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The pa per dis cusses the in flu ence of the dose of gamma or neu tron ra di a tion on a com mer cial
sil i con pho to vol taic cell un der op er at ing con di tions. Be fore the mea sure ment, the cells were
ir ra di ated with elec tro mag netic gamma ra di a tion or neu tron ra di a tion. The ex am i na tion was
car ried out ex per i men tally and the o ret i cally. The ex per i ments were per formed un der
well-con trolled lab o ra tory con di tions. Only li censed in stru ments were used. The mea sure -
ment un cer tainty of the ex per i men tal pro ce dure was less than 5 %.
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INTRODUCTION

So lar cells are p-n junc tions that func tion based
on the ef fect of in ci dent pho tons. The con di tion for the
func tion ing of so lar cells is that the in ci dent pho tons
have an en ergy greater than the value of the en ergy gap 
(for bid den zone) of the ma te rial. If this con di tion is
met, the con di tions for pho ton ab sorp tion are cre ated
[1, 2]. De pend ing on the en ergy of the in ci dent pho ton
and the prop er ties of the ma te rial of the p-n junc tion,
pho ton ab sorp tion can take place in the n+ part of the
space charge re gion or in the n p part (if work ing in an
n+-p junc tion). If the sur plus of mi nor ity car ri ers cre -
ated in this way (cav i ties in the n+ part and elec trons in
the p part) can reach the bound ary of the space charge
area by dif fu sion. The volt age po lar ity of the di ode is,
then, iden ti cal to the di rect po lar iza tion of an or di nary
ex ter nal di ode but, the di rec tion of the photo gen er ated 
cur rent is op po site to the di rec tion of the cur rent of the
ex ter nal di ode in the case of di rect po lar iza tion which,
in the case of ex ter nal cells, is called dark cur rent and
is a de grad ing fac tor [3, 4].

The volt age drop on the con sumer, cre ated by the 
flow of light-gen er ated cur rent, has the same ef fect as
con nect ing the bat tery to a di rect bias volt age of value
RI. There fore, when the in ci dent light in ter acts with
the so lar cell, the fol low ing phys i cal pro cesses oc cur:
– Re flec tion of part of the en ergy from the cell sur -

face,

– ben e fi cial ab sorp tion with the cre ation of
hole-elec tron pairs,

– sep a ra tion of photo gen er ated charge car rier,
– move ment of charge car ri ers to wards ex ter nal

con tacts,
– dis si pa tion of the photo gen er ated cur rent on the

ex ter nal con sumer, and
– in re la tion to the men tioned phe nom ena, the re -

quire ments for ob tain ing ef fi cient so lar cells are
as fol lows [5, 6]:

– ab sorp tion of pho tons and cre ation of elec -
tron-hole pairs,

– gen er ated elec tron-hole pairs are sep a rated in
n-type and p-type p-n junc tions,

– the build ing po ten tial must be large enough be -
cause it de ter mines the max i mum out put volt age
of the cell. Ohmic volt age drop, as a con se -
quence of par a sitic resistances, must be re duced
to the small est pos si ble ex tent, and

– all metal cov ers must be small, as they are not
trans par ent to pho tons, [7, 8].
Ef fi ciency as an out put pa ram e ter is de ter mined

by a com bi na tion of three fun da men tal char ac ter is tics
of a so lar cell: the fill fac tor (a mea sure of square ness),
short-cir cuit cur rent den sity, and open-cir cuit volt age.
From the per spec tive of eval u at ing so lar cell qual ity, it
is im por tant to con sider the in ter de pen dence of these
pa ram e ters and their com bined in flu ence on ef fi -
ciency. Spe cif i cally, the si mul ta neous in ter ac tion of
the cell's phys i cal pa ram e ters pri mar ily con trib utes to
re duc ing ex ces sive cur rent den sity and min i miz ing
losses due to sat u ra tion of the con tact grid.
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Re gard ing the phys i cal as pects of loss anal y sis
(i. e., the re duc tion in ef fi ciency), spe cial at ten tion
should be paid to the re flec tion of pho tons from the
cell sur face, which de creases the num ber of pho tons
en ter ing the semi con duc tor ma te rial, thereby re duc ing 
the photogeneration of elec tron-hole pairs. In this con -
text, the aim of this pa per is to de ter mine the im pact of
elec tro mag netic and gamma ra di a tion on the ef fi -
ciency of so lar cells.

