simpli%ying assumptions are made that
the-d-particles:striking the diode areknormal incident énd monoenergetic.
The results offfhié appendix are émployed in Sections III and V to
deterﬁiﬁe ﬁhe spatial variations of the electron-hole paif productiog
rate and the lattice displacement production rate. The extent to which
the‘simPlifying assumpﬁions inflﬁence the data analysis:of Sections IIf
v,an& V is discussed in these sectilons as the need arisés. |

The incremental.incideht d-particle rate is, in general, given by
-
N (1 o072 Y2 Q) L)

" where gzis'the diréction of travel of an Q-particle and x.and y the
co—ordiﬁates of:a.voiumé element didy'on the diode sﬁrface. 'In the'
special case of a'vefy'large source and small.diode therincidentba~
particle_flax will be spatially uniform over the surface of the sample.
In generél the diode and‘alpha'squfce will'not be iﬁ‘contact.so thét{'

“the angular distribution_of the.incident‘afpérticles will lie between
the isotropic and normal incident situations; ASsumiﬁg'the soutce and

iode to be discs ibcated oﬁ a common‘cenﬁrél'axis? fhe incfemental

incident a-particle rate becomes

-~



' o =] — ’T H
Na(ﬁ,ao,x,y, 0)dxdydq La(an,r, Q)2mrdrdg (B-74)

If it is further assumed that angular distribution is independent of
position on the diode svrface,.the incident Q-particle rate in an

increment of solid angle is

(

Tl oo, @ -f N (B, .7 Qemdr = N (E, )Z(0) - (B-T3)

The mumber of & particles of initial energy an reaching position x below

the surface and having encrgy Ea is then given by

ﬁr(E

- ( ; . : 75
0 X5y ) = X (B2 (B, 9,%5E )dn (B-76)

where f(E o H*E ) specifies the energy, E, of an a-particle at
position x whn.ch was_ incident at angle Q with initial energy an; The
energy ioss at position x in interval Ax is then
aE_(E_) :
0 (x) =[[l——2 ]N (B, )Z(Q)E(E,, , 9,%:E_ )a0dE  Ax . (B-T77)
At this point we 'shall make the ‘simplfying assumpﬁion that the O~
particles are 1nc1dent normal to tne diode surface in whlch case

Eq (B-76) becomes

B )X = T (B )f(E ,,x E_)dx o (3-718)

where ﬁa(an) is ‘the"irvlcident a-particle spectrum and f(an,?c;.Ea) giveé‘
the energy at position x for an o par-ticle.of initial energy an, The
~Tunction f(an,x,fEa) is defined such ’cha# it has a magnitude of unity

for Eoz > O._ 'The stoppihg: power 1is a.(function of energy so that the energy .
lost by the & particlesof .initial energy. Eyo invan interval & is

‘ ae (E,) . A
BB (x) = —~ 'Na(an)f(an,x;Ea)ax- (B-79)



Integrating over the incident c-particle spectrum yields the total

energy lost in an intervel Ax,

A 00 [dEQ:(EO') J . ' . ( 8 )
E == - v i b B A P 'T" O
T(X) .fo ax l\cc<Tan)f(Eozo’X’Eoc>dboco X o

, Now, in the limit that the a-particle Spectrum is very sharp, it
is possible to make the approximation that |

\ ) ~ T -E h B-81
NOL(EQTO> 1\@5(_ co CCO)’ ( . )

‘and when this relation is used in Eq. (B=79), the total energy loss

‘becomes _
- aE(E) .

- ot o = :
= = i . . B-82

AF(x) = B 1N £(E,, ,x5E ) ox (3-82)

e

The spectrum encountered for large C-particle sources is rather broad
The energy expended

and the identity in Eq.j(Br8l).is only approximate.
'to‘produce an-electron-hole pair is_assumed to be a constant over the
entire a-particle range so that the total number of electron-hole pairs

produced "at position x in'the interval Ax is

AR(x) 1 S0t :
[, S D ra— . . B—87
G (x) Ax = — : 1 ARy xsE)) ox (3-83)
and the total number of electron-hole pairs produced is

o Qo _ (B—Su)

) N_ R, dE_(E) o
. _ _O_C (04 cr o = o _
G = [ fo [ dx ]el f(EQfO,X’ECX)d-X - <

where'Ra is the C-particle range.
The function f(%xo,x;Ea) was determined from a numerical integration
E ~, and
Qo

of the total. stopping power curve (see Fig. B.18) for a given
L E = 5M c
..Mgv apd on S5MeV are

the curves obtained in this way for the Eyo
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/ :
presented in Fig. B.20 and Fig. B.21 respectively. These values of the
initial energy are peculiar to the situations encbuhﬁered in Sections
ITT and V.

