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The wide sub sti tu tion of con ven tional types of en ergy by so lar en ergy lies in the rate of de vel -
op ing so lar cell tech nol ogy. Sil i con is still the mostly used el e ment for so lar cell pro duc tion, so 
ef forts are di rected to the im prove ment of phys i cal prop er ties of sil i con struc tures. There are
sev eral trends in the de vel op ment of so lar cells, but mainly two di rec tions are in di cated: the
im prove ment of the con ven tional so lar cell char ac ter is tics based on semi con duc tor ma te ri als,
and ex plor ing the pos si bil i ties of us ing some new ma te ri als. The aim of this pa per is to pres ent
some dif fer ent ap proaches of im prove ment of so lar cell prop er ties through the in ves ti ga tion
of ra di a tion ef fects on the main so lar cell char ac ter is tics.
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IN TRO DUC TION

Faced with an alarm ing in crease of en ergy con -
sump tion on one side and very lim it ing amounts of
avail able con ven tional en ergy sources on the other,
sci en tists have turned to the most prom is ing, re new -
able en ergy sources. Pos si bil i ties for the ap pli ca tion of 
so lar sys tems based on pho to vol taic (PV) con ver sion
of so lar en ergy are very wide, pri mar ily be cause of
their rel a tively low cost and very im por tant fact that
so lar en ergy is the most ac cept able source of elec tri cal
en ergy from the en vi ron men tal point of view. Re -
cently, in creased in vest ments in the de vel op ment of
PV tech nol ogy have been ob served world wide. How -
ever, as ev ery other en ergy source, PV tech nol ogy has
some lim i ta tions and disadvantages, primarily
connected to their low efficiency.

Sil i con so lar cells be long to a wide group of
semi con duc tor de tec tor de vices, though some what
spe cific in its de sign (larger than most of the de tec -
tors). Re gard less of very high stan dards in the pro duc -
tion of elec tronic de vices, all of them are more or less
prone to the ef fects of ag ing even if they are not ex -
posed to ex treme (hos tile) work ing con di tions. One of
the most lim it ing fac tors for all kinds of de tec tors is
their noise, such as fre quency de pend ent gen er a -
tion-re com bi na tion noise, burst noise and 1/f noise.

That is why low er ing noise is im por tant for ob tain ing
good qual ity de tec tors. It is known that low fre quency
noise (1/f and burst noise) man i fests as ran dom fluc tu -
a tion of the out put cur rent or volt age, lead ing to low er -
ing of the ef fi ciency of the de vice. Var i ous ex per i -
ments sug gest [1, 2] that the or i gin of this noise is the
fluc tu a tion of the num ber of free charge car ri ers con -
nected to the ex is tence of the traps lo cated in the vi cin -
ity or di rectly in the junc tion area, or the fluc tu a tion of
the mo bil ity of charge car ri ers. In both cases these
fluc tu a tions arise from the in ter ac tions of car ri ers with
de fects, sur face states, and im pu ri ties that are ei ther in -
tro duced dur ing man u fac tur ing of the de vice or as a
con se quence of the hos tile work ing con di tions (ra di a -
tion, high tem per a ture, hu mid ity). Be cause of the large 
sur face to vol ume ra tio, sur face ef fects are ex pected to
be a ma jor cause of 1/f noise, so good qual ity con tacts
are of great im por tance. Sili cides be long to a very
prom is ing group of ma te ri als with low re sis tiv ity and
good tem per a ture sta bil ity and are used for fab ri ca tion
of re li able and re pro duc ible con tacts. Even so, sur face
ef fects such as sur face re com bi na tion fluc tu a tions in
car rier mo bil ity, the con cen tra tion of sur face states,
etc., have great in flu ence on fre quency de pend ent
noise in sili cides too. It has been found [3-5] that the
ion im plan ta tion of As+ ions in the for ma tion of sili -
cides could im prove the elec tri cal char ac ter is tics of
sili cides re gard ing their noise level.

