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In the pa per, in a long-term test pro ce dure, monocrystalline sil i con cells were sub jected to ex -
am i na tion. Cells were tested in well-con trolled lab o ra tory con di tions and real con di tions.  In
lab o ra tory con di tions, white light of the ar ti fi cial sun and mono chro matic bright ness of yel -
low so dium lamps were used. The test ing was aimed at achiev ing the same ag ing re gime in the
lab o ra tory con di tions as in real con di tions. This would al low for the lab o ra tory ag ing al go -
rithm of so lar cells as in real con di tions, to be de fined, hence their work ing life of com mer cial
ex ploi ta tion in ur ban ar eas to be de ter mined. By com plex math e mat i cal meth ods, i. e. us ing
the the ory of time du ra tion, it was found that lab o ra tory ex pos ing so lar cells to ther mal neu -
trons causes their ag ing with the same mech a nism as in real con di tions
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INTRODUCTION

So lar en ergy plays an im por tant role in the dif -
fer ent types of re new able en ergy sources. The first sil -
i con so lar cell was made in 1954 and it had a mod est
ef fi ciency of 6 %. Pres ent-day so lar cells achieve an
ef fi ciency of 25 % which is close to a the o ret i cal max i -
mum of 31 % [1, 2].

      In the de vel op ment of so lar cells (pho to vol -
taic) tech nol ogy, great at ten tion has been ded i cated to
in creas ing their ef fi ciency and re duc ing their pro duc -
tion costs. This is a pre req ui site for wider com mer cial -
iza tion of so lar power sources. Namely, the pro duc tion 
price (i. e. the en ergy in vested in the tech no log i cal pro -
cess of pro duc tion) and the life time of so lar cells are
such that dur ing their ex ploi ta tion, not all en ergy in -
vested can be re cov ered. For this rea son, so lar en ergy
is used in con di tions where other en ergy sources are
un avail able. In such con di tions most of ten there is no
pos si bil ity of reg u lar ser vic ing and re place ment of
parts of so lar cells. This causes the so lar cells to be sta -
ble and long-last ing.  How ever, as with all other semi -
con duc tor de vices, the struc ture of so lar cells is de -
graded dur ing their ex ploi ta tion, which leads to a

change of their char ac ter is tics and their ag ing. Those
ef fects are more pro nounced when so lar cells are ap -
plied in real con di tions than when tested in lab o ra tory
con di tions. For this rea son, test ing the life time of so lar
cells is car ried out in lab o ra tory con di tions em ploy ing
ac cel er ated ag ing, us ing ra dio ac tive ra di a tion [3-6].

The de vel op ment of small semi con duc tor tech -
nol o gies, us ing thin films, has en abled the min ia tur -
iza tions of elec tronic com po nents. This has led to high
sen si tiv ity of elec tronic com po nents (and as sem blies)
to de pos ited en ergy, in creas ing their sen si tiv ity to ra -
di a tion. The en ergy de pos ited by ra dio ac tive ra di a tion
is con sid er ably higher than the en ergy de pos ited in
real con di tions thus al low ing for test ing the ag ing rate
of semi con duc tor com po nents by an ac cel er ated pro -
cess [7-10].

This pa per aims to quan tify ag ing test re sults of
so lar cells by an ac cel er ated pro ce dure con cern ing
tests car ried out on so lar cells placed on res i den tial
build ings in ur ban con di tions. The quan ti fi ca tion pro -
ce dure will be done by ex am in ing the curves of a life -
time on sta tis ti cal sam ples of ex per i men tally ob tained
ran dom vari ables: so lar cell cur rents and re sis tance of
so lar cells.
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CURVES OF THE LIFETIME AND
EXPONENT OF THE LIFETIME OF
SOLAR CELL CURRENTS

If n sam ples are tested on time for which the cur -
rent from the so lar cell de creases to 70 % of its ini tial
value (i70), i. e. the cor re spond ing value of the cur rent
den sity (J70), un der con stant con di tions of the ex per i -
ment, n re sult of the vari able of time for which the cur -
rent has de creased to 70 % of the nom i nal cur rent, has
been ob tained (t

70
1( ) ).

Em pir i cal time dis tri bu tion func tion F(t
70
1( ) ; J

70
1( ) ), 

fig. 1(a), is ob tained based on the ex per i ment per -
formed and is con ve niently de scribed by Weibull dis -
tri bu tion [11-14]
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where t70 is the time for which the cur rent den sity de -
creases to 70 % of its ini tial (nom i nal) value, dt

Weibull ex po nent, 63 % quantile of the Weibull dis tri -
bu tion of time t70.

