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A sim ple sta tis ti cal the ory of ra di a tion dam age of semi con duc tor mem ory has been con -
structed. The ra di a tion dam age of EPROM mem ory has been in ves ti gated. The mea sured
num ber of dam aged bytes is sig nif i cantly lower than the ex pected num ber re sult ing from the
purely ran dom dis tri bu tion of the dam aged bits. In this way it has been proven that there is a
cor re la tion be tween the fail ures of in di vid ual mem ory bits which are lo cated in the same byte.
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IN TRO DUC TION

Cir cuits and elec tronic sys tems are ex posed to ion -
iz ing ra di a tion, es pe cially in med i cine (ra dio ther apy and
rentgenodiagnostics), avi a tion, and aero space (sat el lite
tele com mu ni ca tions) [1-4]. The min ia tur iza tion of elec -
tronic com po nents re sults in their in creased sen si tiv ity to
ion iz ing ra di a tion [5]. A phys i cal quan tity used to de ter -
mine the long-term ef fects of ion iz ing ra di a tion on the
mat ter, is the to tal ab sorbed dose, ex pressed in Gy. Semi -
con duc tor de vices show an in crease in the deg ra da tion of 
their use ful traits with in creas ing doses of ion iz ing ra di a -
tion [6, 7]. Non-vol a tile semi con duc tor mem o ries can be
es pe cially sen si tive to ion iz ing ra di a tion. The ra di a tion
af fects the re sis tance of fun da men tal semi con duc tor ma -
te ri als – sil i con and ger ma nium. The re sult ing va can cies
ab sorb the free charge car ri ers and thereby pre vent them
from con trib ut ing to the elec tric cur rent. The ion beam
can dis place at oms in lat tice. Dam ages caused by such
dis place ment can af fect the whole range of mem ory cell
pa ram e ters. A high en ergy gamma-ra di a tion can break
reg u lar bonds be tween the ox ide at oms. It has be come a
stan dard prac tice in pre dic tion of ra di a tion ef fects in ma -
te ri als to rely on sim u la tions of ra di a tion trans port by
means of Monte Carlo method.

The EPROM is a spe cial type non-vol a tile mem ory 
that is elec tri cally pro gram ma ble, and eras able by ul tra -
vi o let light. Each bit stor age lo ca tion of an EPROM con -
sists of a sin gle field-ef fect tran sis tor (FET). The FET
tran sis tor con sists of a chan nel in the semi con duc tor. An

in su lat ing layer of ox ide is placed over the chan nel, then
a con duc tive gate elec trode is de pos ited, and a fur ther
thick layer of ox ide is de pos ited over the gate elec trode.
The float ing gate elec trode has no elec tri cal con nec tions
to other parts of the tran sis tor and is com pletely in su -
lated.  The con trol gate is placed over the float ing gate.
Stor ing data in mem ory re quires ap ply ing a higher volt -
age to the tran sis tors. This cre ates an av a lanche dis -
charge; the elec trons have enough en ergy to pass through 
the in su lat ing ox ide layer and ac cu mu late on the float ing
gate elec trode. Forc ing the elec tric charge on the gate of
the mem ory cell gives a log i cal out put “0” and the lack of
that charge gives a log i cal out put sig nal “1”. The op er a -
tion of low en ergy X-rays and gamma rays causes mainly 
dis charge of static charge, then change pro gram ming
con di tion of the mem ory cell and re place its bit value “0”
to “1”. The cu mu la tive na ture of gamma ra di a tion ef fects
ob served in EPROM com po nents are due to the fact that
not all holes trapped at ra di a tion in duces states are an -
nealed dur ing the UV era sure pro ce dure [6].

This pa per pres ents the re sults re lated to the ra di -
a tion dam age of EPROM mem ory. The aim of the
work is the ex am i na tion of sta tis ti cal cor re la tions be -
tween the dam aged bits within the same bytes. A sim -
ple sta tis ti cal the ory of ra di a tion dam age of semi con -
duc tor mem ory has been con structed.

