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This pa per deals with the anal y sis of cor re la tion and re gres sion be tween the pa ram e ters of
par ti cle ion iz ing ra di a tion and the sta bil ity char ac ter is tics of the ir ra di ated monocrystalline
sil i con film. Based on the pre sented the o ret i cal model of cor re la tion and lin ear re gres sion be -
tween two ran dom vari ables, nu meric and real ex per i ments were per formed. In the nu meric
ex per i ment, a sim u la tion of the ef fect of al pha ra di a tion on a thin layer of monocrystalline sil i -
con was per formed by ob serv ing a num ber of va can cies along the film depth re sult ing from a
sin gle in ci dent al pha par ti cle. In the real ex per i ment, the ir ra di a tion of a thin sil i con film by al -
pha par ti cles from a ra dio ac tive Am-241 al pha emit ter was per formed. The ob served val ues of 
ra di a tion ef fect on the Si film were spe cific re sis tance and the con cen tra tion of free charge car -
ri ers. The re sults showed a fine con cor dance be tween nu meric and real ex per i ments. Cor re la -
tion ver i fi ca tion of the ob served val ues was pre sented by lin ear re gres sion func tions.
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IN TRO DUC TION

The us age of mod ern elec tronic de vices in the
con di tions of ion iz ing ra di a tion (nu clear tech nol ogy,
mil i tary tech nol ogy, space tech nol ogy) im poses the
need to ex am ine their ra di a tion hard ness, that is, their
re li abil ity in such ap pli ca tion con di tions. In creas ing
trend to wards the min ia tur iza tion of elec tronic com -
po nents ad di tion ally ac tu al izes this is sue so in re cent
times there have been a con sid er able num ber of sci en -
tific pa pers in this area [1-5]. How ever, a com mon de -
fi ciency of all those pa pers is that the re sults are pre -
sented ei ther qual i ta tively or sta tis ti cally. This pa per
ex am ines a pos si bil ity of ex press ing ra di a tion hard -
ness by a sin gle-val ued, quan ti ta tive in di ca tor, the cor -
re la tion co ef fi cient, and re gres sion lines.

If sev eral ran dom val ues are mea sured si mul ta -
neously on the ex am i na tion sam ples, then we want to
know whether these val ues are in ter re lated, how
strong their re la tion ship is and how it can be ex pressed

math e mat i cally. Cor re la tion and re gres sion pro vide a
so lu tion to those prob lems [6].

Cor re la tion anal y sis first deals with the is sue
whether there are any lin ear de pend en cies be tween the 
ran dom val ues X and Y that are ex am ined, and how
strong they are, ac cord ing to the cor re la tion co ef fi -
cient r. It is as sumed that the ran dom vari ables X and Y
have a nor mal dis tri bu tion. Cor re la tion co ef fi cient can 
have r £ 1 val ues. X and Y are non-cor re lated for r = 0,
i. e., there is no lin ear de pend ence be tween them. The
closer   is to one, the stron ger is the cor re la tion be tween 
these val ues. When r > 0, X and Y in crease or de crease
to gether: this is a “pos i tive cor re la tion”. When r < 0,
large val ues of Y are re lated to the small val ues of X:
this is a “neg a tive cor re la tion”. Value r = 1  rep re sents
a com plete cor re la tion, i. e., a per fect func tional de -
pend ence.

The aim of this pa per is to es tab lish the re la tion
be tween the mi cro scopic quan tity  of a num ber of va -
can cies per unit of depth per in ci dent par ti cle and the
mac ro scopic quan ti ties' spe cific re sis tance and the
con cen tra tion of free charge car ri ers in or der to ex am -
ine the ra di a tion hard ness of monocrystaline Si thin
films.
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COR RE LA TION AND RE GRES SION

Em pir i cal cor re la tion co ef fi cient can be de ter -
mined in the fol low ing way: let us con sider a sam ple
con sist ing of the n pairs of val ues (xi, yi). They will be
de ter mined by arith me tic mean val ues x and y and
mean square de vi a tions sx and sy. Fur ther, em pir i cal
covariance is in tro duced [7]
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which re lates the two val ues, and rep re sents the prod uct
of mean de vi a tions.