Di a gram J
70
1( ) / t70, the so-called char ac ter is tic of

the life time can be con structed us ing the se lected
quantiles of this dis tri bu tion. Ex pe ri ence has shown
that such a di a gram forms the right line on a dou ble ex -
po nen tial scale, figs. 1(b) and 2. If the con fi dence in -
ter vals are known for the given quantiles, they can be
trans mit ted to the char ac ter is tic of the life time. For
each row of quantiles t70, quantile p dis tri bu tion F(t70; 
J

70
1( ) ), char ac ter is tic of the life time is de scribed as fol -

lows
J k tp p

r
70 70
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where k70p is a con stant that char ac ter izes the ge om e try 
of the struc ture, and r is an ex po nent of the life time that 
de pends mainly on the ma te rial. Spin ning in the char -
ac ter is tic of the life time in di cates a change in the ag ing 
mech a nism.

If, in anal ogy with eq. (1), Weibull dis tri bu tion is 
adopted
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and for cur rent J70 with fixed time t70, then the same
prob a bil ity is
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Fig ure 1.  De ter mi na tion of func tions and time
dis tri bu tion t70

1( ) (a), char ac ter is tics of the life time (b),
and func tions of the cur rent flow J70

1( ) (c)

Fig ure 2.  De ter mi na tion of the life time in the test:
dis tri bu tion func tion J70

1( ) (Weibull pa per) (a),
char ac ter is tic of the life time Jd = kd t r

70
1- /  (b)
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Ac cord ing to ex pres sion (2), as sum ing that the
ex po nent r ap plies to all quantiles, the next ex pres sion
for the same de pend ency and a cou ple of val ues 
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By com par ing the co ef fi cients on the left sides of 
the eqs. (4) and (5), a con nec tion be tween the Weibull
ex po nents for J70 and t70 (dJ; dt) and the ex po nent of
the life time is ob tained, in the form

r =
d

d
J

t

(6)

This equa tion is true only if both vari ables J70, t70

have Weibull dis tri bu tion fig. 1(c). It should be em -
pha sized that the eq. (6) and this model can be used
only if r is equally valid for all quantiles,  [15-17].

EXPERIMENT AND PROCESSING
OF EXPERIMENTAL RESULTS

Dur ing the ex per i ment, long-term re cord ing of
cur rent-volt age char ac ter is tics of a large num ber of
monocrystalline sil i con so lar cells of the same type
(iden ti cal), were per formed, fig. 3.

Mea sure ments of so lar cells ex ploi ta tion were
made both in the lab o ra tory and in real con di tions.
Lab o ra tory mea sure ments were car ried out in
well-con trolled con di tions with the vari able pa ram e ter 
such as type of il lu mi na tion, the in ten sity of light, type
of ra dio ac tive ra di a tion. Two types of light ing were
used: white light (ar ti fi cial sun) and mono chrome light 
(so dium sox lamp un der pres sure). The in ten sity of
light was changed by the dis tance of the light source
from the so lar cell and mea sured by a cal i brated stan -
dard cell and a lux me ter. Types of ra dio ac tive ra di a -
tion were: gamma ra di a tion (co balt lamp 60C0 and
neu tron ra di a tion (of ac cu racy a-Be source). Fig ure 4
shows the spec trum of neu tron ra di a tion of the ap plied
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Fig ure 3. Cor rected and un cor rected cur rent-volt age
char ac ter is tics of the tested so lar cell

Fig ure 4.  En ergy dis tri bu tion of
neu trons from a neu tron source



source. Gamma  ra di a tion doses were in the range of
10 Gy and 4353 Gy. A neu tron source was used in the
air (fast neu trons), wherein the neu tron ra di a tion dose
was ex pressed by the ex po sure time of the so lar cell to
the ra di a tion. In real con di tions, so lar cells were
placed on the fa cades of four res i den tial build ings in
the wider area of Bel grade.

Mea sure ments were per formed on groups of
fifty sta tis ti cally iden ti cal so lar cells, fig. 5.

