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A stochastic model of gamma-ray radiation effects on the density of the induced charge in sili-
con dioxide films of MOS transistors is presented in this paper. It is assumed that both radia-
tion induced charge generation and trapped charge recombination are stochastic processes.
For estimating gamma-ray induced charges spatially distributed in silicon dioxide films, a
procedure similar to the Monte Carlo method was used. The proposed model implemented in
the programming language MATHEMATICA enables us, for the first time, to show the
gamma-ray induced charge distribution as a function of gamma-ray doses. Using the devel-
oped model, we have also calculated the corresponding threshold voltage shifts of MOS tran-
sistors. These results were compared with the experimentally determined threshold voltage
shift of MOS transistors with different voltages applied during irradiation vs. gamma radia-
tion doses. Satisfactory agreements were obtained.
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INTRODUCTION

As shown earlier [ 1], gamma radiation exposure
of a MOS (metal-oxide-semiconductor) transistor re-
sults both in the creation of positive trapped charges in
the gate oxide and in the increase of the interface — trap
density at the Si-SiO, interface. These charges can
cause a threshold voltage shift, transconductance re-
duction, leakage current increase and breakdown volt-
age reduction [1-3]. In order to improve the resistance
of the MOS transistor to these effects, it is necessary to
have areliable method of determining radiation gener-
ated charges in the oxide and at the oxide-semiconduc-
tor interface. Also, research on radiation induced
charges is very important for gamma radiation dosim-
etry, which could be based on specially designed,
p-channel MOS transistors [1].

In this paper, we are developing a new model for
estimating gamma-ray induced spatial distribution of
charges in oxide. This model, based on the Monte
Carlo method [4, 5], takes into account the stochastic
nature of gamma ray absorption, as well as the genera-
tion and recombination of induced charges. Also, the
effect of the electric field established in the SiO, layer
upon charge generation and recombination, as well as
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upon its spatial distribution, is taken into account. On
the basis of the proposed model and the model of inter-
face states [5, 6], we calculated the threshold voltage
shift vs. absorbed dose dependencies and compared
them with previously reported [7, 8] experimental re-
sults.

MODEL OF OXIDE CHARGE CREATION

The interaction of gamma-ray radiation with sili-
con dioxide films can be described by means of two
significant mechanisms, i. e. absorption (exponential
decrease of the dose with distance) and ionization
(with negligible energy losses of gamma rays). A sim-
plified model of ion formation and electron transport
across the oxide can also be used [3]. In this manner, as
the silicon dioxide films are exposed to gamma irradi-
ation, the gate oxide becomes ionized by the dose it ab-
sorbs and electron-hole pairs are generated. Under the
influence of the electric field which appears in the sili-
con dioxide films, free electrons drift. Most of these
electrons would be fairly benign if they drifted out of
the oxide and disappeared, but a small fraction of them
will recombine by the holes in the oxide. A fraction of
the holes remaining from this recombination with
electrons is then subjected to the transport mechanism
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through localized states in the oxide. The holes propa-
gate (in the direction of the electric field) towards the
SiO, interface and capture in long-term traps. After a
sufficient radiation dose, a large positive charge, spa-
tially distributed towards the one of the SiO, inter-
faces, builds up in the oxide. The density of the oxide
charge can, then, be expressed as [1, 2]

qnox (x):qaox f‘y (Eef).f;r(Eef )D <1)

where ¢ is the elementary charge, n,,(x) —the concen-
tration of the generated and trapped holes, ¢, — the co-
efficient of the generation (number of holes generated
per unit of volume and unit of absorbed dose), f; —the
part of the holes transported across localized states in
the oxide [2], f; — the part of holes trapped at
long-lived trap centers of the oxide [2], and D — the ab-
sorbed dose of gamma-ray, i. e. the mean energy ab-
sorbed per unit mass of irradiated oxide. The effective
electric field in the oxide is given by

Ey=E+E, —-E (2)

where E is the electric field caused by the external bias,
E, —the electric field caused by the work function dif-
ference between the gate electrode and the silicon [6],
and

E, =L AN, (3)

gox

is the electric field caused by spatially distributed
holes. In the last relation, the effective charge density

of the Si/Si0, interface is given by

dm
gAN, == [, (x)dr (4)
ox 0
where AN, is the increase in the oxide charge per unit
area due to gamma radiation, d,x being the oxide layer
thickness, while £, is the permittivity of the silicon di-
oxide.

