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This study in ves ti gates the ef fects of suc ces sive neu tron and gamma ra di a tion on the pa ram e -
ters of com mer cial so lar cells. Sev eral so lar pan els have been ex posed to neu tron ra di a tion and
then, af ter 30 days of re cov ery, to gamma ra di a tion. A se ries of mea sure ments of so lar cell pa -
ram e ters have been un der taken to de ter mine the re li abil ity of so lar cells in the con di tion of
suc ces sive ir ra di a tion of dif fer ent types of rays. So lar cell pa ram e ters have been mea sured be -
fore and af ter ev ery step of ir ra di a tion. The pro cess of an neal ing has also been ob served. This
pa per aims to pres ent the ef fects of both neu tron and gamma ra di a tion on the same so lar cell
sam ple.
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IN TRO DUC TION

Now a days, en ergy con sump tion is very high. Al -
most ev ery area of hu man life re quires en ergy. Most of
the en ergy is used for trans port, heat ing, cool ing, and
gen er a tion of elec tric ity. One kind of en ergy that had an
ex cep tional ex pan sion in the last de cades is so lar en -
ergy. Ap pli ca tions of pho to vol taic (PV) con ver sion of
so lar en ergy and so lar sys tems based on it are count less.
So lar en ergy is one of the most ac cept able sources of
elec tri cal en ergy and be cause of that, so lar sys tems are
not very ex pen sive which is their main ad van tage. The
ba sic unit of so lar sys tems is the so lar cell which be -
longs to semi con duc tor de tec tor de vices. The pos si bil i -
ties of ap pli ca tion of so lar cells are very wide: com mu -
ni ca tions, sig nal pro cess ing, photonic sens ing, some
spe cial ap pli ca tions, etc. How ever, PV tech nol ogy and
sys tems also have some dis ad van tages and lim i ta tions,
like low ef fi ciency and sen si tiv ity to ex ter nal in flu -
ences, es pe cially ra di a tion. A num ber of re search ers
and in sti tu tions work on the de vel op ment of so lar cells,
and try to im prove the con ven tional so lar cell char ac ter -
is tics based on semi con duc tor ma te ri als and ex plore the
pos si bil i ties of us ing new ma te ri als [1]. 

The main rea son for the pro duc tion of new and
im proved ex ist ing so lar cells is the in ten tion to make
them re li able and ef fec tive in spe cific cir cum stances,

like space [2-4]. In var i ous work con di tions, so lar cells 
could work in pres ence of dif fer ent types of ra di a tion,
like neu trons, gamma rays, al pha par ti cles, elec trons,
pro tons, pos i trons, and heavy ions. Con sid er ing the
con di tions in space (vac uum, gas), it would be in ter -
est ing to in ves ti gate whether ex po sure to ra di a tion
will change the char ac ter is tics of so lar cells so much
that they start to be have like elec trodes in a vac uum
and cause an even tual break down be tween those lo -
cated at a small dis tance. There has been a lot of re -
search on the con di tions un der which a break down oc -
curs be tween elec trodes in vac uum or gas [5-11].

This work de scribes a se ries of mea sure ments
un der taken to try to iden tify the changes in the be hav -
iour of so lar cells ex posed to suc ces sive neu tron and
gamma ir ra di a tion.

EX PER I MEN TAL PRO CE DURE

So lar cells used in this study are com mer cially
avail able monocrystalline sil i con so lar pan els. Their
ba sic char ac ter is tics are a max i mum power volt age of
4.0 V, max i mum power cur rent of 100.0 mA, and di -
men sion: 70 mm ´ 65 mm ´ 3.2 mm.

De vices were first ex posed to neu tron and
gamma ra di a tion from a 241Am-Be source and then, af -
ter one month, to a 60Co gamma source. Both sources
were housed in the Vin~a In sti tute of Nu clear Sci ences
in Bel grade, Ser bia.

D. S. Nikoli}, et al.: Suc ces sive Neu tron and Gamma Ir ra di a tion and Their Im pact ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 3, pp. 215-218 215

