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This paper deals with the analysis of correlation and regression between the parameters of
particle ionizing radiation and the stability characteristics of the irradiated monocrystalline
silicon film. Based on the presented theoretical model of correlation and linear regression be-
tween two random variables, numeric and real experiments were performed. In the numeric
experiment, a simulation of the effect of alpha radiation on a thin layer of monocrystalline sili-
con was performed by observing a number of vacancies along the film depth resulting from a
single incident alpha particle. In the real experiment, the irradiation of a thin silicon film by al-
pha particles from a radioactive Am-241 alpha emitter was performed. The observed values of
radiation effect on the Si film were specific resistance and the concentration of free charge car-
riers. The results showed a fine concordance between numeric and real experiments. Correla-

tion verification of the observed values was presented by linear regression functions.
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INTRODUCTION

The usage of modern electronic devices in the
conditions of ionizing radiation (nuclear technology,
military technology, space technology) imposes the
need to examine their radiation hardness, that is, their
reliability in such application conditions. Increasing
trend towards the miniaturization of electronic com-
ponents additionally actualizes this issue so in recent
times there have been a considerable number of scien-
tific papers in this area [ 1-5]. However, a common de-
ficiency of all those papers is that the results are pre-
sented either qualitatively or statistically. This paper
examines a possibility of expressing radiation hard-
ness by a single-valued, quantitative indicator, the cor-
relation coefficient, and regression lines.

If several random values are measured simulta-
neously on the examination samples, then we want to
know whether these values are interrelated, how
strong their relationship is and how it can be expressed
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mathematically. Correlation and regression provide a
solution to those problems [6].

Correlation analysis first deals with the issue
whether there are any linear dependencies between the
random values X and Y that are examined, and how
strong they are, according to the correlation coeffi-
cientr. It is assumed that the random variables X and Y
have anormal distribution. Correlation coefficient can
have M <lvalues. X and Y are non-correlated for »=0,
i. e., there is no linear dependence between them. The
closer istoone, the stronger is the correlation between
these values. When >0, X'and Y increase or decrease
together: this is a “positive correlation”. When r <0,
large values of Y are related to the small values of X:
this is a “negative correlation”. Value M =1 represents
a complete correlation, i. e., a perfect functional de-
pendence.

The aim of this paper is to establish the relation
between the microscopic quantity of a number of va-
cancies per unit of depth per incident particle and the
macroscopic quantities' specific resistance and the
concentration of free charge carriers in order to exam-
ine the radiation hardness of monocrystaline Si thin
films.
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CORRELATION AND REGRESSION

Empirical correlation coefficient can be deter-
mined in the following way: let us consider a sample
consisting of the n pairs of values (x;, y;). They will be
determined by arithmetic mean values x and y and
mean square deviations s, and s,. Further, empirical
covariance is introduced [7]

LS -0 -7) 0

S =
X
Y on-14

which relates the two values, and represents the product
of mean deviations.

The empirical correlation coefficient is obtained
from the following quantities
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this can also be calculated through [7]
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Regression analysis, based on samples, exam-
ines, a possibility of the existence of a functional rela-
tionship between random variables X and Y, on the one
hand, and, a random variable and parameters, on the
other hand. Two problems with different contents have
been mathematically treated in the same way. In the
simplest case, pairs of values (x;, y;) would be graphi-
cally displayed for regression (x; would then, for in-
stance, be the parameter, and y; would be the realised
random variable). Here we will only consider an in-
stance when there is a linear dependence between the
values of X and Y.

In the linear regression, assuming that the ran-
dom variables are normally distributed, random values
are mostly related by the linear function. This linear re-
gression line represents a mathematical expectation

EY =a+BEX ie.,Y =a+BX (4)

In the simplest case, it is graphically derived
from the samples by drawing the optimal line through
graphically represented pairs of values (x;, 1), fig. 1. If
accurate values are required, the estimated values
must be calculated for coefficients & and 8 by the least
square deviation method.