Let us denote the intensity of gamma radiation
(energy per time interval) by G, atx =0 and by 7, the at-
tenuation coefficient. In that case, the intensity of radi-
ation at depth x is g (x) = G exp(—yx). But, considering
the values of y (>10 um' [1, 3]) for layers with thick-
nesses much smaller then 3 um, it can be considered
that gamma-ray intensity is almost constant. In such a
case, as G does not depend on time, i. e. G is a constant
over the whole period of irradiation, the absorbed dose
for time 7 is approximatelly D = GT.

We should bear in mind that gamma-ray absorp-
tion, electron-hole pair creation, the trapping hole and
electron recombination, are processes which ran-
domly occur with certain probabilities. To take into ac-
count the stochastic nature of these processes, we will
divide the whole material of thickness d_, into  layers.
The thickness of each layer being Ad = d,/n. Also, the
total absorbed dose of gamma ray D will be partitioned
into AD portions absorbed by the oxide over time At,

[5].

Denote with o the number of produced elec-
tron-hole pairs in the k-th layer of the oxide for the
time At. We assume that this number depends only on
the AD dose absorbed in this layer during the Af time.
Let us suppose that o, is a Gaussian random variable,
i. e. that the following holds

a:N(ay,0,) (5)
where ¢, is the mean value of the number of pairs cre-
ated in the k-th oxide layer, and that it is directly pro-
portional to radiation intensity g(x) in the k-th layer

_ D AD

o =agly )xa ~a—o (6)
where « is the total number of holes generated in the
oxide by the incident gamma ray, and o, represents the
standard deviation.

We suppose that the electric field (and time inter-
val Az in which the holes are mobile) is small enough
so that the holes can only move from the &-th layer in
which they were created to the neighboring layer (k +
+ 1-th layer) over time Az. We will adopt that the num-
ber of migrated holes A, linearly depends on the re-
sultant field, i. e. that the effect is described by the
equation

Aty =05, [E =5, (i~ 03] (7)

where p; = p(x;) denotes the charge density due to
trapped holes and s, and s, are constants.

If Ao, > ), we will set A, = o This means that
the field is sufficiently large, so that all created holes
will migrate to the neighboring layer.

The probability of radiation induced electrons
recombination with previously captured holes can be
represented by the following simple relation

P
H < cri
ppy={Po P <Pan (8)
ﬂoﬂ pzpcrit

where, p.i; represents the critical charge density of
trapped holes when saturation appears and f3 is the
saturated probability.

Since electrons created in the k-th layer move to-
wards the gate, they may be recombined by holes
trapped inthe &, k—1,...2, 1 layers. Letus denote with
B; the number of electrons created in the k-th layer
which enter the i-th layer and with

AB,, =B(p, By 9)

an average number of electrons created in the k-th
layer and those recombined in the i-th layer. Taking
into consideration all of the above said, we assume that
the number of electrons created in the k-th layer and re-
combined in the i-th layer ABy; is a random variable
with a normal distribution of

ABiN(AB,,.04) (10)

where o is a standard deviation. The number of electrons
entering in the next, (i — 1)-th layer is S, | = — ABy:. If
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we obtain [, <0, we set B;;_1=0and AB,=fand the
recombination process from the i-th layer as being over.
All electrons in that layer are recombined.

