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Introduction

The production process is a sequence of operations in
order to obtain the implementation of the elements or
integrated structures with the necessary performance
characteristics of the very large scale integration or ultra
large scale integration. The characteristics of the element
during the formation of integrated elements of integrated
structure intended to not impair. In this case the
manufacture of integrated circuits focuses on the area
where the integrated element is being formed. It is
essential that the area dimensions at the beginning of the
technological processes must be kept the same during the
whole technological process. The main aim is to maintain
unchanged characteristics of the three-dimensional
structure using local oxidation technology for isolation of
integrated elements and to verify if the three-dimensional
integrated element fits into the integrated circuits.

The main objective of this series of papers is to
examine and evaluate the adequate selection of the three-
dimensional integrated element in the three-dimensional
integrated circuits, modeling of the thermal oxidation using
mathematical models.

The main aim of this paper is to define rational
parameters of local oxidation process in the three-
dimensional structures.

Finite element method in the simulation of the process
of local oxidation of silicon

Application of finite element method is conditioned
by thermodynamic processes of oxidation, which are
connected by Si, Si0, and oxidants molecules [1-4].

For the definition of the model consider Fig. 1 as
computation domain Q which consists of a pure silicon
dioxide range €, an interface range 2, with a mixture
of silicon and silicon dioxide, a pure silicon range Q5 and
a nitride mask €, that is defined on a separate mesh and
to transmit

is connected to Q;via boundary T},

mechanical displacements [4, 5].
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For the nitride mask an elastic model is used to
calculate its stress-strain contribution. To describe the
different phases of oxygen within the domain
0, UQ, UQ; a generation/recombination rate of oxygen

Ro, =k (1-n(x,0)-Co, , (1)

here C, — oxygen concentration at./cm’; k. — oxygen
recombination rate constant; 77 — function of a normalized

silicon dioxide concentration related to the C

5i0,
concentration of silicon in pure crystal
. CS[O (x’ t)
n= jLZ— ; 2
Cs,

here C,, — silicon concentraton in the crystal; Cg,,

. J . 2 .
concentration of silicon oxide, at./cm”. 7 varies between

one (pure silicon dioxide) and zero (pure silicon). The
level function describes a jump in the material in case of a
huge parameter ac:

atan(ac - x)

f(ac,x)=0,5+ with ac — . 3)

Thin SiO,

Fig. 1. Domain and boundary location [3]

In contrast to previous approaches the transition zone
can now be calculated as an immediate jump from zero to



one within one element. The accuracy of mathematical
simulation method depending from finite element meshes
spacing and form correct description of imputing
parameters such as mechanical and physical materials
characteristic used in the model.

The main problem in the thermal silicon oxidation
process — diffusion impurities in the lower doped layers,
leading to redistribution of diffuse areas and characteristics
of the three-dimensional integrated structures.

To ensure minimum impact on three-dimensional
integrated element the local thermal oxidation must take
place under conditions which allow the minimum deviation
of characteristics of the integrated structures from the
designed ones. Rational conditions of thermal oxidation
process can be achieved with sustainable technological and
structural parameters, such as oxidation time, temperature,
thickness of silicon nitride mask and SiO, (Pp,=1 atm).

ATHENA program of mathematical simulation
software package TCAD 1is used for mathematical
structures simulation. It is adapted to the specific case of
simulation using subprograms.

Local oxide profile is influenced by time and
temperature of the process, the thickness of nitride mask
and SiO, leading to the specific parameters of the
integrated elements. Each of these parameters affects the
type of LOCOS formation, stress distribution, lift-up
nitride mask, lateral oxide under the silicon nitride mask,
thin oxide form in the three-dimensional structures.
Simulation was carried out in accordance with the model
structure.

Mathematical structures are created using the finite
element method for local thermal oxidation process
simulation. Mathematical structures consist of a silicon
substrate (thickness — 0,8 pm), crystallographic plane
orientation <100>, a silicon oxide (thickness — 0,02 um)
and silicon nitride (thickness — 0,1 pm). The area (1,2 um)
committed for the three-dimensional integrated element
and areas for thermal oxide are formed (Fig. 2., a). Another
mathematical structure is created for the fully recessed
local thermal oxidation process with etched 0,3 um deep
cavity (length — 0,9 mm). The area (1,2 pum) committed for
the three-dimensional integrated element is formed (Fig.
2., b).

b)
Fig. 2. Mathematical models: a — for semi-recessed LOCOS; b —
for fully recessed LOCOS

The parameters of three-dimensional integrated
element and three-dimensional integrated structure changes
due the thermal technology, whose are difficult to identify
and evaluate during the production. In this case the major
human and material resources required, that’s why a
mathematical simulation of technological processes
adapting methods is used.
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The assessment of alternation parameters of three-
dimensional structures using the thermal local
oxidation process

The assessment of time. Thermal local oxidation
may last from 30 min. up to several hours and takes place
under the [800—1100] °C temperature range in the three-
dimensional structures. Modeling was carried out in
accordance with the model structure shown in the [3, 5].