THE ORY

We as sume that whether the mem ory cell is dam -
aged or not, it does not de pend on the ad ja cent cells,
but only on the dose ac cu mu lated in the cell and on the

G. Domanski, et al.: The Study of Ra di a tion Dam age of EPROM 2764 Mem ory
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 3, pp. 233-239 233

* Cor re spond ing au thor; e-mail: gdomans@ire.pw.edu.pl



cell's sen si tiv ity ex pressed by means of dose thresh -
old. The cell re sis tance to the ra di a tion dam age de -
pends on many fac tors. The cell one bit works prop erly 
if its ac cu mu lated dose is be low the dose thresh old. If
the dose is over the thresh old, the cell is dam aged. The
thresh olds vary from cell to cell. For the whole chip
con tain ing many in di vid ual bits we can de fine a chip
thresh old dose dis tri bu tion. We as sume that the thresh -
old dose dis tri bu tion in the chip has a nor mal dis tri bu -
tion with pa ram e ters m and s. In te grated cir cuits have
been ex posed to ra di a tion in steps by in creas ing the
ab sorbed dose of ra di a tion within each step in or der to
de ter mine the pa ram e ters of the thresh old dose dis tri -
bu tion. As sume the def i ni tions of sym bols:
x – is the ra di a tion dose , y – the prob a bil ity of  bit er ror, 
z  – the prob a bil ity of byte er ror, Dxi – the dose in the
i-th ir ra di a tion , xi – a cu mu la tive dose af ter the i-th ir -
ra di a tion,   i = 1, ..., N,  N –  the num ber of  ex po sures, yi

–  the ra tio of the num ber of dam aged bits to the num -
ber of all bits in the mem ory chip af ter i-th ir ra di a tion, 
and zi – the ra tio of the num ber of er ro ne ous bytes to
the num ber of all bytes in the mem ory chip af ter i-th ir -
ra di a tion. The to tal ab sorbed dose is the sum of all par -
tial doses
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where erf(x) – er ror func tion, de fined as [8]
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The de riv a tive of the er ror func tion is a Gaussi an 
dis tri bu tion func tion. The first de riv a tive of the cu mu -
la tive vari able y is cal cu lated in or der to fit the the o ret -
i cal curve to the mea sure ment data
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Then es ti mates of the pa ram e ters are de ter mined
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The stan dard de vi a tion of the pa ram e ter $m is cal -
cu lated
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As sum ing that the vari ance of the dose in the k-th 
ir ra di a tion is fixed and equals s2(Dx), we can write
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Thus, the stan dard de vi a tion of the pa ram e ter  is
given by the for mula
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The stan dard de vi a tion of the pa ram e ter is cal cu -
lated
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The above par tial de riv a tives have been cal cu -

lated nu mer i cally.
Know ing the prob a bil ity of bit dam age p for a

given dose, one can cal cu late the the o ret i cal prob a bil -
ity of byte dam age

P Pbyte = -1 0 (11)

where P0 is the prob a bil ity that none of the bits in the
byte is dam aged. The prob a bil ity P0 can be cal cu lated
[8]
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where n = 8 and k = 0
There fore

P pbyte = - -1 1 8( ) (12)

The dif fer ence be tween the byte fail ure prob a -
bil ity cal cu lated from the bit fail ure prob a bil ity and the 
mea sured one may be due to the cor re la tions be tween
the fail ures of bits within the same byte. Let ab so lute
dif fer ence be tween the mea sured and the the o ret i cal
num ber of dam aged bytes be DNbyte. The vari ance of
the the o ret i cal num ber of dam aged bytes is
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where N is the to tal num ber of bytes in the chip.
The stan dard de vi a tion of the the o ret i cal num ber 

of dam aged bytes is
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The dif fer ence be tween the mea sured and the
the o ret i cal num ber of dam aged bytes is sta tis ti cally
sig nif i cant if it is more than three times larger than the
stan dard de vi a tion

DN Nbyte byte> 3s( ) (15)