We now turn to the determination of the lattice displacement
pfoduction rate. The number of displacements produced by an C-particle
of initial energy Emo at pOSition ¥ in an inverval &x is

BnD(x) = nD(x)Sx = nD(Ea)f(§3o’x3%1>8x =7 (QQ)NOGD(%x)f(%jO,X;%x)Sx
~ (3-85)
where nD(Ea) 1s given‘in Fig.B.16. Thefefore the displacement production

rate obtained by integrating over the incident G-particle spectrum,

ﬁTa(an), is
8ND(X) = fﬁTa(an)f(an,x,Ea)nD_(Ea)dan‘_c‘;x. - (B-86)

For the a-particle spectrum given by Eq. (B-~81), the displacement
production rate becomes
8ly(x) = N £(E) 5338, Jnp(8,)ox = N np(x)ex (3-87)

and using the results presented in Fig. B.16 for nD(%x) in conjunction
with the interdependence of %m and x presented in Figs. B.20 and B.21,

nD(x) was determined and the results can be found in Sections III end V.
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C. Current-Voltage Cba”ecberﬂstlc of a Semﬂconauctor Diode Under
Charged Particle Bombardpgmu :

There are two possible geometrical configurations for charged ' -
particle bombardment of a semiconductor diode. In the case of uni- o .
diréctional bpmbardment; the energetic charged parficlés are incident
~upon only one suiface of the diode, while in the case of bidirectional
bombardment the twp~bpposite faces of a broad area semiconductor diodé
.are'subjéct to pafticlé bombardmen£ . The diode geometry Lor.unldlreCulonal
bombardment consists of a thin surface region and a relatively thlck
base region, while for bidirectional bombardment . the thickness of both

field free regions of the diode must be approximateiy equal to the

. charged particle rahge. Figure C.l shows the diode geometry for the ' . ;

T e
s

two bombardment schemes. ‘ ' “ i

1. Unidirectional Bombar&ment. In thé followinglanalysis the surface
*eglon is taken to be p-tvpe, and the base region, n-type. Also, it
will be assumed that the spatial dependence of electron-hole pair pro-
duction resulting from chérged parﬂicie electron excitation can be

adequately represéﬁted by '
G(x) = a + b +_cx2>+.dx3 + th' : ' (c-1)
In the p-type surface region the diffﬁsibﬁ equation fo;vthe minority
_ _ . . .
.carriér elgctrons_is solved for & plapé source of strength gg-g(xo)dxo
located.aﬁ Xoe The diffusion equation is | * ' ' ' i

2
a AnD ',ﬁnpr , o ' . :
Dy - 7% . (c-2) :
: cxX. n

" where D, is the electron diffusion coefficient,_fh is the electron : , o

minority carrier lifetime, and Z&gp ='(hp-npo) is the excess electron
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concentration in the p-type surface region. The solution of Eg. (C-2)

is
x_ -
L Ln
Anpl =.Ale + Ble Tor x < X,
- - (c-3)
L L o
Ampg = Age # +B2e n.‘ for x > X

' ' : : 2. - .
where the electron diffusion length is Lnr= DnTh' It was necessary to .
. consider independent solutions for x < X and x z’xo. The boundary

condition at the surface of the diocde is obtained by equating the

electron current to surfece recombination rate,56
AN : o o : )
=D . Cluil = e A . : -
D 3 S, _npl(0>,v (c-4)

x=0

At the junction the electron concentration is greater than thevequili-
: . e

. . - . o e . DO
brium value due to carrier-injection, and the boundary condition 135‘

Axnp2(dl).=,npo(e -1). » (c-5)

The remaining boundary ccnditions at the source position are the equality

of electron concentration

I8

Anpl(xo_) =Anp2(xo) B _- (.0-6)
and. the continuity ofveleétron current

- dAnpl ! Ann2
D —t -D —
n ax S o} ax :
X =X X=
. o .. o)

|

gleax, .. (c-7)

Using these boundary conditions, the excess electron concentration is

- found to be
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(e)\'v-l) v cosh'('f—q) +sinh(}i) ]
An (%) = POt n Ln *In
02 x_~d; a, C
sinh( T ) [yncosh(r)+sinh(L—)]
no n n
d - ox -d x -~d - x-d
+ [cosh( )sin( ]?, l) - cosh( OL l)sinh(_L_;.)]
n ) n n
: ‘ X X
N L [y cosh(==)+sinh(=)] x-d.
- o(x Yax () A —n n"" sinn(—1%) (c-8)
oo _DYl 4y dl L
['ynco.shv(i—r—l-) +sinh( -ir-l-) ]

and from this the electron current at the Junction is found to be

d Anp2

.