LOCOS parameter dependence on the local oxidation
process time was simulated, when the oxidation
temperature was T=1000 °C. Three-dimensional structures
were simulated using thermal oxidation in 85-200 min.
range. The most important parameter is the length of the
area between locos oxides, which directly affects the
formation of integrated element (IE). The concept are
introduced — "the region length” (a parameter before the
thermal oxidation) and “a useful length” — a parameter
after the oxidation.

Maximum silicon oxide imbalances were identified at
the oxidation time t=85 min., when the time interval of
simulation was [85-200 min.] (Fig. 3). The increase of the
thermal process duration increases stress zone and the
deformation rate, which reached a maximum of t=120 min.
in the three-dimensional structures, minimum — t=90 min.
The stresses formed in the latter case are not as widely
distributed in the local oxide in the three-dimensional
integrated structures. In the case of very strong constant
stresses the defects or dislocations are formed which
completely destroy the structure. This is a consequence of
the decline in a useful length.

At t=85 min. shaped local oxide thickness is 0,508
pm, at t=200 min. — 0,799 pum, the growth rate of ~ 2,53
nm/min. Examination of the LOCOS oxide growth
dependence on time indicates that the three-dimensional
structure of the simulation is least affected by extraneous
factors at time t=90 min.

Fig. 3. Local oxide profile dependence on the local oxidation
process duration (T=1000 °C, Si0,=0,02 pm, SizN,=0,1 pum, a
region length=2 um)

It was found, that the extraneous parameter — the
lateral length (L.x) has linear dependence [85-100 min.]
transforming to the exponential dependence in the range of
[100-200 min.]. Lifting force affects silicon nitride
uniformly over time and always keeps exponential
dependence [85-200 min.].

The assessment of temperature. Temperature is a
significant LOCOS technological parameter of oxide
formation process in the three-dimensional structures. The



oxide growth rate increases at the higher temperature,
because the oxygen atoms or oxygen—containing molecules
move deep down through the oxide and the reaction speed
depends on oxygen diffusion rate.

Three-dimensional local oxide parameters
dependence on the local oxidation process temperature was
simulated when the oxidation time t=90 min., temperature
range from 900 °C to 1250 °C. Simulated three-
dimensional structures are presented which reflect the
thermal oxidation process impact most.

After the evaluation of stress distribution the lowest
degree of deformation in the structure has been achieved
after thermal process at 900 °C (Fig. 4) temperature, but
the useful length is only 0,584 um — area for IE formation
is deformed, the lateral oxide and lift-up of the silicon
nitride is the largest from the investigated cases: L,,=0,708
um, Hy,=0,0568 um.

Three-dimensional local oxide thickness is
recommended of 0,3 um up to 1 um. Thickness of local
oxide formed at thermal process temperature 900 °C is
0,209 um, in this case it is needed to increase the
temperature of the thermal process, otherwise impurities
redistribute in the source and drain regions and
significantly increase the parasitic capacitance between
source and drain regions in the three-dimensional structure.

According to the simulation results the minimum
lateral oxide and lift-up of the silicon nitride masks
(Lyx=0,301 pm, H,=0,024 pm) is characteristic to the
structure simulated at the oxidation temperature of 1100
°C. Local oxide thickness — 0,763 um, useful length —
1,398 um. Growth rate variation (from 900°C to 1100 °C)
~2.77 nm/°C.

In the process of local oxidation the lateral oxide
length has no linear dependence in the range [900-1100
°C], as opposed in the [1100-1250 °C] temperature range.
Silicon nitride is acting lifting-up force and uniformly
always keeps exponentially decreasing function over time
dependence on simulating [900—1050 °C] the range, and
in [1050-1250 °C] temperature range of growing
unevenly.

The assessment of thin silicon oxide thickness. The
exchange of variable "A" [3] of the silicon oxide thickness
formed before the oxidation process, effects for LOCOS
were simulated in three-dimensional structures.