The  in equal ity  is true for the quantile q = 0.99 and
the de gree of free dom greater than or equal to 7.
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More ac cu rately, one sam ple t-test has been used

t
N
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The hy poth e ses that two mean val ues of dam -
aged bytes (mea sured and the o ret i cal) are equal is re -
jected, if

t t> m, q (17)

where tm, q is the quantile of t-dis tri bu tion and m – a de -
gree of free dom,

m N= -byte 1 (18)

The pa ram e ter q is cal cu lated for two-sided test
from the for mula

q = -1
2

a
(19)

where a is the a level of sig nif i cance.

THE EX PER I MENT

Three EPROM chips type 2764 have been used to
in ves ti gate the ra di a tion dam age caused by X-rays. Two
chips have been man u fac tured by ST Mi cro elec tron ics
(here in af ter des ig nated Chip no. 1 and Chip no. 2), and
one by SGS Ates (here in af ter re ferred to Chip no. 3). The 
X-ray tube L8121-03 man u fac tured by the com pany
Hamamatsu has been used as the X-ray source. The tube
op er at ing volt age has been 100 kV and the cur rent has
been  350  µA.  Un der  these con di tions at the dis tance of
1 m from the fo cus, the dose rate mea sured in the air by
do sim e ter VAJ – 15 has been approx. 550 R/h. The tested
mem ory chips have been ex posed to ra di a tion at a dis -
tance of  7 cm  –  so that the dose rate has been achieved at
level 115 kR/h (32 R/s). Such a high dose rate has al -
lowed us to use rel a tively short ex po sure times. Even for
an air dose level 10000R (100 Gy) the suf fi cient ex po si -
tion time has been approx. 5 min utes.

The dose x has been ob tained from the fol low ing
equa tion
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where x is the dose, r0 – the dis tance from X-ray source
to the dose rate me ter, r – the dis tance from X-ray
source to the tested chip, xr0 – the mea sured dose rate at 
the dis tance r0, and te – ex po si tion time.

The fol low ing sources of Type B un cer tainty in
the dose mea sure ment can be iden ti fied:
– un cer tainty of dose rate at the dis tance u(xr0),
– un cer tainty of ex po si tion time u(te),
– un cer tainty of the dis tance from the X-ray source

to the test chip u(r), and
– un cer tainty of the dis tance from the X-ray source

to the dose rate me ter u(r0).
The com bined un cer tainty is com puted from the

fol low ing equa tion
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The val ues of the above par tial deri vates are 

¶

¶

x

x
t

r

r

x

xr r0 0

0
2

=
æ

è
ç

ö

ø
÷ =e (22)

¶

¶

x

t
x

r

r

x

te
r

e

=
æ

è
ç

ö

ø
÷ =

0

0
2

(23)

¶

¶ 0

x

r
x t

r

r

x

r
r= =2 2
0

0

2
0

e (24)

¶

¶

x

r
x t

r

r

x

r
r= - = -2 2
0

0
2

3e (25)

The un cer tainty of dose rate is es ti mated from
the man u fac turer's data as u(xr0) = 0.0866 xr0; the  un -
cer tainty of ex po si tion time is as sumed to be pro por -
tional to the time u(te) = 0.003 te; the un cer tainty of dis -
tances r and r0 are con stants u(r0) = 0.5, u(r) = 0.5.

The com bined dose un cer tainty is equal

u x

x
u x

x

u t

t

u r

r

u r

r

r

r

2

2
2

0

0
2

2

2

2
0

0
2

2

2

4 4

( )

( ) ( ) ( ) ( )

=

= + + +e

e

é

ë
ê

ù

û
ú
    

(26)

Let us in tro duce the rel a tive stan dard un cer -
tainty
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This equa tion can be writ ten
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where
d d d d d d d d1 0 2 3 0 4= = = =( ), ( ), ( ), ( ),x t r rr e

and ci – sen si tiv ity co ef fi cient.
The cal cu la tions of mea sure ment in stru ment un -

cer tainty are sum ma rized in tab. 1. The cov er age fac -
tor kp used to cal cu late the ex panded un cer tainty has
been taken from [9].