Therefore, as for time Az, the dose AD of the
gamma ray is absorbed and the charge created in the
k-th layer can, thus, be expressed as

Ap, = ‘I(ak +Aa, | —Aay _zAﬂikj (11)
This charge is caused by the change in the num-
bers of holes in the k-th layer, i. e. the number of holes
increases with each hole generation and hole transport
from the preceding layer, but it decreases with holes
transported to the successive layer. Also, the number
of holes in the k-th layer decreases by recombination
with electrons which have reached that layer from the
layers between the Si-SiO, interface (n-th layer) and
the k-th layer. The described processes are
shematically shown in fig. 1.

ALGORITHM FOR OXIDE CHARGE
DENSITY CALCULATION

The stohastic model of charge creation in the ox-
ide of a MOS transistor, described in the previous sec-
tion, relations (1) — (11), is implemented in the pro-
gramming language MATHEMATICA and composed
of five blocks:

(1) the input block in which the input variables and
primary charge density are defined,

(2) the block of randomly generated electron-hole
pairs in all layers, caused by the elementary dose
AD,

(3) the block of transportation and trapping holes in
the next layer,

(4) the block of transportation electrons and their ran-
dom recombination with trapped holes which is
repeated separately for each layer, and

(5) the block in which the new charge density (trapped
hole distribution) is calculated.

It should be mentioned that this model presup-
poses arandom generation of a certain number of elec-
tron-hole pairs in each layer under the influence of
gamma radiation with dose AD. The holes are local-
ized in the layer where they were created and in the
neighbouring layer, and electrons are transported to-
wards the gate and are randomly recombined with the
holes trapping in the layers they moved through.

In this manner, algorithm execution corresponds
to the change of charge distribution caused by the ab-
sorption of the elementary dose AD of the gamma ray.
The charge distribution caused by the absorption of
gammaray dose D can be obtained by repeating this al-
gorithm (without the first block) N = D/AD times. A
big advantage of this algorithm is that after the deter-
mination of the charge distribution caused by a dose of
gamma radiation, the one caused by a higher dose can
be obtained by simple reiteration of the algorithm.
Therefore, the time of calculation is significantly re-
duced when determining charge distribution caused
by different doses of gamma irradiation is needed.

In block 2, the number of randomly generated
electron-hole pairs is determined, and in block 4, the
number of randomly recombined electrons. In both
cases, the programming language MATHEMATICA
generator of random numbers was used, i. e. the func-
tion:

RandomReal [Normal Distribution [sredvr, stdev]]

This function gives random generated numbers
with normal distribution (average value sredvr and
standard deviation stdev).

The charge distribution determined in this way is
one of the possible results and depends on randomly
generated numbers a; and Afy ;. The real and defini-
tive charge distribution can be obtained as an average
of several possible distributions. To this purpose, the
whole algorithm must be executed quite a number of
times, always with new values of randomly generated
numbers o, and AB, ;. Thus, the procedure of charge
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Figure 2. The block diagram for calculation of the charge distribution in the silicon dioxide caused by gamma radiation

distribution calculation is similar to the Monte Carlo
method [4, 5], but different from the detailed Monte
Carlo simulation of radiation effects in the gate oxide
which include features of particle transport [9].

CALCULATED DEPENDENCE OF
OXIDE CHARGE DISTRIBUTION

All of our results correspond to the case of an ox-
ide of thickness d,, divided into # layers, i. e. to the ra-

tio (d,/n) =4 nm. This means that in the case of oxide
thickness d,, = 120 nm, the number of layers » into
which it is divided is 30, just as is shown in fig. 1. Cal-
culations have also shown that the absorbed dose of
the gamma ray in the oxide is AD =1 Gy, when the time
equals At. In this manner, the total absorbed dose of
gamma rays is D = NAD and the total time of irradia-
tion 7'= NAt.

In all calculations, the following values of pa-
rameters o = 1-10° s/em Gy, s, =0.8-107 cm/V, 1/s, =
=&g0,= 34105 Flem, p i = 11074 Clem?, and B, =
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=0.8[1,10] were used. All calculations were repeated
a hundred times, with new values of randomly gener-
ated numbers o, and AB, ;. In fig. 3, the average values
of results obtained in this way are shown.

