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We describe space-time evolution of electric charge induced in dielectric layer of simulated metal-
insulator-semiconductor structures due to irradiation with X-rays. The system of equations used as a basis
of the simulation model is solved iteratively by efficient numerical method. The obtained simulation re-
sults correlate well with the respective data presented in other scientific publications.
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1. INTRODUCTION

Currently, integrated circuits (IC) are essential part
of military and space equipment. As being used in space,
such equipment is inevitably exposed to low-level ionis-
ing radiation, causing its degradation and finally mal-
function. Therefore, one of the urgent tasks of the micro-
electronics is to design and manufacture ICs with much
higher radiation resistance. In this context, mathemati-
cal modelling has paramount importance, by providing
solid ground for both understanding and prediction of
radiation effects of X-rays in semiconductor devices.

We considered the Si02/Si part of a simulated metal-
oxide-semiconductor (MOS) structure with two types of
trap levels that takes into account both the defects with-
in the oxide layer and radiation-induced interface states.
In this way we developed both physical and mathemati-
cal models of radiation-induced charge accumulation
within the oxide layer and surface states due to irradia-
tion with X-rays and the subsequent charge relaxation
by means of tunnel discharge. The mathematical model
is basically a system of partial differential Eq. [1, 2] de-
scribing movement of free electrons and holes, ordinary
differential equations reflecting the kinetics of charge
accumulation on the hole trap levels, and the Poisson
equation, which allows to compute resulting electric field
within the oxide layer. Accumulated charge in the die-
lectric layer discharging by the tunnelling mechanism is
described by ordinary differential Eq. [3].

The model allows to describe deterioration of MOS
structures caused by ionising radiation. Deterioration
onset influences threshold voltage specific to the struc-
ture. The fluence dependence of the threshold voltage is
determined by depth distribution of traps and by mobili-
ty and capture cross sections for electrons and holes.

The numerical solution is based on the difference
method [4]. The developed iterative algorithm allowed us
to simulate the following properties of the MOS struc-
ture: radiation-induced changes of the threshold voltage
as a function of radiation dose, electric charge distribu-
tion in oxide layer with various thickness, the resulting
effective charge and electric field within the MOS struc-
ture during irradiation, etc.
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2. THE MODEL

The following system of equations describes the ra-
diation dynamics of electric charge distribution [1-3] in
the dielectric layer with thickness d of MIS shown on
Fig. 1. These equations take into account tunnelling
discharge as well. The solution has thus to be found
within the area Q={0<x<d, 0<t<tj}, where t; is a simula-
tion time.
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The respective initial and boundary conditions are
as follows:
n(0,t) = n(d,t) =0,

p(0,t) = p(d,t) =0,

0O<t<t;;

QOt (0) = st (O) = 0’ (7)
n(X,O) = p(X,O) = Pll(xro) = PIZ(XVO) = 01
E(x,0) = f(y(0)).

0<x<d.

The Egs. (1) — (7) contains the following parame-
ters: n, p stand for concentration of free electrons and
oles, E is electric field, P is concentration of holes

© 2014 Sumy State University


http://nap.sumdu.edu.ua/
http://nap.sumdu.edu.ua/
http://sumdu.edu.ua/
mailto:koma-rovf@bsu.by
mailto:zayats@im.bas-net.by

A.F. KOMAROV, G.M. ZAYATS, ET AL.

captured on the shallow trap levels (both oxide-gate
and oxide-semiconductor interfaces), P:2 is concentra-
tion of holes captured on the deep trap levels (inside
the oxide layer), Dn, D, are diffusion coefficients of elec-
trons and holes, pn, pp are mobilities of electrons and
holes, G is generation rate of the electron-hole pairs
due to ionising radiation, q is electron charge, ¢ is die-
lectric permittivity of SiOz, Rn12, Rp12 are capture rates
of electrons and holes on the shallow and deep trap
levels, Vi is gate voltage, @ms is difference of the work
functions of the gate and semiconductor materials, y is
surface potential of semiconductor, ai, az are frequency
and barrier factors, Cox is dielectric layer capacity, Qss
is surface state charge, @sc is charge of the space-
charge region of the semiconductor, Qo is the effective
charge captured on the trap levels in SiOz layer.

The model is complemented by the following equa-
tions. Capture rates of electrons and holes on the trap
levels are defined as in Ref. [1]
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where Ni1,2(x) are concentrations of hole traps; v is
the thermal velocity of charge carriers; op(E) and on(E)
are capture cross-sections for holes and electrons, re-
spectively.