The com mon source of noise that is con nected to
the hos tile work ing con di tions is ra di a tion. So lar cells,
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the ba sic el e ments for PV con ver sion of so lar en ergy,
are es pe cially sus cep ti ble to ra di a tion dam age, pri mar -
ily due to their large sur face. The life time of the so lar
cell is re stricted by the de gree of ra di a tion dam age that
the cell re ceives. This is an im por tant fac tor that af fects
the per for mance of the so lar cell in prac ti cal ap pli ca -
tions. The per ma nent dam age in so lar cell ma te ri als is
caused by the col li sions of in ci dent ra di a tion par ti cles
with at oms in the crys tal line lat tice, which are dis placed 
from their po si tions. These de fects de grade the trans -
port prop er ties of the ma te rial and par tic u larly the mi -
nor ity car rier life time [6-9]. This life time de crease pro -
duces the deg ra da tion of the pa ram e ters of the cell
ul ti mately lead ing to an in crease of the noise level. The
in ter ac tion be tween va can cies, self-in ter sti tials, im pu -
ri ties, and dop ants in Si leads to the for ma tion of un de -
sir able point de fects such as re com bi na tion and com -
pen sa tor cen ters which af fect per for mance of so lar
cells, es pe cially in space. The in tro duc tion of ra di a -
tion-in duced re com bi na tion cen ters re duces the mi nor -
ity car rier life time in the base layer of the p-n junc tion
in creas ing se ries re sis tance. Af ter very high doses of ra -
di a tion se ries the re sis tance of the base layer could be so
high that most of the power gen er ated by the de vice is
dis si pated by its own in ter nal re sis tance [10-13]. How -
ever, small doses of ra di a tion care fully in tro duced and
mon i tored could have some ben e fi cial ef fects on the de -
vice per for mance due to the pos si ble re lax ation of crys -
tal lat tice, lead ing to the low er ing of se ries re sis tance.

Fac tors that in flu ence the in ter nal pa ram e ters of
so lar cells such as se ries and par al lel re sis tance lead to
changes in ef fi ciency and max i mum gen er ated power
in a so lar cell. The ca pa bil ity of a so lar cell to con vert
so lar en ergy into elec tri cal de pends on var i ous fun da -
men tal and tech no log i cal pa ram e ters. Vari a tions from
the ideal case of cur rent trans port could be rep re sented
by the ideality fac tor [14] that could be eas ily ob tained
from cur rent-volt age (I-V) char ac ter is tics of so lar
cells. The non-ideal be hav iour of the de vice is re -
flected in the val ues of n greater than 1, and that is the
re sult of the pres ence of dif fer ent trans port mech a -
nisms that can con trib ute to the di ode cur rent. The de -
ter mi na tion of the dom i nant cur rent mech a nism is
very dif fi cult be cause the rel a tive mag ni tude of these
com po nents de pends on var i ous pa ram e ters such as
den sity of the in ter face states, the con cen tra tion of the
im pu ri ties and de fects, the height of the po ten tial bar -
rier, de vice volt age, and de vice tem per a ture. The de -
pend ence of the max i mum power on the ideality fac tor 
can be ob served in fig. 1. Con sid er ing that the max i -
mum power point de pends on the re sis tance (and
ideality fac tor as well), se ries and par al lel re sis tance
should be main tained at such val ues to ob tain the max -
i mum ef fi ciency.

Since the rel a tively low ef fi ciency of so lar cells
based on the con ven tional semi con duct ing ma te ri als
such as Si, GaAs, and InP is the main lim i ta tion to PV
ap pli ca tions, the in ves ti ga tions are now di rected to the

de vel op ment of new ma te ri als, pri mar ily or ganic mol -
e cules and poly mers. PV tech nol ogy based on sil i con
semi con duc tors and sim i lar ma te ri als has shown cer -
tain lim i ta tions and dis ad van tages so a novel ap proach
in the in ves ti ga tions of ma te ri als for PV con ver sion is
needed. Namely, at the be gin ning of the 21st cen tury a
new type of or ganic PV low cost cells was de vel oped.
So lar cells based on or ganic ma te ri als use the pro cess
of pho to syn the sis in plants that leads to pho to chem i cal 
pro cesses. It is es ti mated that the pro duc tion cost of
this cells will be be tween 10% and 20% of the cost of
so lar cells pro duced in con ven tional way.