It should be noted that this work con tin ues the
au thors' in ter est in the im pact of ion iz ing ra di a tion on
elec tronic com po nents. Spe cif i cally, the in creas ing
min ia tur iza tion of elec tronic com po nents and the
grow ing en vi ron men tal con tam i na tion by ion iz ing ra -
di a tion (es pe cially near nu clear fa cil i ties and at high
al ti tudes) have height ened the rel e vance of this is sue.

DEPENDENCE OF SHORT CIRCUIT
CURRENT AND OPEN CIRCUIT
VOLTAGE ON THE PHYSICAL
PARAMETERS OF THE SOLAR CELL

The ba sic cur rent-volt age (I-V) char ac ter is tics
of so lar cells are the sur face short-cir cuit cur rent den -
sity Jsc and the open-cir cuit volt age Voc. The val ues of
those quan ti ties are eas ily (di rectly) read from the I-V
char ac ter is tic. They rep re sent the two end points of the
op er a tion of the pho to vol taic de vice. The open cir cuit
volt age is de ter mined by the in fi nite re sis tance of the
short cir cuit when the volt age is equal to zero [9, 10].

The short-cir cuit cur rent den sity is most jus ti fi -
ably de fined by the su per po si tion of the photo gen er -
ated cur rent and the dark cur rent. This def i ni tion of the 
junc tion cur rent is clos est to ideal or near-ideal so lar
cells. The I-V char ac ter is tics of such cells can be rep -
re sented by the equa tion
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where J0 is the sat u ra tion cur rent den sity, V – the ap -
plied volt age, n – the ideality fac tor, k – the Boltzmann
con stant, q – the el e men tary charge, and T – the tem -
per a ture. This I-V char ac ter is tic is sat is fac tory for the
case of small se ries and high par al lel re sis tance. How -
ever, in real cases the I-V char ac ter is tic has the form
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where J01 and J0n are the sat u ra tion cur rent den si ties of
n = 1 and n > 1, re spec tively, and Rs and Rsh are the se -
ries and par al lel resistances, re spec tively.

The ex is tence of the cur rent J on the right side of
the equa tion in the case when Rs0 and Rsh is fi nite,
pre vents the di rect su per po si tion of the photo gen er -
ated cur rent and the dark cur rent. In the case when the
par al lel re sis tance Rsh is ex tremely small, the short-cir -
cuit cur rent is slightly smaller than the photo gen er ated 
cur rent JL, i. e.
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Since in most so lar cells the par al lel re sis tance
has a large value, the ap prox i ma tion  Jsc = –|JL| is con -
sid ered sat is fac to rily ac cu rate (ex cept at higher
illuminance val ues). The short-cir cuit cur rent is pri -
mar ily de ter mined by the spec trum and in ten sity of the 
light source and the spec tral re sponse of the semi con -
duc tor ma te rial of the so lar cell (the num ber of col -
lected elec tron-hole pairs) to the in ci dent pho ton, be -
cause

J q F SRL d  ( ) ( )l l l
0

(5)

where F(l) is the num ber of in ci dent pho tons per unit
area per unit time (in the unit zone), and SR (l) – the
spec tral re sponse, and l the wave length. On the other
hand, the spec tral re sponse de pends on the ab sorp tion
co ef fi cient a, the depth of the junc tion, the width of the 
de pleted area [11-18].

The ab sorp tion co ef fi cient a rep re sents the abil ity
of the ma te rial to ab sorb light of a given wave length and
de pends on the size of the en ergy gap of the ma te rial as
well as on the den sity of states in the break down and va -
lence zone. For ma te ri als with an in di rect en ergy gap (for
ex am ple Si) the gen er a tion of charge car ri ers oc curs deep 
be low the sur face (~10 m) [19-24].

The anal y sis of the de pend ence of the open cir -
cuit volt age on the pa ram e ters of the so lar cell is based
on the ex pres sion that de fines Voc  from the I-V char ac -
ter is tic
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Equa tion (6), ob tained from eq. (2) when the
out put cur rent is equal to zero (i.e. the re sis tance of the
con sumer is very high), can be writ ten
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EXPERIMENT 

The ex per i ment is based on re cord ing the I-V char -
ac ter is tic of a so lar cell with a vari a tion of mea sure ment
pa ram e ters: type of so lar cell, type of light ing, in ten sity
of light ing, type of ra dio ac tive ra di a tion, en ergy and dose 
of ra dio ac tive ra di a tion. Dur ing the ex per i ment, sil i con
so lar cells with di men sions of 55 mm  22 mm, based on
monocrystalline and polycrystalline sil i con, were used,
fig. 1. The I-V char ac ter is tics were re corded un der white
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light. The sam ples were ex posed to ra dio ac tive ra di a tion
in the form of a point neu tron source (Pu-Be) and a
gamma ra di a tion source (60Co).