One can ob tain

d( )
( )

.x
u x

x
= = 01197 (34)

For ex am ple, for the dose of 1000 Gy, the stan -
dard un cer tainty is u(x) = xd(x) = 119.7 Gy.
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RE SULTS AND DIS CUS SION

For pre lim i nary es ti mate of the range of doses
re quired to erase a mem ory, the Chip no. 1 has been
used, which has been ir ra di ated with such tar geted ex -
po sure  times,  that  the  ac cu mu lated  dose has been
100 Gy, 300 Gy, and 1000 Gy. The cor rect ness of the
in for ma tion pre vi ously re corded in the mem ory has
been tested af ter ob tain ing each of the doses. For dose
of 100 Gy and 300 Gy the con tent of the mem ory has
not been dam aged (no er rors). For dose of 1.000 Gy
the mem ory has been erased – con tained only “1”
states. Un for tu nately the chip used in the ex per i ment
can not be pro grammed again (even af ter re set ting
pro ce dure us ing the UV).

To ac cu rately de ter mine the thresh old for dam -
age of EPROM mem ory, the Chip no. 2 has been ir ra -
di ated with such tar geted ex po sure times that the ac cu -
mu lated dose has been in the range of 400-950 Gy. The 
dose  ini tially  has  been  in creased  in  in cre ments  of
100 Gy, fol lowed by the in cre ments of 50 Gy. As be -
fore the con tent of the EPROM has been a re cur ring
16-char ac ter string (ASCII text: LABORATORIUM
TMIK). A sim ple C pro gram (BIN_COM PARE) has
been used to as sess the de gree of dam age. It has com -
pared the orig i nal con tent mem ory stor age and the
con tent af ter ex po sure and has cal cu lated the num ber
of dif fer ent bytes and bits. The re sults of the test of
Chip no. 2 have been sum ma rized in tab. 2. The re sults
are shown graph i cally in figs. 1 and 2. The frac tion of
dam aged bits as a func tion of dose is shown in fig. 1.
The change in frac tion of dam aged bits as a func tion of 
dose for the Chip no. 2 is shown in fig. 2. These frac -
tion dis tri bu tions can be used as the prob a bil ity dis tri -
bu tion es ti ma tions. For the dose of 950 Gy, the mem ory has been

erased. It has con tained the “1” only. How ever, as be -
fore, the in te grated cir cuit can not be pro grammed
again (even af ter the re set pro ce dure us ing the UV).
The   re sults   al low   one   to   spec ify   the   mean   value
of the dose needed to dam age mem ory cells to be about 
750 Gy. The mea sured dis tri bu tion of the frac tion of
dam aged bits has been fit ted to the the o ret i cal dis tri bu -
tion given by (2). The ob tained pa ram e ters are as fol -
lows: $ $m s= ± = ±743 16 42 2Gy and Gy

The change in frac tion of dam aged bits as a func -
tion of dose for the Chip no. 2 is shown on fig. 2.

The sim i lar pro ce dure has been ap plied to the frac -
tion of dam aged bits. It has been fit ted to the the o ret i cal
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Ta ble 1. Un cer tainty bud get of mea sure ment in stru ment un cer tainty for dose measurement

In put quan tity Xi

The range of
vari a tion of the

vari able
Prob a bil ity dis tri bu tion func tion

Rel a tive stan dard
un cer tainty di

Sen si tiv ity
co ef fi cient ci

Con tri bu tion to
the rel a tive

stan dard
un cer tainty |ci|di

 Dose rate at r0
xr0 ±0.15*xr0 Gy/s Rect an gu lar kp = 1.732 0.0866 1 0.0866

 Ex po si tion time te ±0.003*te s Rect an gu lar kp = 1.732 0.0017 1 0.0017

 Dis tance from source   
.to dosemeter

r0 ±0.5 cm Rect an gu lar kp = 1.732 0.0029 2 0.0058

 Dis tance from source
.to chip r ±0.5 cm Rect an gu lar kp = 1.732 0.0412 2 0.0825