The em pir i cal cor re la tion co ef fi cient is ob tained
from the fol low ing quan ti ties
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this can also be cal cu lated through [7]
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Re gres sion anal y sis, based on sam ples, ex am -
ines, a pos si bil ity of the ex is tence of a func tional re la -
tion ship be tween ran dom vari ables X and Y, on the one
hand, and, a ran dom vari able and pa ram e ters, on the
other hand. Two prob lems with dif fer ent con tents have 
been math e mat i cally treated in the same way. In the
sim plest case, pairs of val ues (xi, yi) would be graph i -
cally dis played for re gres sion (xi would then, for in -
stance, be the pa ram e ter, and yi would be the real ised
ran dom vari able). Here we will only con sider an in -
stance when there is a lin ear de pend ence be tween the
val ues of X and Y.

In the lin ear re gres sion, as sum ing that the ran -
dom vari ables are nor mally dis trib uted, ran dom val ues 
are mostly re lated by the lin ear func tion. This lin ear re -
gres sion line rep re sents a math e mat i cal ex pec ta tion

EY EX i e Y X= + = +a b a b. . , (4)

In the sim plest case, it is graph i cally de rived
from the sam ples by draw ing the op ti mal line through
graph i cally rep re sented pairs of val ues (xi, yi), fig. 1. If
ac cu rate val ues are re quired, the es ti mated val ues
must be cal cu lated for co ef fi cients a and b by the least
square de vi a tion method.

If the out comes are very dis persed on the re gres -
sion line and if ac cord ingly, the di rec tion co ef fi cient is
small, the lin ear de pend ence be tween the quan ti ties of
X and Y is weak, fig. 1(a). If, on the other hand, dis per -
sion is weaker, and b large, it in di cates a strong de -
pend ence, fig. 1(b).

It is im por tant to make a cor rect dis tinc tion be -
tween de pend ent and in de pend ent quan ti ties (pa ram e -

ters). In es ti mat ing y from x, the em pir i cal re gres sion
line

y a b xyx yx= + (5)

rep re sents an op ti mal fit ting of the em pir i cally de fined 
val ues. The sum of ver ti cal de vi a tions is min i mal,
whereas re verse case

x a b yxy xy= + (6)

the sum of hor i zon tal de vi a tions is min i mal.
As the cor re la tion in creases, the dis tinc tion be -

tween re gres sion lines de scribed by the eqs. (5) and (6) 
dis ap pears. For cor re la tion co ef fi cient r = 1, re gres -
sion lines co in cide.

Cor re spond ing re gres sion lines, for the same
sam ple, are de ter mined in the fol low ing way. In the re -
gres sion y from x, di rec tion co ef fi cient is cal cu lated as
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Thus, for the re gres sion x from y the fol low ing is
valid
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A free el e ment of re gres sion line a for two cases
is ob tained as

a y b xyx yx= - (11)

a x b yxy xy= - (12)
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Fig ure 1. Po si tion of the out come of quan ti ties X and Y,
as a func tion of the strength of their de pend ence
(sche mat i cally): (a) weak de pend ence, (b) strong
de pend ence; b – di rec tion co ef fi cient, s2 – vari ance



THE EX PER I MENT AND THE
PRO CESS ING OF EX PER I MENT
RE SULTS

In or der to ver ify the method of nu meric sim u la -
tion of the in ter ac tion of bun dles of heavy ions with
semi con duct ing ma te ri als, and their con se quences,
nu meric ex per i ments and, si mul ta neously, the cor re -
spond ing real ex per i ments were con ducted.