Ie(v) qAan ax

=d,
do

d d
[’y s:.nh( )+cosh(—)]

il

ah, <-—>n J(1) T
" [y, cosh( )+s1nh(—-—)]

Iy, cosh( )Ts1nh(
b

- qug(xo)dxo . d:Lf: s (c-9_)

s . s :

['yncosh(L )+s1nh(L )]

N n

where g is the magnitude of the electron charge, A\ = a/kT, and Y, =
"Dn/Lnsvn" Making use of the source term given by Eq. (C-1), the electron '

current,foi‘ V =-0 ‘becomes
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[’\/ncoSh(%—) +s inh,( E—) ]

: . S n . n
L (0) = - o, | &(x) = T &
‘ ' [ Y, cosh(——)+51nh(——)]
L Ly
L ox (e (a)X (0) ., Xi(d)K (a)=y.X(0)
= NI [ n "+ aft 1° [ n 1 n ﬂl nn 1
an K (dl) o n K (&l)
n (¢-10)
where
% ) X | o :
Mh(x) = w551nh(i70 -+ cosh(i~), _ - (c-11)
n n
RN « X : .
&n(x) = yncosh(i—) + s1nh(L ) (c-12)
n n :
2ok . P
X (x) a+bx+c(x +2L )+d(x +6x1° )*f(x +12L x TQELn), (c-13)
and ,
X (%) = b+2cx+d(5x2+6L§)+f(L;x3+2ux1,§). | - (C-1k)
Theréfore the electronfcurren* is »
g M) X (e (a))X (0)
= n y n n' 1 n
(V) = qAx('L—n):npo(e -L)—(—y QN L [ —— EACY] ]
. X! (44)K {d. )=y X' (0) '
+ QNdLi[ n' 1l n""1l ‘mn (c-15)

S A |
Ealey)
which in the limit bf'b=c=d;f=0’(i.e., a spatially constant electron-hole

pair production rate) becomes

R (4,) .oM(a)al
Ie(V) = QAX(EE)HPO(G\V- }—-(¥£y Qb N& —~—-E%azy- 5 (c-16)

where &, is the pair production rate.
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In the base region the diffusion equation for holes,

R _
Dp 2 I = 0, ( C"l7)
dx n
. ‘ N .
must be solved for a plane source of strength iz g(xo)dxo at position

p'e
x for the three sub-regions indicated in Fig. C.1(a). The reasons for

this division of the bas:2 region are discussed in Sections IIT and V.
The three regilons are characterized by different hole diffusion lengths.

The solutions are

X o
LpI LPI |
Apnl = Ale + Ble for d2 <x< X,
= =
“pI i LoI
Apn2 = A2e S Bge o for xovg_x < d5
x_ S (0-16)
Lp L-D
A o= =+ 34 =
pn3 A3e B3e for d3 <x :_<_ dl;
.S
, Lbo o
Apnh = Blte T for dl& < x.

‘The boundary conditions to be employed in the base region are obtained
 from the injected excess hole concentration,

' AV - |

fp ,(d)) =»p (e77-1), = . (c-19)

and the equality of hole concentration 'a\nd continuity of hole current

at the boundaries betweer the three reglons

. APn5(d)+) =Apnh(dll-) P S . (c-20)
dAprﬁ! | aAD), :
:Dp --d-x—-; = Dp — s (c-21)

: X=f14
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= Ap (3 ‘ - (c-22
8pp(45) = 8p 5(d5) (c-22)
dAD o dA D , :
D dxn =D dxn5 , | (c-23) |
SR 2=l
= ¢ - c2k i
Anpl(xo) Aan(yo)’ | - ( ) |
and
dAyp dAp N :
nl n2 | - o :
D -D = = g(x Jdx . c-25)
P dx K== p ox X=X AX g( O> ° (
’ [¢]