Their sta tis ti cal iden tity was de fined by de ter -
min ing the max i mum power and cur rent den sity at the
point of max i mum power and check ing the be long ing
of these ran dom vari ables to the unique sta tis ti cal sam -
ples, us ing the U sta tis ti cal  un cer tainty  test  less  than
5 %. Dur ing mea sure ments, in the lab o ra tory and real
con di tions of ex ploi ta tion, at even time in ter vals (12
hours), the cur rent-volt age char ac ter is tic was re -
corded and the value of cur rent den sity at the point of
max i mum power was de ter mined. Be sides, other rel e -
vant pa ram e ters of so lar cells were de ter mined ev ery
thirty days (open cir cuit volt age, short cir cuit cur rent,
in ter nal reg u lar re sis tance, max i mum power, the volt -
age at the point of max i mum power and ef fi ciency).
Based on the mea sure ment re sults, or dered pairs of
val ues were formed (the time since the be gin ning of
the mea sure ment, the cur rent den sity at the max i mum
power point). In lab o ra tory con di tions, so lar cells
were ex posed to the light ness of the lamps while in real 
con di tions to the in flu ence of cli mate. In lab o ra tory
con di tions, so lar cells, be tween two con sec u tive mea -
sure ments, re ceived cer tain doses of ra dio ac tive sam -
ples. Be sides, mea sure ments in the lab o ra tory also in -
cluded a con trol group of so lar cells to which no
ra di a tion dose was ap plied [18]. The com bined mea -
sure ment un cer tainty of the ex per i men tal pro ce dure
was less than 5 %  [19, 20]. Pro cess ing of the mea sure -

ment re sults was per formed ac cord ing to the fol low ing 
steps:
– ap pli ca tion of Chauvenet's  cri te rion for re ject ing

sus pected mea sure ment re sults,
– ap pli ca tion of the U test to sta tis ti cal sam ples to

de ter mine the iden tity of the sta tis ti cal dis tri bu tion 
to which they be long,

– test ing sta tis ti cal sam ples of ran dom vari ables ob -
tained by ex per i ment for be long ing to the dis tri bu -
tion of ex treme val ues (Weibull ex po nen tial and

dou ble ex po nen tial) us ing a graphic test, c2-test
and Kolmogorov's test,

– draw ing curves for the life time, and
– de ter min ing the ex po nent of the life time ac cord -

ing to the ex pres sion (6) [21, 22].

RESULTS AND DISCUSSION

Fig ures 6(a) and 6(b) show the re sults of the
graphic test of be long ing ran dom vari ables t

70
1( )  and 

J
70
1( )  of one se ries of mea sure ments in the lab o ra tory, to

Weibull dis tri bu tion.
Fig ures 6(a) and 6(b) show that the ran dom vari -

ables t
70
1( )  and  J

70
1( ) of one se ries of mea sure ments be -

long to the Weibull dis tri bu tion. Re sults ob tained by
the graphic test were con firmed by c2 test and
Kolmogorov test of 5 % sta tis ti cal un cer tainty. The
same re sults were ob tained for ran dom vari ables t

70
1( )

and J
70
1( )  mea sured in real con di tions, i. e., on so lar cells 

on the fa cades of res i den tial build ings in the wider city
cen ter of Bel grade.
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Fig ure 5. Used sam ple of so lar cell

Fig ure 6(a).  Ran dom vari able t70
1( ) on the Weibull

prob a bil ity pa per



As it has been es tab lished that ran dom vari ables 
t

70
1( )  and  J

70
1( )  be long to the Weibull dis tri bu tion, it was

pos si ble to de ter mine the curves of the life time and the
ex po nent of the life time ac cord ing to the pre vi ously
de scribed pro ce dure.

Fig ure 7 shows the curves of the life time of the
so lar  cells  ex posed  to  the  ar ti fi cial  sun  ( light flux of
32 Wm–2) and mono chro matic bright ness of sox lamp
( light flux of 8.58 Wm–2) with out ex po sure to ra dio ac -
tive ra di a tion.

Based on the re sults shown in fig. 7, it can be
con cluded that so lar cells in lab o ra tory con di tions age
by a unique mech a nism and that they age much faster

un der the in flu ence of white light than un der the in flu -
ence of mono chro matic light. Anal o gous re sults have
been ob tained with dif fer ent val ues of the light flux
which shows that the so lar cell ag ing pro cess does not
de pend on the light flux. Fig ure 8 shows the curves of
the life time of so lar cells ex posed to the ar ti fi cial sun
(light flux of 58 Wm–2) that pre vi ously re ceived a dose 
of gamma ra di a tion of 0,617 kGy and 1522 kGy.