In all the sam ples, the fi nal value of the in ter nal
se ries re sis tance is Rs. The value of this re sis tance is
ob tained by nu mer i cal dif fer en tial I-V char ac ter is tic

r
d

V

I 
1
1

0

d

for, (8)

Since the so lar cell is used as an elec tric gen er a -
tor, the in ter nal se ries re sis tance is as small as pos si ble
dur ing man u fac tur ing. The se ries re sis tance of the so -
lar cell de pends on the depth of the junc tion, the con -
cen tra tion of im pu ri ties in the p and n re gions, as well
as the con fig u ra tion of the con tacts on the front sur face 
[25, 26]. Typ i cal se ries re sis tance val ues for so lar cells
with a stan dard front con tact are be tween 0.4  and 0.7 
 [27]. For the pur pose of an a lyz ing the pa ram e ters of
the so lar cell de pend ing on the ap plied ra di a tion dose,
this re sis tance was elim i nated by in tro duc ing the Rs
value in the I-V equa tion of the so lar cell. In this way,
the cor rected I-V char ac ter is tics are ob tained, fig. 2.

The cal cu lated ini tial re sis tance val ues Rs of the
sam ple be fore ir ra di a tion ranged be tween 0.64  and
6.78 . For each sam ple, it was ob served that a lower
value of Rs cor re sponds to a higher illuminance. It was
also ob served that with the size of the ir ra di ated sam ples,
there is an in crease in the re sis tance Rs, which is de pend -
ent on the ap plied ra di a tion dose. The ex per i ments were
per formed un der well-con trolled lab o ra tory con di tions.
Only li censed in stru ments were used. The com bined
mea sure ment un cer tainty was less than 5 % [29-33].

RESULTS

Fig ure 3 il lus trates the vari a tion of so lar cell ef fi -
ciency as a func tion of the ab sorbed gamma ra di a tion

dose at two dis tinct il lu mi na tion lev els. The ob served
fluc tu a tions in ef fi ciency lack a dis cern ible phys i cal
pat tern and can not be re li ably mod eled math e mat i -
cally. More over, these ef fi ciency changes ap pear ir -
reg u lar and ex hibit no con sis tent trend.

Fig ure 4 shows the de pend ence of the cell ef fi -
ciency on the re ceived two doses of gamma ra di a tion
with two lev els of cell bright ness. In this ex per i ment,
the cell re ceived a slightly higher dose of ra di a tion and
it clearly shows a de crease in ef fi ciency. The rel a tive
change is greater af ter the first step of ir ra di a tion,
which is con sis tent with the change in VOC and ISC val -
ues as well as the fill fac tor.

Fig ures 5 and 6 show the dependences of cell ef -
fi ciency on the re ceived dose of gamma ra di a tion for
two sam ples at two lev els of cell bright ness. These
sam ples re ceived higher cu mu la tive doses of ra di a -
tion. In both sam ples, a sharp rel a tive de crease in ef fi -
ciency is no tice able af ter the first step of ir ra di a tion
and a slightly less pro nounced de crease in ef fi ciency
af ter the sec ond step of ir ra di a tion.
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Fig ure 1. A sam ple of the tested com mer cial cell

Fig ure 2. Un cor rected and cor rected I-V char ac ter is tic
for sam ple S2, white light, with out cor rec tion,   
with cor rec tion

Fig ure 3. Graph of de pend ence of ef fi ciency on re ceived
dose of gamma ra di a tion for sam ple S2; white light,
32 Wm–2, 58 Wm–2



Fig ure 7 shows the de pend ence of the cell ef fi -
ciency on the re ceived dose of gamma ra di a tion for the 
sam ple for the ini tial level of cell il lu mi na tion. As in
the pre vi ous two cases, a sharp drop in ef fi ciency is no -
tice able af ter the first step of ir ra di a tion and a smaller
drop in ef fi ciency af ter the sec ond step of ir ra di a tion.