The generation rate of electron-hole pairs G(E) de-
pends on radiation dose intensity D=dD/dt, pairs
generation coefficient kg and the probability for the
created electron-hole pairs to be separated by electric

field before recombination f "™ (E) [5, 6]:
G(E) = Dk, f"™(E) .

The electric charge in the bulk of the oxide layer
and at the interfaces:

Qu =§J§(d — X)p, (X)dx

and
Qs = 0N ((PO _‘V) )

where pi(x) is distribution of hole charge accumulat-
ed on the trap levels, Nss=kpQo:/q/@o is the surface
state density [7, 8] averaged to the band gap energy (kp
is determined experimentally).

Charge of the space-charge region is calculated as
in [9]

Qsc (W) = SSSOES =
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3. THE MODIFIED SYSTEM OF EQUATION

Taking into account Eq. (8), the system (1) - (10) can
be written in the following form:
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where

QU(E, Ry, Ry) = (Ry + R2)o, (E) (1 [E[ + iy ).

u
Q(E,Py,Ry) = (Nu —Ri+ N - PtZ)Gp(E)[”'p ‘E‘ +Hpvthj'

n

o
Sl(pvan) = pcp(E)[HpE+;vthj+nGn (“n‘E‘-'—VIh)’

n

n
SZ(pr E) = pGp(E)(p’pE +upvthJ ’

n

$5(E) = o (E)exp(-ot, X) .

4. RESULTS

The numerical simulations of radiation-induced
changes in the threshold voltage of the MOS structures
due to 20 keV X-rays have been performed. Some results
of simulation are presented in Figs. 1 — 3. The calcula-
tions were done with the following values: the radiation
dose of X-rays D =5-105R with intensity D=dD/dt = 102
R/s, impurity concentration in silicon N = 10'® cm3,
temperature T = 300K, @ms=-0.5V, the mobility of elec-
trons px =102cm?2V-1s! and holes pp=0.6 103 cm?V-1s1 in
oxide layer. The generation rate of electron-hole pairs in
Si02 is kg=8x10'2 cm3rad! pairs [10], the permittivity
values are £0x=1.6 and es=11.5.

Fig. 2 shows the calculated depth distribution of
holes bound by both “shallow” and “deep” trap levels in
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Fig. 1 — The model of MIS structure.
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Fig. 2 — Depth distribution of holes on the trap levels after the
irradiation

the SiO2 layer with thickness d of 100 nm. The calcula-
tions were made for V6=-0.9V, kp=1.03 and the distri-
bution of “shallow” N;; and “deep” N:2 trap levels [1]:

N, =5x10" ((e(x’zo) + 1)7l +(e® + 1)71) ,

Ne = 5><1018((e(x’9°) 1)~ (e +1)’1) .

Figs. 3 and 4 show the results of simulation for Vi =
-1V, kp =1.15, N;7=5x10!8 cm3, and Ny;»=10' cm3. Fig.
2 shows the change in threshold voltage of the simulat-
ed MOS structure due to its irradiation with X-rays.
The calculations have been performed for three values
of SiOz layer thickness. One can see that the thinner
the oxide layer, the lower is the respective radiation
effect on the threshold voltage and thus the higher is
the radiation resistance. For example, the simulated
MOS structure with a 50 nm thick SiOz layer is much
more radiation-resistant than that with a 100 nm thick
Si0O:z layer (see Fig. 3). This is due to lower concentra-
tion of accumulated hole charge in oxide as well as its
distribution to “shallow” and “deep” trap levels. Fig. 4
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Fig. 3 — The radiation-induced change in threshold voltage for
variously thick SiO: layer within MOS structure.
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Fig. 4 — Depth distribution of bound holes in SiO: layer with
various thickness.

illustrates depth distribution of holes bound on “shal-
low” and “deep” trap levels in SiO2 for various thick-
ness of the oxide layer. The obtained simulation results
correlate well with data in Refs. [1, 11, 12].

5. CONCLUSION

The offered model can be used to simulate radiation-
induced deterioration of MOS structures and to calculate
the radiation-induced changes in the MOS threshold
voltage depending on the depth distribution of the traps
within the silicon oxide layer and on the mobility and
capture cross-sections of electrons and holes. Further-
more, also depth distributions of free and bound/trapped
electrons and holes in SiOg layer, the resulting electric
field intensity, and the change of surface potential of the
oxide-semiconductor interface in MOS structure can be
computed as well. The obtained simulation results corre-
late well with experimental data.
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