If the outcomes are very dispersed on the regres-
sion line and if accordingly, the direction coefficient is
small, the linear dependence between the quantities of
Xand Yis weak, fig. 1(a). If, on the other hand, disper-
sion is weaker, and 8 large, it indicates a strong de-
pendence, fig. 1(b).

It is important to make a correct distinction be-
tween dependent and independent quantities (parame-
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Figure 1. Position of the outcome of quantities X and ¥,
as a function of the strength of their dependence
(schematically): (a) weak dependence, (b) strong
dependence; 3 — direction coefficient, s* — variance

ters). In estimating y from x, the empirical regression
line

represents an optimal fitting of the empirically defined
values. The sum of vertical deviations is minimal,
whereas reverse case

x=a,,+b,y (6)

the sum of horizontal deviations is minimal.

As the correlation increases, the distinction be-
tween regression lines described by the egs. (5) and (6)
disappears. For correlation coefficient |{=1, regres-
sion lines coincide.

Corresponding regression lines, for the same
sample, are determined in the following way. In the re-
gressiony fromx, direction coefficient is calculated as
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Thus, for the regression x from y the following is
valid
= ©)
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A free element of regression line a for two cases
is obtained as

a, =y-b, x (11)

a, =%-b,y (12)
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THE EXPERIMENT AND THE ©
PROCESSING OF EXPERIMENT %
RESULTS < 200t
s
«
In order to verify the method of numeric simula- g 150}
tion of the interaction of bundles of heavy ions with ’jé
semiconducting materials, and their consequences, g 100k
numeric experiments and, simultaneously, the corre- S
sponding real experiments were conducted. %
For numeric simulation of the radiation effect on g %or
the thin layer of monocrystalline silicon, Monte Carlo g A
method was used. The simulation of the heavy ions % 5 ‘/\10 = 20 25 30 3

i. e., alpha particles of the energy of 5.5 MeV, passing,
through a thin layer of monocrystalline Silicon was
conducted in the TRIM Module of the SRIM software
package [8].This software provides calculation of the
energy loss of incident radiation through ionization,
phonon stimulation of the grid and the displacement of
the atoms of the material. Bundles of alpha particles
are selected in a way that they correspond to the condi-
tions of the real experiment. Simulation result is ex-
pressed by the number of the resulting vacancies in
monocrystalline silicon.

The real experiment was conducted in a way that
a thin layer of monocrystalline silicon of the n-type
was irradiated with 10° alpha particles of 5.5 MeV en-
ergy from a radioactive Am-241 alpha emitter. On
such irradiated sample, by the four-point method, the
concentration of free charge carriers and the specific
resistance was determined in 50 points. The extended
combined measurement uncertainty of the experiment
procedure was less than 5% [9, 10].

Results obtained by numeric and real experiment
were processed in a way that the following has been
determined: 1 — the coefficient of correlation between
the concentration of free charge carriers and the spe-
cific resistance, according to the eq. (3), 2 — the coeffi-
cient of correlation between the concentration of free
charge carriers and the number of vacancies resulting
from the effect of alpha radiation, according to the eq.
(3), 3 —the coefficient of correlation between the spe-
cific resistance and the number of vacancies resulting
from the effect of alpha radiation, according to the eq.
(3), 4 — the regression of the number of free charge
carriers to the number of vacancies resulting from the
effect of alpha radiation, according to the egs. (5) to
(12), and 5 —the regression of the specific resistance to
the number of vacancies resulting from the effect of al-
pha radiation, according to the egs. (5) to (12).