* Cor re spond ing au thor, e-mail: nikolcorp@gmail.com



The 241Am-Be source emits gamma pho tons of
low en ergy (60 keV and 14 keV) with the ac tiv ity of
3.7×1010 Bq, the in ten sity of the neu tron emis sion of
2.7×106 s–1 and the mean en ergy of the neu trons Enav =
=.5.5 MeV.  The  pan els  were  placed  at  a  dis tance  of
5 cm from the source, so the pho ton equiv a lent dose
rate is &H g = 12 mSvh–1, and the pho ton ab sorbed dose
rate is &Dg = 12 mSvh–1. The cal cu lated neu tron ab -
sorbed dose rate is &Dn  = 1.714 mSvh–1 and the equiv a -
lent dose rate of neu trons is &Hn  = 12 mSvh–1 with the
qual ity fac tor Qn = 7. In this ex per i ment, the semi con -
duc tor de vices were placed at a dis tance of 5 cm from
the 241Am-Be source, and the ex po sure pe riod was
16.75 hours. Since the to tal ab sorbed dose, for that dis -
tance, is &D tot = 13.714 mGyh–1 and the to tal equiv a lent
dose is &H tot = 24 mSvh–1, the to tal ab sorbed dose for
ma te rial com po nents is &D tot = 229.71 mGy and the to -
tal equiv a lent dose is Htot = 402 mSv [12].

The dose of 60Co gamma source is 2000 Gy, with
an en ergy of 1.25 MeV and, a half-life time of 5.27 years.
The sam ples were placed in a con trolled en vi ron ment at a 
dis tance of 150 mm away from the ra dio ac tive source
with glass be tween them. The dose rate was 100 Gyh–1

which was mea sured by an electrometer with ion iza tion
cham ber TW 30012-0172 pro duced by PTW, Ger many.
The mea sure ment un cer tainty of the sys tem is less than
1.2 % [12, 13].

Both ir ra di a tions, those from the 241Am-Be
source and those from the 60Co gamma source were
per formed in the air at a tem per a ture of 21 °C and rel a -
tive hu mid ity of 40 % to 70 % [12].

Be fore and af ter ev ery step of the ir ra di a tion se -
ries and par al lel re sis tance, open-cir cuit volt age,
short-cir cuit cur rent, fill fac tor and ef fi ciency have
been mea sured. The mea sure ments were per formed on 
the so lar pan els, in highly con trolled con di tions at
room tem per a ture, which have pre vi ously been re -
moved from the ir ra di a tion room.

Five mea sure ments of the pa ram e ters of the so lar 
cells have been per formed:
– first mea sure ment: just be fore neu tron ir ra di a tion,
– sec ond mea sure ment: just af ter neu tron ir ra di a tion,
– third mea sure ment: 30 days af ter neu tron ir ra di a -

tion (just be fore gamma ir ra di a tion),
– fourth mea sure ment: just af ter gamma ir ra di a tion,

and
– fifth mea sure ment: 30 days af ter gamma ir ra di a -

tion.
In or der to per form the long-term iso ther mal an -

neal ing i. e. to give pan els enough time to re cover, the
third and fifth mea sure ments have been un der taken 30
days af ter the ir ra di a tion. Be cause of that, the changes
oc cur ring in the sam ples af ter the first ir ra di a tion (neu -
tron) can be con sid ered per ma nent. Stan dard mea sure -
ment equip ment (the pro fes sional dig i tal multimeter
AMPROBE 33XR) was used for mea sure ment. The
com bined mea sure ment un cer tainty for all mea sure -
ments was less than 1.2 % [14, 15].

RE SULTS AND DIS CUS SION

The ba sic so lar cell pa ram e ters be fore and af ter
neu tron and gamma ir ra di a tion are shown in figs. 1-5.
In ci dent ra di a tion par ti cles in ter act with the at oms in
the crys tal line lat tice through col li sions which causes
dis place ments of at oms from their po si tions. That
leads to the deg ra da tion of the trans port prop er ties of
the ma te rial which di rectly af fects the mi nor ity car -
rier's life time. The most com mon de fects in sil i con are
va can cies, self-in ter sti tials, im pu ri ties, and dop ants
which could en ter into dif fer ent in ter ac tions and cre ate 
some point de fects which are un de sir able, like com -
pen sa tor and re com bi na tion cen ters [16]. Those cen -
ters af fect so lar cells' per for mance. All of these ef fects
re duce the life time of mi nor ity car ri ers in the base
layer. The fi nal re sult is an in creas ing se ries re sis tance, 
fig. 1 [17].