It was found from the simulation results that the
silicon oxide formed before the oxidation process
practically does not affect local oxide thickness (Fig. 4): at
0,01 pm — the thickness of LOCOS 0,488 um, when 0,03
pm — 0,493 um i.e. 1% increase in local oxide thickness. If
silicon oxide is thinner before oxidation, the higher
deformation forces affect the LOCOS oxide after
oxidation. Silicon oxide thickness (formed before
oxidation) increase of 0,01 um and lateral oxide length
increased by 14% reduces the useful length by 28%,
because the oxygen diffusion through the oxide also
formed lateral oxide under Si;N, mask. Plastic deformation
begins (Fig. 4) and stresses are greater below the oxide
edge resulting in a destroyed three-dimensional integrated
structures. The longest useful length 1,294 um was
obtained when Si0,=0,01 um. If SiO, thickness change by
0,01 pm, useful region length shorten from 1,294 pm
(Si0,=0,01 um) to 0,97 pm (Si0,=0,03 pm), i.e. 25%.
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Fig. 4. Local oxide profiles dependence on the silicon oxide
thickness, formed before the oxidation process (t=90 min,
T=1000 °C, SizN4=0,1 pm, region length=2 pum)

For three-dimensional integrated structure and its
three-dimensional elements (if it’s the field-effect
transistor) the assessment of a silicon oxide thickness
could be impacted by the mathematically calculated output
characteristics (Fig. 5).
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Fig. 5. MOS transistor output characteristics (L=0,5 um, B=3
um, Ugp=(3V, 5V), Ups=25V, U,=1V) dependence on the silicon
oxide thickness, formed before the oxidation process (SiO,
[0,01+0,03] um, t=90 min, T=1000C, Si ;N,=0,1 pum, region
length=2 pm)

It was found that the output current is reduced three
times if the oxide thickness is increased from 0,01 to 0,03
pm.

Since the gate voltage increases the the electron
concentration in the channel increases also, when the
thickness of the silicon oxide is 0,01 um the output current
is 6.97 mA. If the voltage Ugp =Ugg —U pg falls below

the threshold voltage, the inversion layer disappears near
the drain, but current flow through the transistor continues:
channel drifting electrons reach the end of the channel
layer and the output current reaches 9,207 mA, when Upg
=25V i.e. increase of 25%.

The assessment of silicon nitride mask thickness.
There are important technological and structural
parameters during the production processes in the three-
dimensional integrated structures. It is necessary to
evaluate silicon nitride layer influence on LOCOS
formation.

It is difficult to prevent oxygen diffusion through the
oxide and lateral oxide under Si;N, mask is formed during
the thermal oxidation. Thicker silicon nitride layer is
formed by the thermal processes which make the lower
potential to nitridation process. The formation of thinner
silicon nitride mask creates greater opportunities to
formation of lateral oxide, i.e., to greated lift-up of the



silicon nitride mask edge. Formed stress reaches ~ 3,25-10°
Pa throughout the area, a useful length — 0,994 pm
(Lox=0,503 um, H,,=0,0492 um) (Fig. 6).

Fig. 6. Three-dimensional local oxide parameters dependence on
the silicon nitride thickness (=90 min, T=1000 °C, Si0,=0,02
um, region length=2 pm)

It was received that minimal stresses (10° Pa) act
when nitride thickness is at 0,10 and 0,12 um; here the
opposite polarity stresses strongly dominate.

It was found that a region length is 2 pm before
oxidation and the maximum useful area length — 1,184 um
was met with nitride mask thickness of 0,1 pm; minimum
— 0,806 pm in the nitride mask thickness of 0,12 pum. Ly
parameter does not have exponentially decreasing
dependence of H. parameters in the three-dimensional
integrated structures. Theoretically two exponential curves
are expected, but such dependence can be eliminated in
simulation results by lateral oxidation and strong structural

stresses, create maximum useful length in the three-
dimensional integrated structures.

Conclusion

1. The finite element method was used to create
structures — the three-dimensional MOS and V-MOS
transistors, which estimates redistribution of impurities
caused by thermal oxidation process in integrated three-
dimensional structure.

2. Redistribution of impurities in the thermal process
is very important for the production of three dimensional
integrated structures of increasingly higher integration
degree.

3. It was found during the modeling that rational
parameters of the thermal process creating the LOCOS in
the three-dimensional integrated structures are t=90 min,
T=1100 °C, Si0,=0,02 pm, Si;N,=0,1 um.
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