RESULTS AND DISCUSSION

Figure 2(a) displays the number of vacancies in
the silicon per micrometre (observed along the depth
inside the film) per single incident alpha particle deter-
mined by the numeric simulations under following
conditions: the total number of simulations is 50; the
number of alpha particles in the incident bundle per
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Figure 2. The number of vacancies per single unit of
depth inside the film, including the vacancies produced
by the displaced atoms of Si: the results of a single
numeric simulation (a), and the results of 4 simulations
displayed in a single graph (b)

each simulation is 10°; the energy of alpha particles is
5.5 MeV, the thickness of the monocrystalline silicon
film is 35 pm. Figure 3(b) displays the results of 4 dif-
ferent numeric calculations displayed in a single
graph.

Algebraic value of the correlation coefficient be-
tween the statistic sample of random variable “specific
resistance” and statistic sample of random variable
“concentration of free charge carriers” is 1.

Such result was expected since the random vari-
ables are theoretically related by the linear dependence
at the temperature at which the experiment was per-
formed. Further, if the correlation coefficient equals 1,
it can be claimed that the real experiment was verified.
The value of the correlation coefficient between the
statistic sample of random variable “the number of va-
cancies per incident alpha particle” and corresponding
statistic sample of random variable “specific resis-
tance” is 0.9706; the value of correlation coefficient
between statistic sample of random variable “number
of vacancies per alpha particle” and corresponding
statistic sample of random variable “concentration of
free charge carriers* is —0.9706.

Such values of the correlation coefficients be-
tween the result of numeric and real experiment com-
pletely verify numeric and experiment procedures.
Physically observed algebraic sign of the correlation
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. radiation hardness of the material by a single-valued,
e 104 quantitative indicator, the correlation coefficient is
2 103] B presented in the paper. Applying linear regression to
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AHAJ/IN3A KOPEJAIIMJIE N PETPECUJE UBMEBLY ITAPAMETAPA
YECTUYHOTI JOHU3YJYRET 3PAYEIHA U CTABUIHOCTU
KAPAKTEPUCTHUKA O3PAYEHOT MOHOKPUCTAJTHOT Si ®PUIMA

Y oBOM pajy aHalM3MpaHe Cy Kopejaluja U perpecuja usmeby mapameTrapa 4ecTHUHOT
jonm3yjyher 3padyema M CTAOMIIHOCT KapaKTEPHUCTUKA O3PAYeHOT MOHOKPHCTAHOT CHJIUIH]jYMCKOT
¢unma. Ha ocHOBY mpumKazaHOT TEOpHWjCKOT MOJiesia Kopejanuje W JuHeapHe perpecuje m3meby nBe
cIIyJajHe IIPOMEHIbHBE U3BPIIECHN Cy HYMEPUYKH U PEaTHA eKCIepUMEHTH. Y HyMEePHIKOM €KCIIEPUMEHTY
CHMYJIMPAHO je [AejcTBO anda 3paueka Ha TaHKHU CII0j MOHOKPHUCTAIHOT CHIIMIUjyMa, mocMaTpajyhu 6poj
HIyIUbKHA [0 AYOMHU (pHIIMa HAacTaJINX IO jeAHOj MHIUACHTHO] ajiha YeCTUIN. Y PEaTHOM EKCIIEpUMEHTY
O3padveH je TaHaK CWIWIUjyMCKU (puiM anda decTurama m3 paguoakTUBHOTr ajida emmurepa Am-241.
ITocmaTpaHe BeamuMHe JiejcTBa 3payera Ha Si pusm Ousie cy cnenuduyHa OTHOPHOCT U KOHLIEHTpalyja
CIIOOOJHNX HOCHJIAIAa HaelleKTpucama. PesynraTu cy mokasanm nobpo ciarame u3mMeby HyMeprdkor u
peayHOT eKkcrnepuMeHTa. Bepudukanmja Kopenanyje mocMaTpaHuX BeJIMYMHA MPUKa3aHa je TUHeapHUM
perpecuoHuM (pyHKIHjaMa.

Kmwyune peuu: angha uecitiuya, Si puam, wyimuna, ciieyudpuina ominopHOCil, Kopeaayuja, pezpecuja,
€c100600HU HOCUAAY, HACACKITUPUCAHA