The excess hole concenbraulon is then found to be

da

d3 ~-X
D T [Alcos"x( —'-Aas:mh( =2y
b () = (2%l ) sirn(o2) 2
Pt (Lp ‘Z\;g "o’ s 1JpI [Alcosh(-—-—-)w—A s1nh(——)]
' T DI
D (ekv_l) X'-d_ | X —d2 ‘ X —d -dQ :
+ —l-q-()——}{—_d— [cosh( )s:.nh( )-cosh( )s:mn( )] K
sinn(-22) R
-x
[ d3 5 |
o AlCOSh( n tpetan( 2 ot = . - |
+ s_:th( ) : = , | (c-26)

pI A cosh( )+A s:Lnn(T ) ]
2
pI_ “pI

vwhere. D= d5 - d2.

The hole current obtained from Eg. (C-26) is
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d AD
“nl
T.(V) =-qA DP 3 -
2 .
dv—x d qx
_ Dﬁ,cosh( ? )+A sinh(—2—2)]
- ﬁ )dx '(_)I 'OI
* ag(#o , [Agcosh(———>ﬁa 31ﬁh(———)ﬂ
DI
D EA131nh(———JTuﬁecosn(———)]‘
+ A, ( p)p (e Vo) £ . (c-27)
pI Alcosn(,———)-rA s1nh(———-)] ’ ‘

‘OI . DI

Py

Y, | (c-28)

L
where Al = cosh( t )—:—( )s:.vm(h
pII Loo pII
L ! I |
52 = (L—p-—)éqsh(L )+( p )s:mh( ) , (c-29)
jole) Il pLL pII : '

and t = 4) - d3 Using the source term given by Eq. (C-1), the electron

current at V = O becomes

[Alcosh((33 )+A2s1nh(63-x)]' R,

T (0) = -qN % pT 2 (x)F(x
1,00 = wat | 6() [Aicosh(___JJ_A T " L
pI b1

| R (D) ]
= -qN Lo [x (4 )——(—74L Ix (a,)3- [x (<L)+L pr(d5)]‘£)'(—7 , (c-30)

where R, is the poéition at which g(Ra) =

(c-51)

P (x) =
P 1 ',JPI -2 TLor

‘ . PO ' X . -
. RP(X) = AlSlnh(*I‘-,——j+A2COSh(i-—), ‘ (C"DQ)
‘ pI : pI ‘
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where Xp(x),is given by Eq. (C-13) with n replaced by p. The integral
term from d5 to Ra has beenbneglécted whichAleadé to less then a hh
error in Ih(O) for the applications of this equation in Sections III

and V. Therefore, the hole current-voltage characteristic is

o D R (D) . ‘Rp(D> :

- . = i} Y 1\\ ‘ 3 -1 t
th(V) QAX(Lpi)pn ( l)'—(—'y L [Xp(_QE)WTLpf(p(dE)]

| | R (0) o .

‘— [X (d )+L IXP(Q )] ——(—7 P ' | (c-33)
vwhich for a spatiallyvconStant electron-hole pair production rate
becomes
o RO [R_(D)-R (0)] o

(V) = qAx(i;;)pno(e ”“W WL 18 2 o (c=34)
For %pI =.PPII = Fpovand dB;?PProaches infinity (i.e. the situation

prevailing prior to appreciable demage), Eq. (0—55) becomes

o EE_ - | (R,~d,)
L (v) = qAx<L'po_>Pno<e 1) - o Lporup<a2> -U_(R )exo( -—Lp—;—-} 1(c-35)

whereU (x) = X (x) + T X'(x).
L) = %G + 300

The current resulting from electron-bole pair production in the

Junction is. suitably approximétedvby ’

o % R :
*3=L-QWyfélG(x)dX; o ; . (c~36)

where it has been tacitly assumed that the electric field existingrin

the junction is sufficiently large to sweép out all the charge carriers

with negligible recombination.
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The resultant curreat-voltage characteristic is