For nu meric sim u la tion of the ra di a tion ef fect on
the thin layer of monocrystalline sil i con, Monte Carlo
method  was  used.  The sim u la tion  of  the  heavy ions
i. e., al pha par ti cles of the en ergy of 5.5 MeV, pass ing,
through a thin layer of monocrystalline Sil i con was
con ducted in the TRIM Mod ule of the SRIM soft ware
pack age [8].This soft ware pro vides cal cu la tion of the
en ergy loss of in ci dent ra di a tion through ion iza tion,
phonon stim u la tion of the grid and the dis place ment of 
the at oms of the ma te rial. Bun dles of al pha par ti cles
are se lected in a way that they cor re spond to the con di -
tions of the real ex per i ment. Sim u la tion re sult is ex -
pressed by the num ber of the re sult ing va can cies in
monocrystalline sil i con.

The real ex per i ment was con ducted in a way that
a thin layer of monocrystalline sil i con of the n-type
was ir ra di ated with 103 al pha par ti cles of 5.5 MeV en -
ergy from a ra dio ac tive Am-241 al pha emit ter. On
such ir ra di ated sam ple, by the four-point method, the
con cen tra tion of free charge car ri ers and the spe cific
re sis tance was de ter mined in 50 points. The ex tended
com bined mea sure ment un cer tainty of the ex per i ment
pro ce dure was less than 5% [9, 10].

Re sults ob tained by nu meric and real ex per i ment 
were pro cessed in  a way that the fol low ing has been
de ter mined: 1 – the co ef fi cient of cor re la tion be tween
the con cen tra tion of free charge car ri ers and the spe -
cific re sis tance, ac cord ing to the eq. (3), 2 – the co ef fi -
cient of cor re la tion be tween the con cen tra tion of free
charge car ri ers and the num ber of va can cies re sult ing
from the ef fect of al pha ra di a tion, ac cord ing to the eq.
(3), 3 – the co ef fi cient of cor re la tion be tween the spe -
cific re sis tance and the num ber of va can cies re sult ing
from the ef fect of al pha ra di a tion, ac cord ing to the eq.
(3), 4 –  the re gres sion of the num ber of free charge
car ri ers to the num ber of va can cies re sult ing from the
ef fect of al pha ra di a tion, ac cord ing to the eqs. (5) to
(12), and 5 – the re gres sion of the spe cific re sis tance to
the num ber of va can cies re sult ing from the ef fect of al -
pha ra di a tion, ac cord ing to the eqs. (5) to (12).

RE SULTS AND DIS CUS SION

Fig ure 2(a) dis plays the num ber of va can cies in
the sil i con per micrometre (ob served along the depth
in side the film) per sin gle in ci dent al pha par ti cle de ter -
mined by the nu meric sim u la tions un der fol low ing
con di tions: the to tal num ber of sim u la tions is 50; the
num ber of al pha par ti cles in the in ci dent bun dle per

each sim u la tion is 103; the en ergy of al pha par ti cles is
5.5 MeV, the thick ness of the monocrystalline sil i con
film is 35 mm. Fig ure 3(b) dis plays the re sults of 4 dif -
fer ent nu meric cal cu la tions dis played in a sin gle
graph.

Al ge braic value of the cor re la tion co ef fi cient be -
tween the sta tis tic sam ple of ran dom vari able “spe cific 
re sis tance” and sta tis tic sam ple of ran dom vari able
“con cen tra tion of free charge car ri ers” is 1.

Such re sult was ex pected since the ran dom vari -
ables are the o ret i cally re lated by the lin ear de pend ence 
at the tem per a ture at which the ex per i ment was per -
formed. Fur ther, if the cor re la tion co ef fi cient equals 1,
it can be claimed that the real ex per i ment was ver i fied.
The value of the cor re la tion co ef fi cient be tween the
sta tis tic sam ple of ran dom vari able “the num ber of va -
can cies per in ci dent al pha par ti cle” and cor re spond ing 
sta tis tic sam ple of ran dom vari able “spe cific re sis -
tance” is 0.9706; the value of cor re la tion co ef fi cient
be tween sta tis tic sam ple of ran dom vari able “num ber
of va can cies per al pha par ti cle” and cor re spond ing
sta tis tic sam ple of ran dom vari able “con cen tra tion of
free charge car ri ers“ is –0.9706.