Also, con duct ing and semi con duct ing poly mers
are con sid ered as pos si ble ma te ri als for so lar cell pro -
duc tion. New tech nol o gies in this field have given great
con tri bu tion in the de vel op ment of nanophotovoltaic
cells with in creased ef fi ciency.

EX PER I MEN TAL PRO CE DURE

The investigations of fre quency de pend ent 1/f
noise in sili cides in cluded the stud ies of ar senic ion
im plan ta tion ef fects on the fre quency noise level char -
ac ter is tics of TiN/Ti con tacts on p-type Si. Ion im plan -
ta tion with As+ ions, an neal ing and elec tri cal char ac -
ter iza tion were per formed on 45 sam ples. The
implantation of ar senic was per formed at 350 keV
with the dose range be tween 1015 ions/cm2 to 1016

ions/cm2. Ther mal treat ment was per formed at tem -
per a ture with the mean value of 800 °C for 20 minutes.
The structural anal y sis of TiN/Ti/Si sam ples was per -
formed by Rutherford back scat ter ing spec trom e try
(RBS), with a 1.5 MeV He+ ion beam at nor mal in ci -
dence and the de tec tor po si tion at 160 °C. Noise level
mea sure ments were per formed with the mea sure ment
equip ment con sist ing of the mul ti chan nel an a lyzer
ND-100, low noise pre-am pli fier, and am pli fier (stan -
dard ORTEC equip ment). MAE STRO II code was
used for au to matic en ergy cal i bra tion. Fre quency
noise mea sure ments were per formed at room tem per a -
ture.
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Fig ure 1. Sim u la tion of the de pend ence of P-V char ac ter -
is tics on the ideality fac tor



Ex per i men tal mea sure ments con cern ing so lar
cells were car ried out on the com mer cially avail able
so lar cells based on en cap su lated monocrystalline sil i -
con from dif fer ent man u fac tur ers. The solar cells were 
ir ra di ated with a Pu-Be point neu tron source. A mix -
ture of 238Pu with be ryl lium is a good source of neu -
trons, through a nu clear re ac tion in which 9Be ab sorbs
an al pha par ti cle from 238Pu and forms 12C with the
emis sion of a neu tron. This neu tron source pro vides a
broad beam of emit ted neu trons up to about 11 MeV
with an in ten sity max i mum of about 5 MeV. The
samples were in di rect con tact with the source, and the
max i mum dose rate was dD/dt = 0.36 mGy/h. Cur -
rent-volt age data were used for the char ac ter iza tion of
the prop er ties of so lar cells. Stan dard mea sure ment
equip ment was used to mea sure I-V curve for two il lu -
mi na tion lev els of 32 W/m2 and 58 W/m2 af ter ev ery
ir ra di a tion step.

Com bined mea sure ment un cer tainty was less
than 5% for all mea sure ments per formed within the
ex per i ment [15, 16].

RE SULTS AND DIS CUS SION

Noise mea sure ments

The mea sure ments of 1/f noise in this type of sili -
cides have shown that As ion im plan ta tion of dif fer ent
doses could have an im pact on qual ity of sili cides as
con tacts. Structural RBS anal y sis has shown that ion
im plan ta tion did not in duce re dis tri bu tion of com po -
nents for lower im plan ta tion doses (fig. 2). The spec tra 
in di cate that the en tire ti ta nium layer has interdiffused
with the sil i con sub strate. The pres ence of the TiSi2
and TiSi2 phase in the im planted sam ples has been ob -
served. In all cases the top TiN layer re mains un af -
fected, but for higher doses of im plan ta tion (1016

ions/cm2) a dis or dered struc ture has been reg is tered.
This cor re sponds to the amorphization of the sil i con
sub strate, which is mov ing deeper with the ion dose,
show ing that the phys i cal prop er ties of TiN/Ti/Si are
in flu enced by the im plan ta tion.