(V) = 1, ¢ 3, T = 1) -1 (c3)
where - _ ' | : : ,
| D M(a) D Rp(D) ' ;
'Io/qAx ={ (f;)npoKn(dl) + (Léo)pnoPp(D) 2 (c3 )
X (a,)M (d,)-X _(0) X (a,)K () =y, X1 (0)
y 1" n 1" "n L2 nM 1 nt LY mn ,
I /all, = < T [~ GO ] - L] Kn(dl_) ', ]
, R (D)
+[n(a,)-H(a,) R [Xp(dg)ﬁﬁ(—]-ﬁ +LPIXI’)(d2) ]
. | e
: . RD(O) ’ , . _
7[Xp(d3)+LpI}(p(dB)] '5537 ’ ‘ (c-39)
v bx® e ..ciLx)'L fx5!
and H(x) = ax + 5 + 5 S el

For a spatially constant pair production rate, go, Eq. (C-38) remains
. unchanged, and Eq. (C-39) becomes
o (a,)-1] [R (D)-R_(0)]
“JaN = g n' 1 S ¢,
IG/qI\a g, L + W+ L

— (c-ko)
RG] pI Pka_)

2, Bidirectional Bombardment. In the case of bidirectional bombardment. . -

(see Fig. C.1(b)), the solution for the minority carrier concentration
' is of identical form for either of the two field free regions of the
diode. Therefore, one such region need only be bohsidered_in detail,

Let us'choose the'p-fype 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 Eg. (c-8) for

the excess carrier concentration for zero exposure level.




282
The electron current'arising from a source of strength VAQ g(x )dx at
pOS1tlon X, is therefore given by Eq. (C-9), whlch for the source '

descrloed by Eq. (C- l) becomes

() X (R (@)X (0)

I (v) = oA, <—~>n (e ~1) ——(~7 quLnt X (a) -1
: CXY(R)K (a)— X' (0 ‘
+ alf, L2 = G S0 (c-b1)

‘n(d)

Tn a similar manner the solution for the hole current is found tq‘be

M (a) X (R)M (d)-x (o)
I (V) = A (~§9p (eKV~L)——(—7 dighy D T ]

) X£(R)K (d)—y X‘(O) L
U X (dj, —1 - (c-k2)

-

and the current-voltage characteristic is given by |

(c-h3)

N 4 |
I= Io(e ,fl) - I
" Where o
| o (d) oM@ |
Io/qu - KE;) o K—TET * (f;)Pno K;(ET o (C-kk)
and _ - S IR A .
. X (RM ()X (0)  , X(R)K (&)=y X' (0)
IG/qmj;= Ln>[”n zﬁ(a) n: ] - %i,[ o En(d) n é |
L x (RM ()X () ., x (R)K (d)-w/x () .
_ T AR ! .2 ,
-t Ip (= uxﬁgd) ) ,.,]‘ - I F K (Q) ] . '(th5)
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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 Jjunction region.
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D. Performance of a<Pérticle-VoltaicvDeviée;

The‘equivglént circuit for a pafticle;Véltaié deViCé under steady
state exposure is shown in Fig. D.1. An additional capacitance in .
- parallel with the junctionrﬁoul& be included When'considering,trahéient*

behavior. The current-voltage characteristic of the device is given by

(VR ) . -
I= -—ﬁ-s? + IJ.(V—IRS)- IG, " | (D—l)

where Vj = V-IRS is the voltage'drop across the Junction and the Junction
I~V characteristic, IJ(V—IRSL 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 cwrent and valtage can be written in terms of the voltage drop

across the junction,

Vv = 'VJ@IR'S = vj(l%);R_SIj(vj)-RSIG_ ~ (p-3)
‘and I= Yl—v+ i (v.) ; i f‘ | : o | L (D-14)
R SR - -
Then the power‘c;nvbevwritten_
_ _ Vj"- - . RS ' ‘ o '
§ =ﬂ: E§;§ +Ij(vj)-IG][(l+ E;E>V3+Rs;5(vj) B RSIGJ T (2-5)

The condition used to determine the voltage at maximum power is

R

P - ijp . s }
= 0 = [ 3 - ; t
N -[RSH _+IJ,( yjmp) IG],[(1+——RSH)+_RSIj(vjmp)]

J
R

-‘ l . . 'S . - ‘ " - v )
== +I'(V, - )= .
+ [RSH +IJ'( Jmp)M(ljrﬁsg)vjmpﬁs:j(vjmp) R T ] - (D-6)

-, ,
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Fig. D.1. Equivalent circuit for a semiconductor diode under energetic
particle bombardment.
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or .
T3 (14 (14 - RESCHD |
2 (1+___)+(1+2 ———)[I (v ) I 2R I (V I v, 5
RSH Rsn Rgw d Jmp :