In fig. 3(a), the spatial distribution of trapped
holes in the oxide, without externally applied bias,
evaluated by the predicted model, is presented. As can
be seen, trapped holes are distributed near the SiO,/Si
interface, but their spatial distribution is not negligible
at all. Near the SiO,/Si interface, the density of the
trapped hole rapidly increases. In all cases, the slope of
the holes’ distribution near the SiO,/Si interface in-
creases as irradiation doses increase, which is pretty
much a new result. It can, also, be seen that most of the
trapped holes are distributed in the narrow layer near
to the SiO,/Si interface. The thickness of this layer is
about 20 nm, for all doses of radiation. The density of
trapped holes rapidly increases close to the Si0,/Si in-
terface.

The influence of the externally applied bias on
the spatial distribution of the oxide charge during radi-
ation is shown in fig. 3(b). As can be seen, the exter-
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Figure 3. The spatial distribution of oxide trapped holes
induced by gamma rays for different doses of radiation:
without external bias (a), and with external bias of 3V (b)

nally applied bias which increases the total charge in
the oxide and the density of the trapped holes near the
Si0,/Si interface shows relatively higher amounts.
The layer in which most of the charge is distributed is
thinner and charge density in it is higher as the inten-
sity of the electric field grows. This can be explained
by the fact that, in the presence of an effective electric
field, the gains in charge density with externally ap-
plied bias in the oxide are followed by a great number
of pairs that do not recombine and that a significant
number of generated holes start to drift through the ox-
ide, to be captured near the SiO,/Si interface.

In previously described cases it has been as-
sumed that the externally applied electric field is di-
rected towards the SiO,/Si interface (with “+” on the
gate electrode). In cases of reverse polarization, the ef-
fective electric field is towards the gate electrode and
the generated holes are transported and captured to-
wards the gate/SiO, interface. The shape of oxide
charge distribution is the same as in fig. 3(a), but the
peak of distribution is near the gate/SiO, interface.

THRESHOLD VOLTAGE SHIFT

The radiation induced shift in the threshold volt-
age of MOS transistors can be expressed in the form of

AV = V= Vino (12)

where Vi, denotes the threshold voltage before the de-
vices were irradiated and V3, is the threshold voltage
after irradiation. Since radiation directly affects the
densities of the oxide charge gN, and the interface
states NV, the mentioned change of threshold voltage
can be expressed as

AV, =AV, +AV, =+-L AN, +-L AN, (13)
COX COX
where Cy is the gate oxide capacitance per unit area.
The plus sign applies to pMOS transistors, the minus
sign to nMOS devices. In eq. (13), g N, denotes the ef-
fective density of the oxide charge at the Si/SiO; inter-
face defined by eq. (4), where gnx(x) denotes the con-
centration of the spatially distributed charge towards
the Si/Si10, interface which is formed in the oxide. The
density of interface traps charged due to irradiation N
can be calculated as described in [5, 6].

The calculated threshold voltage shift AV}, as a
function of the irradiation dose (lines) and experimen-
tally determined values (dots) and the influence of ex-
ternal bias applied on the SiO, film during irradiation
of nMOS and pMOS transistors are shown in figs. 4 to
5. Previously reported [7, 8] experimental results,
shown in figs. 4 and 5, were obtained on nMOS and
pMOS transistors with the same layout and manufac-
tured in the same technology. Consequently, it is possi-
ble to directly compare the AV}, vs. dose dependence
for nMOS and pMOS transistors, according to relation
(13). As has been seen, both dependencies represented
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Figure 4. Threshold voltage shift of a nMOS transistor
vs. dose dependencies for different gate polarization
during irradiation. Experimental results were
previously reported in [7]
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Figure S. Threshold voltage shift of a pMOS transistor
vs. dose dependencies for different gate polarization
during irradiation. Experimental results were
previously reported in [8]

in figs. 4 and 5 exhibit a satisfactory agreement with
the experimentally determined results. We can, there-
fore, conclude that the method of N, and N, calcula-
tion and relation (13) are valid.