Fig ure 8 shows the re sults in di cat ing that so lar
cells in lab o ra tory con di tions age faster if they re -
ceived a dose of gamma ra di a tion. It can also be con -
cluded that the rate of ag ing of the so lar cell in creases
with the amount of the pre vi ously re ceived dose of
gamma ra di a tion.

Fig ure 9 shows the curves of the life time of the
so lar cell ex posed to  the  ar ti fi cial  sun (light  flux  of
32 Wm–2) that pre vi ously re ceived a dose of neu tron
ra di a tion for 0,1 to 10 days.

The re sults shown in fig. 9 lead to the con clu sion
that so lar cells age faster if ex posed to neu tron than to
gamma ra di a tion. It can also be con cluded that the ac -
tiv ity of neu trons over a long pe riod leads to a change
in ag ing mech a nisms.

From fig. 10, it can be con cluded that so lar cells
in real con di tions age faster than the same cells ex am -
ined in lab o ra tory con di tions. It can also be con cluded
that with the pas sage of time, the ag ing mech a nism for
so lar cells changes in real con di tions. By com par ing
the re sults ob tained for so lar cells placed at dif fer ent
lo ca tions in the wider area of the city of  Bel grade and
tak ing into ac count the rose of the wind, it can be con -
cluded that so lar cells ex posed to the Ko{ava wind
dur ing ex ploi ta tion, age the fast est  and with the most
pro nounced change in the ag ing mech a nism. 

Ta ble 1 shows the ex po nent val ues of the life -
time with the rel e vant ex per i men tal pa ram e ters.
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Fig ure 6(b).  Ran dom vari able J70
1( ) on the Weibull

prob a bil ity pa per

Fig ure 7. Curves of  the so lar cell life time:
(1) so lar cell ex posed to ar ti fi cial sun,
(2) so lar cell ex posed to mono chro matic light of sox lamp

Fig ure 8. Curves of the so lar cell life time:
(1) so lar cell ex posed to the ar ti fi cial sun, (2) so lar cell
that re ceived a dose of gamma radiation of 617 kGy,
(3) so lar cell that re ceived a dose of gamma ra di a tion of
1522 kGy



Based on the re sults shown in tab. 1, it is eas ily
no ticed that gamma and neu tron ra di a tion cause a de -
crease in the ef fi ciency and ac cel er a tion of the ag ing
pro cess. It can be quan ti ta tively con cluded that the so -
lar cell ir ra di ated with ther mal neu trons for 30 days,
for these two pa ram e ters, is clos est to the so lar cell ex -
ploited in real con di tions (in stalled on the fa cade of the 
build ing). Fig ures 11-13 show the time de pend ence of
other rel e vant pa ram e ters of so lar cells ex posed to the
white light flux of 32 Wm–2 which pre vi ously re ceived 
a dose of ther mal neu trons for a pe riod of 30 days, and
so lar cells from real con di tions ex posed to max i mum
wind power.

CONCLUSIONS

In the pa per, a long-term ex per i ment was car ried
out in the lab o ra tory and real con di tions in the ur ban en -
vi ron ment, re lated to ex ploi ta tions of monocrys tal line
sil i con cells of the same type and the same char ac ter is -
tics (in sta tis ti cal terms).
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Table 1.  Exponent values of the lifetime with the relevant 
experimental parameters: (a) dose of gamma radiation,
(b) time of exposure to fast neutrons, (c) time of exposure
to thermal  neutrons, (d) real conditions

Light flux of
white light

[Wm–2]

A dose of g
radiation

[kGy]

Efficiency
[%]

Exponent of
lifetime

32 0 617 1522 8.37 4.90 4.10 8.10 7.80 6.15

58 0 617 1522 9.35 5.11 4.28 7.80 7.30 6.00

 (a)

Light flux of
white light

[Wm–2]

Time of
exposure to fast 

neutrons [d]

Efficiency
[%]

Exponent of
lifetime

32 0 30 300 8.37 3.70 2.10 8.10 7.10 5.00

58 0 30 300 9.35 4.00 2.70 7.80 6.80 4.80

 (b)

Light flux of
white light

[Wm–2]

Time of exposure 
to thermal

neutrons [d]

Efficiency
[%]

Exponent of
lifetime

32 0 30 300 8.37 3.10 1.60 8.10 6.90 4.30

58 0 30 300 9.35 2.80 1.00 7.80 5.10 3.60

 (c)