- 2 R_I' 12 =y, 1(V. ) =0 . D- :
oRs J( )+\ + RSH) Jmp J< mp? _ ' (D-7) |

'

... The current at maximum power is then obtéined for Eg. (D-4) . f %

V. :
Jmp ' -
= =& 4 T (V. - I D-8
mp »RSH : J( JmP)' G - R ( :
and therefore
. Ve L ' ' 3
Prax = fImPVﬁP': (Le- v - ( )]EVJmP P S] ' (2-9) . .

g
s

'The junction I~V characteristic can be written as a sum of ideal and

non-ideal current contributions so that

' AV, R ‘ '
- . Jmp :
I(v, ) =1 V. + I (e -1 - (Db-10

where I, ) results’ from one or more of the non-ldeal current

Js NI(

. ontrlbutlons dlscussea in Appundlx A. In the low voltage region where

V
I, =1 (e J-1) < IJ NI(V ), the series resistance may be neglected with

the result that

.

T.(v..0)

= T, V. - | ~11
J° Jmp J,NI( Jmp) B ) N

and Eq. (D-7) becomes

v, . o ;
o L1 (V. )y +v, I,
R J;NI(’JmP) - Jmp~J, NI

- (ijp) =_Ig, »., . '(D-lQ)

At this point let us consider two specifi¢ forms for the non-ideal

current contributiocn.
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where Iol is the effective reverse saturation current and the exponential

« factor has been modified tﬁrough the introduction of the non-ideality

factor, A. Substitution of Eq. (D-17) into Eq. (D-12) yields

: AV,
: 2ngp Kijp _—5?31 IG
g (1+ —F e = (7= + 1) (D-18)

ol SH - ol

aé the determining relationship for ijp' The maximum power‘fqr this

form of the non-ideal junction .current is

AV,
Vi g imy, T
Pmax TR +vIoAl( A Se : . ) (D-19)
. SH : .
The maximum power is also given by
Vrznp L1 VJmp | ‘
P o= o T (e )]V (p-20)
max Rme RSH ol*A
where R is the load resistance at maximum power.' The Jjunction

Lmp

resistance at maximum power is found from Eq. (D-17) to be

S N X |
R, el ol(A)eXp< —) , (p-21)
"mp J .

so that the load resistance for maximum power satisfies the condition

thavs
1 1 1

= : : (D-22)
Rme RSH ' ijp

Let us consider two situations in the high voltage region. A
condition common to both. is that of a negligible shuﬁt 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 junction, the junction current is given by

C AV, o
L o an AW 2 's’ihh(;-g'l')‘ _ .
- = ) = ‘ = (b -
IJ(VJ) _ Irg‘(VJ) N )\z,z//D - VJ) - ( ) ' o (D 15)
“no po .

-which is Eq. (A-33) of Appendix A. In the low voltage forward bias .
region (Vj < ¢b} £(b) ~ 7/2 so that '

‘man, AW AV AV,

» _Tix 5 Y27 eimn(dy o
I.(v, nh(—=) = I sinh(—< D-1h
() = e () = 5 etmnh, b
no po "D ' B - : :

whefe'ﬁhe junctibn width, W, is approximatelf constant forismall applied
bias. The'maximumprWer as obtained from Eq. (D-9) for this case is:

: 2

V5 . S, S
_ _Jup - Jmp - Jmp _ _
--Pmax RSH -+ Io,rg( 2 ) cogh( 2 )’, . (o l?)-
where ijp ig foun@(from
U L W N W T . .
I +[sinh(—LR)+(—"R) cosh(—5%) ] = . (p-16)
T R 2 /T3 OSEL=2 T
0,78 SH A 0,78 o

Equation (D-16) was obtained from Eg. (p-12).