This in flu ence has been con firmed by noise level 
mea sure ments (all of the sam ples ex hibit sim i lar be -
hav iour). Noise spec tra have been mea sured for dif fer -
ent time con stants t (fre quency range t ~ 1/f) of the
low noise am pli fier. The implantation doses have dif -
fer ent ef fects for dif fer ent fre quency ranges. In the fre -
quency range of 15-26 kHz (time con stant of 6-10 µs)
the ion dose of 1016 ions/cm2 gives better re sults than
an unimplanted sam ple, but in the range be yond 80
kHz (time con stant lower than 2 µs), it pro duces
greater noise com pared to an unimplanted sam ple (fig. 
3). How ever, the ion dose of 5×1015 ions/cm2 shows the 
best re sults for the en tire mea sur ing range, sug gest ing
that this dose of im plan ta tion in duces a more ho mo ge -
neous silicidation and the for ma tion of Ti-Si phase
with a lower con cen tra tion of crys tal de fects (af ter an -
neal ing). The lower con cen tra tion of point de fects and
dis lo ca tions and a more ho mo ge neous silicide/sil i con
in ter face re sults in a lower fre quency noise level of the
an a lyzed struc tures. Also, pre vi ous re sults have
shown [4] that the noise level was lower for the sam -
ples im planted af ter an neal ing. This sug gests that ther -
mal treat ment in duces the re lax ation of the crys tal lat -
tice and the im prove ment of the crys tal struc ture of the
sili cides.

Ef fects of ir ra di a tion

Sur pris ingly, ef fects sim i lar to the an neal ing
have been ob served in some so lar cells af ter ir ra di a -
tion. Al though the neg a tive in flu ence of ra di a tion on
elec tri cal char ac ter is tics of the semi con duct ing de -
vices is a well known and thor oughly in ves ti gated fact, 
es pe cially when work ing in hos tile con di tions, in
some cases ir ra di a tion could im prove cell char ac ter is -
tics.

Ra di a tion dam age due to neu trons is, as men -
tioned be fore, pri mar ily con nected to the dis place ment 
of sil i con at oms from their lat tice sites in the crys tal -
line sil i con so lar cells, lead ing to the de struc tion and
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Fig ure 2. RBS spec tra of TiN/Ti/Si samples

Fig ure 3. Fre quency noise level for TiN/Ti/Si samples



dis tor tion of lo cal lat tice struc ture and for ma tion of de -
fects. If, un der the in flu ence of neu trons, sta ble de fects 
are made, they could, to gether with im pu rity at oms,
do nors and for ex am ple im planted at oms, form com -
plex de fects act ing as re com bi na tion sites or traps, sig -
nif i cantly de creas ing mi nor ity car rier life time. This
life time de crease pro duces the deg ra da tion of the elec -
tri cal pa ram e ters of the cell, such as se ries re sis tance
(Rs), out put cur rent and fi nally ef fi ciency (m). The
high level of se ries re sis tance usu ally in di cates the
pres ence of im pu rity at oms and de fects lo cal ized in the 
de ple tion re gion act ing as traps for re com bi na tion or
tun nel ing ef fects, in creas ing dark cur rent of the cell.
More over, shal low re com bi na tion cen ters in the vi cin -
ity of con duct ing zone en hance tun nel ing ef fect, fur -
ther de grad ing out put char ac ter is tics of the cell by in -
creas ing noise level (es pe cially burst noise that is
con nected to the pres ence of ex cess cur rent).

Such neg a tive im pact of neu tron ra di a tion has
been ob served in this ex per i ment, as could be seen in
fig. 4.

How ever, af ter the ini tial in crease of se ries re sis -
tance, for both il lu mi na tion lev els and for higher ir ra -
di a tion doses the de crease of Rs has been ob served.
This de crease is very sig nif i cant from the so lar cell de -
sign stand point be cause it in di cates the pos si ble be nef -
i cent in flu ence of low doses of ir ra di a tion, even with
neu trons. It could be ex plained by the fact that dur ing
the fab ri ca tion pro cess of any semi con duct ing de vice
struc tural de fects and im pu ri ties that have been un -
avoid ably made pro duce ten sion in the crys tal lat tice.
The low doses of ra di a tion could act sim i larly to an -
neal ing, re lax ing the lat tice struc ture and de creas ing
se ries re sis tance.