Fig ures 8 and 9 show the dependences of cell ef -
fi ciency on the re ceived dose of gamma ra di a tion of
sam ples S7 and S3 at two lev els of cell bright ness. A
sharp ini tial de crease in ef fi ciency af ter the first step of 
ir ra di a tion and a sig nif i cantly less pro nounced de -
crease af ter the sec ond step of ir ra di a tion are also no -
tice able in these sam ples.
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Fig ure 4. Graph of de pend ence of ef fi ciency on re ceived
dose of gamma ra di a tion for sam ple S5; white light,
32 Wm–2, 58 Wm–2

Fig ure 5. Graph of de pend ence of ef fi ciency on re ceived
dose of gamma ra di a tion for sam ple S1; white light,
32 Wm–2, 58 Wm–2

Fig ure 6. Graph of de pend ence of ef fi ciency on re ceived
dose of gamma ra di a tion for sam ple S6; white light,
32 Wm–2, 58 Wm–2

Fig ure 7. Graph of de pend ence of ef fi ciency on re ceived
dose of neu tron ra di a tion for sam ple S6, white light, 
32 Wm–2, 101 Wm–2, 255 Wm–2, 338 Wm–2

Fig ure 8. Graph of de pend ence of ef fi ciency on re ceived
dose of neu tron ra di a tion for sam ple S7 white light,
32 Wm–2, 58 Wm–2

Fig ure 9. Graph of de pend ence of ef fi ciency on re ceived
dose of neu tron ra di a tion for sam ple S3 white light,
101 Wm–2, 338 Wm–2



Fig ures 10 and 11 show the dependences of cell
ef fi ciency on the re ceived dose of neu tron ra di a tion for 
the sam ple at three (re spec tively two) lev els of il lu mi -
na tion. In the case of sam ples S4 and S8, a rep e ti tion of
the trend from most pre vi ous cases of ef fi ciency re -
duc tion is no tice able, which is less pro nounced in the
last step of ir ra di a tion.

Based on the pre sented re sults, it can be con -
cluded that the ef fi ciency of the pho to vol taic cell de -
creases faster if it re ceives a dose of neu tron ra di a tion
be fore the test than if it re ceives a dose of gamma ra di -
a tion. The de crease in photocell ef fi ciency is even
greater if the re ceived dose of gamma or neu tron ra di a -
tion is higher. The ef fi ciency drop it self does not de -
pend sig nif i cantly on the type of light with which the
mea sure ment is made. It can be as sumed that the ef -
fects of ra di a tion on the ef fi ciency of the so lar a cell
would in crease sig nif i cantly if the so lar cell re ceived a
dose of charged ions.

CONCLUSION

In a the o ret i cal loss anal y sis for a sil i con so lar
cell with an ideality fac tor equal to 1, it is es ti mated

that re flec tion as a loss mech a nism re duces the to tal in -
put power by 2 %, and shad ing caused by the over head
cat e nary re duces it by 4 %. If pho ton ab sorp tion oc curs 
in the self-re flec tive layer or at de fects, those pho tons
do not con trib ute to the gen er a tion of charge car ri ers,
re sult ing in power losses of less than 1 %. Pho tons that
reach the in te rior of the so lar cell may have en ergy
greater than the bandgap of the ma te rial (E_pho ton >
Eg). The ex cess en ergy above the bandgap can not be
used in pho to vol taic con ver sion, rep re sent ing a loss of
up to 30 %. On the other hand, pho tons with en ergy
less than the bandgap (E_pho ton < Eg) pass through
the so lar cell with out gen er at ing elec tron-hole pairs,
which also causes losses.
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EFIKASNOST  SOLARNIH  ]ELIJA  U  USLOVIMA  DEJSTVA
ELEKTROMAGNETNOG  ILI  NEUTRONSKOG  ZRA^EWA

U radu se razmatra uticaj doze gama ili neutronskog zra~ewa na komercijalnu silicijumsku
fotonaponsku }eliju u uslovima eksploatacije. ]elije su pre merewa bile ozra~ene elektromagnetnim
gama zra~ewem ili neutronskim zra~ewem. Ispitivawe je vr{eno eksperimentalno i teorijski.
Eksperimenti su vr{eni pod dobro kontrolisanim laboratorijskim uslovima. Kori{}eni su iskqu~ivo
licencirani instrumenti. Merna nesigurnost eksperimentalnog  postupka  bila  je  mawa  od 5 %.

Kqu~ne re~i: silicijumska solarna }elija, gama i neutronsko zra~ewe, efikasnost }elije