Modified Exponential Curfent@bcw Véltége. It hésvbeen-experimentaliy
..bbéerved that oﬁer,apy limited.volﬁage:rénge itfié poSsible“tq expte#s
" the junctioﬁ I-v chafacteristic of a semicbnductor:diode ﬁsing gnV:"
'exponéntiai fdrm_similar;to‘thaﬁ fof.thé ideél:diffusion'curfent,§o>thétv

I(v,) = I, [em(5h) 11, | (0
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Tdeal Diffusion Current. It is possible for the condition Id > Ij NT
' ’ . >

to be satisfied in the high voltage region in which case the Junction

current is given by the ideal diffusion term,
’ N, S
IJ.(VJ.) = Io(e -1, (Dp-23)

so that the total current becomes

, AV,
T=1I(e 9-1) -1,. (D-2k)
0 G .
This can be placed in the form
. I+T +I
1 G o
or
I+ +I ;
V=RI4+ %— In(—2-2) . (D-25)

| o
Meking use of Egs. (D-24) and (D-25) and the fact that Ry ®

‘we find from Eq. (D-7) -

T +T +T

i mp "G "o 1 mo A -
2RsImp * x ln( T ) + N m = 0 (D-EO)
o) - mp G o ,

for the condition from which the current at masximum power 1s to be
determined. The maxximum power is obtained upon substitution of Egs.

(D-25) and (D-26) into Eg. (D-9) with the result that

, 12
~rT2 4 % mp |
Frpax = RsImp * X(I +L +1 ) - o (p-27)
» , mp G "o

Modified Exponential Current=- High Voltage. 1In practice it is éeldom'

possible to use Eq. (D-23) for the junction current bﬁt rather the

modified form given by Eq. (D-17) is a more suitable approximation.
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The maximum powef for this form of the Junction current.(including the

effect of the series resistance) is given by

- 5
2 A(_m (D-28)
P =R I + = D~
+T +T .77 .
max . s mp A ;MP %} I1"
‘where the current'at maximum_powef is obtained from
mb&IG+I 1 Im' ' '
2RI+ 2 1n(R_E oly, (————-——-—-—) o (D-29)
s mp x_ Iol NI p+IG+Iol
The maximum power corresponds to a load resistance of
. ' Vﬁmp _ 1 Imp+IG+I
' = o 980 ' -30
Rme I Re - ( )in( I %) o . (p-30)

where Eq. (D-25) has been used with I_and A replaced by I_, and A/A

‘respectively. Substituting Eq.-{D-29) into Eq. (D-30) yields
Romp = Rs * X T304ty (p-51).
L mp G "o : L

The resistance of the junction is given by

’ A ‘ .
f . - R, = __% , S : (D-32)
T o ' ‘ ,
: : o | A.: I+I +I o L
where  V, =V - IR =3 1n(—-T;——-Q c | o (D~33)

Then R, = (D-34)

SN B ‘ o fva o SR o
and ijp — x _(_I———f-—-f . . . ' - (D-—35)

Therefore it can be seen that

Rppy ="Bg # Rype o ’ S (D-36)
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In the intermediate voltage region thé junction current must be
expressed in detail using the appropriate non-idéal current contributions
with the result that the solution becomes Qery complex. An alternate
‘technique is to approximate the-junctién current b& 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 éither Egs. (D-19) or (D-28) depending upon the

specific values of Rs and RSH’
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E. Error Analysis Technique.

The propagaulon of errors was ureated in the following conventional-

manner. Con51der the cage of a quantlty W which is calculated from the

measured quantities X1 Xpr Xy .+ . .. and is given by

W =. -f(.xl, Xg’ 3% . ). ‘ | Y(E—l)

The variance in W resulting from the variances assoclated with the xi’s
is given by

<o>2= (& >< > - (2

w
where the varilances are those of the meanvand'npt of the ipdividual
observations. -In.sqme cases only one measurement was made for.a given
ii in which case the variance of the measured value had to be estimated.
The pessimistic assumption was made that the variaﬁée wa.s approximately
equal to the fandom uncertainty associated with the measurements. Such
random'undertainties have been estimated forveaéh measuring device ﬁsed
and aré listed in each of;the Sections dealiﬁngith fhé experimental -
work.

The other technique used:extensively in anaLyzing-the experimental
- results was the method of least(squares asvapplied.ﬁo a linear dependence
between interdependent measurables suéh as |
4 v = mx+b.""v 'v ' ('E-3)'
In the appllcatlon of this technlque in Sectlon V, y = I (6) and
1/2 and the constants determlned from the flttlnb technlque are

m

Kl and b .' For a set of neasured p01nts (xi, yi) the most’

probable values of m and b are given by

<
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(2 xy,) - (2x,)(y,)] (B-1)