Real conditions
(experimental) Efficiency [%] Exponent of

lifetime

3.2 6.9

 (d)

Fig ure 9.  Curves of the so lar cell life time: (1) so lar cell
ex posed to the ar ti fi cial sun, (2) so lar cell ex posed to the
ar ti fi cial sun that re ceived a dose of fast neu trons for 1
day, (3) so lar cell ex posed to the ar ti fi cial sun that
re ceived a dose of fast neu trons for 7 days

Fig ure 10.  Curves of  the so lar cell life time in real
con di tions: (1) so lar cell at po si tion A, (2) so lar cell at
po si tion B 

Fig ure 11.  De pend ence of in ter nal reg u lar re sis tance:
(1) so lar cell ex posed to real con di tions, (2) a so lar cell
that re ceived a 30- day dose of ther mal neu trons

Fig ure 12.  De pend ence of short cir cuit cur rent on time:
(1) so lar cell ex posed to real con di tions, (2) a so lar cell
that re ceived a 30- day



The pur pose of the study was to find out the con -
di tions un der which lab o ra tory tests would make pos -
si ble,  in a shorter time, ob tain ing re li able char ac ter is -
tics of the life time of so lar cells work ing in real
con di tions. The deg ra da tion of the so lar cell struc ture
due to phonon-pho ton in ter ac tion and ther mal stress
was as sumed as the main cause of ag ing. It has been
shown that gamma ra di a tion and neu tron ra di a tion
have the ef fect of de stroy ing the semi con duc tor struc -
ture of the so lar cell, very sim i lar to me te o ro log i cal ef -
fects in real ur ban con di tions.

Us ing ex per i ments with gamma ra di a tion, ra di a -
tion by fast neu trons and ra di a tion by ther mal neu -
trons, it has been found that the most ef fec tive re ac tion
is be tween p-n com pound and ther mal neu trons,
which can be ex plained by Bragg's ef fect. In the case
of tested monocrystalline sil i con cells, it has been
found that the 30-day dose of ther mal neu trons (ob -
tained by thermalization of the fast neu trons of the de -
scribed source) gives the same ef fects of ag ing as the
me te o ro log i cal con di tions on the ter ri tory of the city of 
Bel grade. Based on the ob tained re sults in lab o ra tory
tests and test ing un der real con di tions, it can be said
with cer tainty that the use of so lar cells in ur ban en vi -
ron ments is not eco nom i cally jus ti fied. Of course, so -
lar cell (pho to vol taic con ver sion of en ergy) re mains
ir re place able in ar eas where ac cess to other (con ven -
tional) sources of en ergy is not pos si ble. How ever, in
such cases, re sults pre sented in this pa per can serve to
as sess the life time of ap plied so lar cells (this is es pe -
cially true in the case of pho to vol taic power sup ply of
space craft due to the in tense ef fect of pri mary cos mic
ra di a tion).
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PROCENA  VEKA  TRAJAWA  SOLARNIH  ]ELIJA  U  REALNIM  USLOVIMA
PRIMENOM  UBRZANOG  STAREWA  DEJSTVOM  NEUTRONSKOG  I  GAMA  ZRA^EWA

U radu su postupkom dugotrajnih ispitivawa bile podvrgnute monokristalne sili-
cijumske }elije. ]elije su ispitivane u dobro kontrolisanim laboratorijskim uslovima, i u
realnim uslovima. U laboratorijskim uslovima su kori{}ena bela svetlost vet{a~kog sunca i
monohromatska svetlost `ute natrijumove lampe. Ciq rada je bio da se u laboratorijskim uslo-
vima postigne isti re`im starewa kao i u realnim uslovima. To bi omogu}ilo da se defini{e
laboratorijski algoritam starewa kao i u realnim uslovima  starewa solarnih }elija i samim tim
odredi wihov radni vek komercijalne eksploatacije u urbanim sredinama. Slo`enim matema-
ti~kim metodama, tj. kori{}ewem teorije vremena trajawa, ustanovqeno je da laboratorijsko
ispitivawe termi~kim neutronima dovodi do toga da solarne }elije u laboratoriji stare ana-
lognim mehanizmom kojim stare solarne }elije u realnim uslovima.

Kqu~ne re~i:  solarna }elija, starewe, gama zra~ewe, zra~ewe brzim i termi~kim neutronima