Neu trons as heavy par ti cles cause ra di a tion
dam age in sil i con crys tal line through a dis place ment
of at oms from their po si tions in the lat tice. This dis tor -
tion and de struc tion of lo cal lat tice struc ture are called
Frenkel de fects. If neu tron ir ra di a tion cre ates sta ble
de fects in the ma te rial which al ready has im pu rity at -
oms, do nors, or im planted at oms that could form com -
plex de fects. Those de fects be have as re com bi na tion
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Fig ure 1. So lar panel se ries re sis tance dur ing the
suc ces sive neu tron and gamma ir ra di a tion

Fig ure 2. So lar panel par al lel re sis tance dur ing the
suc ces sive neu tron and gamma ir ra di a tion

Fig ure 3. So lar panel open-cir cuit volt age dur ing the
suc ces sive neu tron and gamma ir ra di a tion



sites or traps which leads to a sig nif i cant de crease in
mi nor ity car rier life time. This re sults in a de te ri o ra tion 
of elec tri cal pa ram e ters of the so lar cells, such as se ries 
re sis tance Rs, out put cur rent, and fi nally efficiency
[18], as is shown in figs. 1-5.

Gamma rays (high en ergy pho tons) in ter act with
ma te rial and cre ate two types of ef fects. The first one is 
ion iza tion and the sec ond one is atomic dis place ment.
Ion iza tion is caused by a Pho to elec tric ef fect,
Compton scat ter ing, and pair pro duc tion (if the en ergy 
of in ci dent ra di a tion is above sev eral hun dred keV) In -
ter sti tial pri mary knock-on atom (PKA), va cancy, and
com plex of them form a deep level in bandgap
(so-called the gen er a tion-re com bi na tion cen ter). The
re com bi na tion cen ters in the bulk re gions cause the re -
duc tion of a car rier life time [16, 19].

The va can cies and in ter sti tials are un sta ble de -
fects due to their mo bil ity in sil i con at room tem per a -
ture. Be cause of that, long-term iso ther mal an neal ing
at room tem per a ture was used for this ex per i ment.
Dur ing the long-term an neal ing pro cess, the va can cies 
move through the lat tice form ing more sta ble de fects
like divacancies and va cancy-im pu rity com plexes.
The an neal ing pro cess re ar ranges de fects formed by
ra di a tion which re sults in a decreaseinthe ef fec tive -
ness of the dam age over time. Moll [20] de scribes the
en hance ment of the ef fec tive dop ing con cen tra tion for 
lon ger an neal ing times.

The im pact of high-en ergy ra di a tion (by two dif -
fer ent types, neu tron, and gamma) on sil i con so lar
cells is much higher and cre ates more dam age com -
pared to only one type of ra di a tion. Ejected atom in a
crys tal line lat tice cre ates a va cancy. That atom could
stay at the in ter sti tial po si tion or it could be re com -
bined with the va cancy. Mo bil ity of va can cies causes
their pos si ble com bin ing with im pu ri ties or other va -

can cies. As a re sult, there has been a sig nif i cant de te ri -
o ra tion of all so lar cell pa ram e ters, figs. 1-5.

CON CLU SION

A change in the elec tric prop er ties of so lar cells
un der suc ces sive neu tron and gamma ir ra di a tion was
ob served. Ex cept for the fill fac tor, which showed rel -
a tively steady val ues, the com bi na tion of those two
types of ra di a tion caused de te ri o ra tion of all so lar cell
pa ram e ters: in creas ing se ries re sis tance and de creas -
ing par al lel re sis tance, open-cir cuit volt age, short-cir -
cuit cur rent, and ef fi ciency. All of these ef fects are
mainly re lated to the mi nor ity car rier's life time [21].
The life time of mi nor ity car ri ers is sen si tive to de fects, 
in duced by the ra di a tion, which mostly acts as re com -
bi na tion points, and the de crease in the mi nor ity car -
rier life time re duced the pa ram e ters of the so lar cells.
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SUKCESIVNO  NEUTRONSKO  I  GAMA  OZRA^IVAWE  I  WIHOV
UTICAJ  NA  KARAKTERISTIKE  SOLARNIH  ]ELIJA

Ispitani su efekti sukcesivnog neutronskog i gama zra~ewa na parametre
komercijalnih solarnih }elija. Solarni paneli su bili izlo`eni neutronskom zra~ewu, a nakon 30 
dana oporavka, gama zra~ewu. Serija merewa parametara solarnih }elija preduzeta je u ciqu
utvr|ivawa pouzdanosti solarnih }elija u uslovima sukcesivnog ozra~ivawa razli~itih vrsta
zra~ewa. Parametri solarnih }elija mereni su pre i posle svakog koraka ozra~ivawa i uo~en je
proces oporavka. Svrha ovog rada je da prika`e efekte i neutronskog i gama zra~ewa na isti uzorak
solarne }elije.

Kqu~ne re~i: solarni panel, gama zra~ewe, neutronsko zra~ewe, I-U karakteristika, redna
..........................otpornost, paralelna otpornost, napon praznog hoda, struja kratkog spoja