As can be seen (fig. 4), external bias applied to
the gate of the nMOS transistor during irradiation in-
creases the absolute value of the threshold voltage
shift |[AV,, |. This is caused by the increase in oxide
charge density near the SiO,-Si interface and the effec-
tive density of the oxide charge ¢/NV,,. The increases of
gN,, with applied bias and its influence on the thresh-
old voltage shift are significantly higher than the influ-
ence of interface traps, N, even more so in cases of
very high irradiation doses.

In the case of a pMOS transistor, as the negative
bias is applied on the gate during irradiation, the

threshold voltage shift decreases (fig 5). In such a
case, the generated holes (oxide charge) are distrib-
uted near the gate/SiO, interface and the effective den-
sity of the oxide charge gN,, is neglected. The thresh-
old voltage shift is caused only by the charges at
interface traps N

Also, the dependencies presented in figs. 4 and 5
can serve as an explanation for the fact that pMOS are
much more sensitive to irradiation than nMOS transis-
tors, as the transistors are irradiated without external
bias. But, as external bias is applied, the threshold
voltage shift of nMOS transistors rapidly decreases
with the increase of the dose, making them more sensi-
tive than pMOS transistors.

CONCLUSIONS

Applying the Monte Carlo method, we have pro-
posed anovel model of creating the charge in the oxide
of'a MOS transistor due to gamma radiation. This sta-
tistical method is based on the electron-hole genera-
tion model and takes into account the stochastic nature
both of the process of generating electron-hole pairs
and that of the recombination of electrons-holes previ-
ously trapped in the oxide.

We have researched the influence of different
doses of gamma radiation on the concentration of
trapped holes in a layer of SiO,, with and without an
externally applied electric field. The obtained results
are in agreement with some real experiments and the
computational experiments performed through other
methods.

The model presented here is specific to gamma
rays and can be easily applied to SiO, with different
characteristics, allowing for the study of spatial charge
distribution and threshold voltage vs. the absorbed
dose of radiation dependencies in oxide layers of
MOS transistors. We also believe that our model could
be applicable to other types of radiation.
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Tujana C. KEBKW'h, Muxajino T. OOJAJIOBUR, dparan M. IETKOBUh

CTOXACTHUYKUN MOJEI PACIIOAEIE HAEJEKTPUCABA Y OKCUOAY
N MPOMEHE HAIIOHA TIPATA MOC TPAH3UCTOPA MN3A3BAHOTI
IF'AMA 3PAYEILEM

Y papy je onucaH CTOXaCTUYKM MOJIEJ YTHIIaja TaMa 3payuetha Ha HaeJIeKTprcame Koje ce CTBapa
y cnojy okcuia MOS Tpansucropa. IIpeTnocraBibeHO je [ja ¢y U IPOoleC CTBapama HaeJeKTpUcamba MOf
yTUIajeM rama 3padewma U IOpolec peKoMOMHalUje TOT HAaeleKTpHUCama CTOXACTUUKU IpolecH. 3a
ofgpebuBame MpocTopHE pacnofese HaeleKTpucama y OKCHAY KOpHITheH je mocTymak ciamdaH MoHTe
Kapno meropu. Ilpemnoxen mopen, ummiaeMeHTHpaH y mnporpaMckoM jesuky MATHEMATICA,
omoryhHo je 1a ce ofpeau IPOCTOPHA Paclofieia HAeIeKTPUCakha Y 3aBUCHOCTH Off 103€ I'aMa 3padera U
oxgrosapajyha mpoMeHa HanoHa npara MOS Ttpan3uctopa. M3pauyHaTe 3aBUCHOCTHU cy ynopebene ca
EKCIIEpUMEHTAJIHIM pe3yITaTuMa O YyTHIAjy FamMa 3pauea Ha IpoMeHy HanoHa nnpara MOS tpan3uctopa
u JoOUjeHO je 3aioBoJbaBajyhe ciarame.

Kmwyune peuu: zama 3pauere, cuauyujym ouokcuo, MOS wwipansucitiop