Such val ues of the cor re la tion co ef fi cients be -
tween the re sult of nu meric and real ex per i ment com -
pletely ver ify nu meric and ex per i ment pro ce dures.
Phys i cally ob served al ge braic sign of the cor re la tion
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Fig ure 2. The num ber of va can cies per sin gle unit of
depth in side the film, in clud ing the va can cies pro duced
by the dis placed at oms of Si: the re sults of a sin gle
nu meric sim u la tion (a), and the re sults of 4 sim u la tions
dis played in a sin gle graph (b)



co ef fi cients is ex pected since the va can cies “suck in”
free charge car ri ers and thus re duce their con cen tra -
tion [11], which lin early re duces the cor re spond ing
val ues of spe cific re sis tance, fig. 3(a). The re sults were 
also con firmed by the lin ear re gres sion func tions dis -
played in the figs. 3(b) and 3(c).

CON CLU SIONS

Ac cord ing to the re sults ob tained from the nu -
meric and real ex per i ments, a pos si bil ity of ex press ing 

ra di a tion hard ness of the ma te rial by a sin gle-val ued,
quan ti ta tive in di ca tor, the cor re la tion co ef fi cient is
pre sented in the pa per. Ap ply ing lin ear re gres sion to
es tab lish a re la tion be tween the mi cro scopic quan tity
of a num ber of va can cies per unit of depth per in ci dent
par ti cle and the mac ro scopic quan ti ties spe cific re sis -
tance and the con cen tra tion of free charge car ri ers, an
orig i nal ap proach in the ex am i na tion of the ra di a tion
hard ness of the ma te rial was pre sented. 

In the ra di a tion en vi ron ment where the char ac -
ter is tics of the ma te rial are ob served mainly through
sto chas tic quan ti ties, the re gres sion method rep re sents 
a good ap proach in the pre dic tion of the sta bil ity of the
char ac ter is tics of the ma te rial and the com po nents
used in hos tile, i. e., ex treme work ing con di tions.
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ANALIZA  KORELACIJE  I  REGRESIJE  IZME\U  PARAMETARA
^ESTI^NOG  JONIZUJU]EG  ZRA^EWA  I  STABILNOSTI

KARAKTERISTIKA  OZRA^ENOG  MONOKRISTALNOG  Si  FILMA

U ovom radu analizirane su korelacija i regresija izme|u parametara ~esti~nog
jonizuju}eg zra~ewa i stabilnost karakteristika ozra~enog monokristalnog silicijumskog
filma. Na osnovu prikazanog teorijskog modela korelacije i linearne regresije izme|u dve
slu~ajne promenqive izvr{eni su numeri~ki i realni eksperimenti. U numeri~kom eksperimentu
simulirano je dejstvo alfa zra~ewa na tanki sloj monokristalnog silicijuma, posmatraju}i broj
{upqina po dubini filma nastalih po jednoj incidentnoj alfa ~estici. U realnom eksperimentu
ozra~en je tanak silicijumski film alfa ~esticama iz radioaktivnog alfa emitera Am-241.
Posmatrane veli~ine dejstva zra~ewa na Si film bile su specifi~na otpornost i koncentracija
slobodnih nosilaca naelektrisawa. Rezultati su pokazali dobro slagawe izme|u numeri~kog i
realnog eksperimenta. Verifikacija korelacije posmatranih veli~ina prikazana je linearnim
regresionim funkcijama.

Kqu~ne re~i: alfa ~estica, Si film, {upqina, specifi~na otpornost, korelacija, regresija,
..........................slobodni nosilac naelektrisawa