Ta ble 2. The ra di a tion dam age of  the Chip no. 2

Dose
[Gy]

Num ber of
dam aged bytes

Num ber of
dam aged bits

Value of t
sta tis tics

400 0 0 –

500 0 0 –

600 0 0 –

700 2604 3764 44.54

750 7051 22788 36.11

800 8078 37282 10.75

850 8191 39877 1.00

900 8192 39935 0

950 8192 39936 0

Fig ure 1. The frac tion of dam aged bits as a func tion of
dose for the Chip no. 2

Fig ure 2. The change in frac tion of dam aged bits as a
func tion of dose for the Chip no. 2



dis tri bu tion. The ex pected value for the dis tri bu tion has
been ob tained as fol lows: $ $m sbyte byteand Gy= =709 56

The dif fer ence be tween the ex pected val ues for
bit and byte dis tri bu tions for Chip no. 2 is sta tis ti cally
sig nif i cant. For ex am ple, for the dose 700 Gy

DN

N

byte

byte( )s
= 44 5.

The the o ret i cal and mea sured de pend en cies of
the frac tion of dam aged bytes for the Chip no. 2 are
shown in fig. 3. The the o ret i cal frac tion of dam aged
bytes has been cal cu lated in two ways: from the mea -
sured dis tri bu tion of de fec tive bits (solid line) and
from the mea sured dis tri bu tion of de fec tive byte
(dashed line). A no ta ble re duc tion in the ac tual num ber 
of bad bytes in re la tion to the num ber of ones ex pected
on the num ber of cor rupted bits is vis i ble.

The next in te grated cir cuit Chip no. 3 has been
tested. The mem ory has been filled with ze ros. It
adopted the con tents of the EPROM to im prove the ob -
jec tive eval u a tion of the de gree of dam age. In the case
of the mem ory filled with ASCII text one can ob serve
the pro gress ing dam age of its con tent but due to the
fact that cer tain bits have value “1” from the be gin -
ning, their dam age is not vis i ble eas ily. The in te grated
cir cuit Chip no. 3 has been ir ra di ated with ex po sure
times se lected so that the ac cu mu lated dose ranges be -
tween 400-1100 Gy in steps of 50 Gy. To as sess the de -
gree of dam age, the afore men tioned pro gram
BIN_COM PARE has been used. The ob tained re sults
of Chip no. 3 test are shown in tab. 3.

For the dose of 1100 Gy the mem ory has been
erased. It con tained the same val ues ones. Oth er wise
than for pre vi ous sys tems, in the case of Chip no. 3,
there has been no per ma nent dam age of the mem ory.
The Chip no. 3 al lows fur ther pro gram ming. It also
notes a sig nif i cantly higher thresh old for dam age – it
can be de ter mined about 700 Gy.

The ob tained pa ram e ters are:
$ $m s= ± = ±901 30 42 2Gy and Gy

The frac tion of dam aged bits as a func tion of
dose for the Chip no. 3 is shown in fig. 4. The change in 
frac tion of dam aged bits as a func tion of dose for the
Chip no. 3 is shown in fig. 5.
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Fig ure 3. The the o ret i cal and mea sured de pend en cies of
the frac tion of dam aged bytes for the Chip no. 2

Ta ble 3. The ra di a tion dam age of the Chip no. 3

Dose
[Gy]

Num ber of
dam aged bytes

Num ber of
dam aged bits

Value of t
sta tis tics

400 0 0 –

450 0 0 –

500 0 0 –

550 0 0 –

600 0 0 –

650 0 0 –

700 0 0 –

750 2 2 0.00

800 379 413 1.32

850 3433 6457 26.56

900 7189 31970 32.50

950 8157 58142 5.93

1000 8192 65148 0

1050 8192 65532 0

1100 8192 65536 0

Fig ure 4. The frac tion of dam aged bits as a func tion of
dose for the Chip no. 3

Fig ure 5. The change in frac tion of dam aged bits as a
func tion of dose for the Chip no. 3



Also, the frac tion of dam aged bytes has been fit ted
to the the o ret i cal dis tri bu tion. The ex pected value and the 
stan dard de vi a tion are $ $m sbyte byteand Gy= =858 58 .