>l

and

g Ll

(2 v,) (5%, %) = (5%,9,)6x,) ] (5-5)

and providing that there are no errors present in the measured xif, s, the

variances in m and b are given by

2
O'me = g%— ‘ . ' (E-6)
and ’ : '
\ 2 , A
. 0 ) _ G%:Xi ; . | (E—?)

where A = N(= xig) - (Zx_i_ )2. The variance of the parent distribution

for the yi' S,,; 0, is estimated from

: 2 . ¥
24,"==32(m X, + b -yi) . (E-8)

=

In effect this method of analysis lumps all the uncertainties in the

measurements into the yi'. It is therefore reasonable to use this -

' 2 : 2
technique providing the resulting o is found to be less than O'y as

estimated from the random uncertainties inherent in the measurements.
In certain cases (i.e. X, = ei) the variance in X;5 Oy is known. The

total variances in m and b were then obtained from

-

2 m .2 2 ' 2 o ;

Gm G P @RI AP (E-9)
and

2 'Bb‘ 2 2. e 2 Fgxe 2 2 - .

O = ('aT) o + ('&-) o, = -——Z—&— +m o, : : (E-lo)_

The use of these equations will yleld conservative estimates ,for:*‘c!‘ne

errors in m and b. In the event that each point yi had a different
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variance, c.? # og,vthe above equations would have to be modified. A
number of specific examples whose results are used in the main body of

this réport are now considered.

i) In Section V the incident C-particle rate is used to determine
e and‘Kl.b The source was calibrated and'fouﬁd to have a strengthv
S = (10.2 * O.E)XlO7 a/gec.56 In this reference a machine code was used
to calculate I(Z); the fractidn of emitted O~particles which strike an
equivalent solar-céll (the solar cell being replaced by‘avdisc‘Qf equal

area). Then ﬁx(z) = SI(%) where Z is the normalized source-solar cell

separation and the variance in @i(z) is given by
- d 2 . - o o
I(z> < sY | |
( ( 5. (5-11)

The variance in I(Z) is dependent upon the variances in source radius,

RS, equivalent solar cell radius, Rd’ and sou;ce-solar cell separation,

Z, SO thaf
2 % 2
%%%) -5 m) <—% %%—?—’x =)
+fi<RC§§§?) 2<0§§>?;= 15_.#}(10"1+ o <E~12)
o] (o} T ,

: R .. S R :
-where cz/z = i2,5%, , c/Ré = %0.29%, and s/RS =~ +5%. Therefore

< N)_ [15 h + 3 8] /2_ x1o'2.—.¢hl+% 'v " .: : ‘(.E-lj‘)

\
\
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ii) In Section IV a least squares fit is used to find N from a
set of measurements for (Ii, Vi)'where I= AV. Inthis limiting
‘situetion (b=0) the constant of proportionality is found to be

> IV, . } :
A'—'_‘}"é—l‘ 2 (E"ll")

V.
4

and the variance in A is

&v,)? :
2 . i’ 2
gy = (zv?)g o - . (E-15)

where

o = &5 (Av,-I)% - (3226

iii) In Section IV the method of least squares is used to determine
InI_ and A from a set o measured points (m ii, Vi) using Egs. (E-L)

and (E-5), The current Ii is the difference of the measured value and

the non-ideal current term at Vi’

fsVi v,

Ii{(vi) = Ii(vi) - Iol(e 1) - T (E-17)
b B . SH

so that .

' 2 ElG : ' _
(o) =(B)(3) + () | (-2
ZnIi Ii I./- Ll I

2 . g2 o
-+ (8V,) —;5)) s - o (BA18)

where the contribution frbm 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 (wi = l/cie) when determining the variances in
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"Jano and N . Then Egs. (E-9) and (E-10) are used to estimate these

variances with thevresult that

. o , ,
V.2 , :
2 N 2 2 ( i . '
: 67\. = Z g + 7\m <T> v ) (E-—l9)
m - L )
and
2
V. '
2 i 2 2 = _
% gnI N M (GVl) - (E-20)
; 2.2 T 2 | . ' . '
where ¢ = GLS +vc . GLS is defined by Eq. (E-8) and arises from the

. 2
least squares fit of the set of data points (lnIi,Vi). o arises from
the propagation of the variances in Iol and O as given‘by the second

term in Eg. (E-18) and is estimated from

- 2 :
-5 2. O, .
2 _ ii _ N
% S T 3w, ¢ (£-21)

in .7

These last three equations were applied toithe data of Section»IV_and'

"the results for typical‘éells_Can be found in Table IV.IV.
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