This is es pe cially im por tant be cause the other
pa ram e ters of so lar cells (volt age in the max i mum
power point Vm and fill fac tor ff) have shown the sim i -
lar ten den cies (figs. 5 and 6). Namely, af ter the first de -
te ri o ra tion due to the ex po sure to ra di a tion an in crease
was ob served with an in crease of the ir ra di a tion dose

for both pa ram e ters. Since some other in flu ences (ex -
cept ra di a tion) that could af fect volt age in the
max i mum power point were pres ent at the low level of
il lu mi na tion, mea sure ments at 32 W/m2 for Vm were
omit ted.

Al though some what un ex pected, this be hav ior
could be ex plained by the fact that im pu ri ties and de -
fects in the crys tal struc ture which are un avoid able in
the pro duc tion pro cess cre ate cer tain ten sion of the
crys tal lat tice. Some ir ra di a tion doses could lead, sim i -
lar to the an neal ing, to the re lax ation of the crys tal
struc ture and the de cease of se ries re sis tance. Con sid -
er ing the fact that max i mum power and fill fac tor di -
rectly in flu ence ef fi ciency of the so lar cells, their in -
crease leads to an in crease in ef fi ciency.

CON CLU SIONS

The concept of the sus tained de vel op ment as
well as the eco nomic cri sis has pro moted the in ves ti -
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Fig ure 4. De pend ence of the se ries re sis tance on doses for
two il lu mi na tion lev els

Fig ure 5.  De pend ence of the volt age in the max i mum
power point on doses

Fig ure 6. De pend ence of the fill fac tor on doses for two
il lu mi na tion lev els



ga tions of the re new able en ergy sources, es pe cially
so lar en ergy. Con sid ered en vi ron men tally clean
(non-pol lut ing) and avail able in un lim ited amounts,
so lar en ergy is the most prom is ing en ergy source of
the fu ture (from the cur rent stand point). As has been
shown in this pa per, low er ing noise level in so lar cells
based on sil i con could be one way of im prove ment of
so lar cell char ac ter is tics. It has been es tab lished that
both phys i cal and elec tri cal prop er ties of used sili cides 
are in flu enced by the im plan ta tion doses. As could be
ex pected, higher doses re sult in the deg ra da tion of
elec tri cal char ac ter is tics (via in creas ing noise level).
But the re sults of fre quency noise mea sure ments in di -
cate that ion im plan ta tion could suc cess fully be ap -
plied in or der to achieve a more ho mo ge neous
silicidation, if care fully op ti mized dose (in our case
5×1015 ions/cm2) is used. This dose of As+ ions has
been proved to be op ti mal for the fab ri ca tion of
low-re sis tiv ity and low-noise con tacts. An other way
of ob tain ing so lar cells with better out put char ac ter is -
tics is ex po sure to rel a tively low doses of ra di a tion
(neu tron, in this case). The observed im prove ment of
the char ac ter is tics in di cates that there is a pos si bil ity
of us ing ir ra di a tion for en hance ment of the so lar cells
qual ity.

Fi nally, a new cat e gory of ma te ri als based on the
organic and poly mer ma te ri als has re cently emerged,
and it is ex pected that they could suc cess fully com pete 
(in char ac ter is tics and low cost) with con ven tional in -
or ganic semi con duct ing ma te ri als.
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UTICAJ  ZRA^EWA  NA  OSOBINE  SOLARNIH  ]ELIJA

Raspostrawena zamena konvencionalne energije solarnom energijom le`i u stopi
razvoja tehnologije solarnih }elija. Silicijum je i daqe naj~e{}e kori{}eni el e ment za izradu
solarnih }elija, pa se napori ula`u u poboq{awe fizi~kih karakteristika silicijumskih
struktura. Postoji nekoliko razli~itih trendova u razvoju solarnih }elija, ali uglavnom se mogu
razlikovati dva pravca: poboq{awe karakteristika konvencionalnih solarnih }elija baziranih
na poluprovodni~kim materijalima i istra`ivawe mogu}nosti primene novih materijala. Ciq
ovog rada je da predstavi razli~ite pristupe u poboq{awu osobina solarnih }elija kroz
istra`ivawe efekata zra~ewa na glavne karakteristike solarnih }elija.

Kqu~ne re~i: solarna }elija, {um, silicidi, zra~ewe