The dif fer ence be tween the ex pected val ues for
bit and byte dis tri bu tions for the Chip no. 3 is sta tis ti -
cally sig nif i cant. For ex am ple, for the dose of  850 Gy

DN

N

byte

byte( )s
= 265.

The the o ret i cal and mea sured de pend en cies of
the frac tion of dam aged bytes for the Chip no. 3 are
shown in fig. 6. The the o ret i cal frac tion of dam aged
bytes has been cal cu lated in two ways: from the mea -
sured dis tri bu tion of de fec tive bits (solid line) and
from the mea sured dis tri bu tion of de fec tive byte
(dashed line). As in the case of the Chip no. 3, a no ta ble 
re duc tion in the ac tual num ber of bad bytes in re la tion
to the num ber of ones ex pected on the num ber of cor -
rupted bits is vis i ble.

It is ev i dent that the sta tis ti cal anal y sis plays an
im por tant role in ra di a tion phys ics ex per i ments [10].

CON CLU SIONS

The study has helped to de ter mine the ra di a tion
re sis tance of mem ory chips type 2764. The sim ple sta -
tis ti cal the ory of ra di a tion dam age of semi con duc tor
mem ory has been con structed. The ex per i men tal re -
sults have matched the as sumed the o ret i cal curve. The
val ues of the pa ram e ters as well as the un cer tainty of
these pa ram e ters have been es ti mated. The num ber of
dam aged bytes is sig nif i cantly lower than the num ber
re sult ing from purely ran dom dis tri bu tion of the dam -
aged bits. In this way, the cor re la tion be tween the fail -
ures of in di vid ual mem ory bits lo cated in the same
byte has been shown. The re sults can serve as the
guide lines for the de sign of elec tronic cir cuits ex posed 

to the pro longed high lev els of ion iz ing ra di a tion. An -
other ap pli ca tion of the ob tained re sults may be an
ap pro pri ate use of re dun dant cod ing data in the semi -
con duc tor mem o ries, ex posed to ra di a tion. En cod ing
data should take into ac count the in creased like li hood
of er rors on ad ja cent bits.

AU THORS' CON TRI BU TIONS

The o ret i cal anal y sis was car ried out by G.
Domanski, and B. Konarzewski. The ex per i ments were 
car ried out by B. Konarzewski, J. Marzec, and M.
Dziewiecki. The manu script was writ ten by G.
Domanski, R. Kurjata, K. Zaremba, and M. Ziembicki.
The fig ures were pre pared by A. Rychter. All au thors
ana lysed and dis cussed the re sults.
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G`ego` DOMANSKI, Bogumil KONA@EVSKI, Rob ert KURJATA, Janu{ MA@EC,
K{i{tof ZAREMBA, Mihal \JEVJECKI, Mar}in ZJEMBICKI, And`ej RIHTER

ISPITIVAWE  RADIJACIONOG  O[TE]EWA  EPROM  2764  MEMORIJE

U ovom radu prikazana je jednostavna statisti~ka teorija radijacionog o{te}ewa
poluprovodni~kih memorija i izvr{eno je ispitivawe radijacionog o{te}ewa EPROM memorije.
Izmereni broj o{te}enih bajtova zna~ajno je ni`i od o~ekivanog broja {to je posledica potpuno
nasumi~ne raspodele o{te}enih bitova. Na ovaj na~in dokazano je da postoji korelacija izme|u
otkazivawa pojedina~nih bitova memorije koji se nalaze u okviru istog bajta.

Kqu~ne re~i: radijaciono o{te}ewe, EPROM, trajna memorija


