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ABSTRACT

Shallow trench isolations (STI) process needs care
optimization of thermal annealings in order to minimiz
leakage currents which may result from excessive mecha
cal stresses. Due to its intrinsic three-dimensional structu
conventional 2D process simulator is no more relevant. T
paper examines stress generation in STI using for the fi
time a 3D fully non-linear viscoelastic oxidation mode
implemented with the Finite Element Method.

Keywords: isolation, viscoelasticity, raman, anisotropy.

1.  INTRODUCTION

Increased density in Si-based integrated circuits (IC)
obtained thanks to compact STI that are intrinsically thre
dimensional structures. The major drawback of STI is t
increase in the substrate dislocations generation due to
combined influence of mechanical stresses and high temp
ature processing on implantation defects [1]. Thus, elimin
ing these dislocations partly requires to identify and
reduce the sources of stress throughout the proce
Although the measurements significantly contribute to t
understanding of the stress-induced problems, they su
from a lack of resolution (i.e., around 0.5µm for micro-
Raman profiling technique). Recently, local stress fiel
associated with isolation trenches have been analyzed. H
ever, due to the extremely complex nature of the proble
the investigations were limited to two dimensions [2], o
simplified three-dimensional (3D) analysis [3]. This pap
examines stress generation in STI using for the first time
3D non-linear viscoelastic oxidation model. After havin
demonstrated the correct prediction of the silicon dioxid
shape as well as that of the stress level in the underly
substrate for different isolation structures (LOCOS an
STI), the effects of oxidation on the stresses, taking in
account the anisotropy of the silicon substrate, are stud
revealing the value of a real 3D analysis.

2.  STRESS MODELING

The initial strain condition induced by the net volum
expansion of the oxidation reaction is defined by the we
known Deal and Grove law. The resulting stress profile
the entire structure is computed assuming that silicon is
-
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elastic material while silicon dioxide (SiO2) and nitride
(Si3N4) are non-linear (Eyring) viscoelastic bodies. Two dif
ferent methods have been developed to solve the stresse
silicon: the boundary loading (BL) and fully-integrated (FI
methods, respectively [4] (Fig. 1). The second one, mo
accurate, is very computationally intensive in 3D and is on
used for short time oxidations. Finally, the effects of stress
on the oxidation kinetics (diffusion coefficient and reactio
rate) are also included.

This oxidation model has already been implemented
our two dimensional process simulator IMPACT-4 and ca
brated indirectly by reproducing accurately the shape of t
most popular isolation structures [5]. In the next section, w
will validate further this calibration by comparing directly
the calculated and measured stresses.

The meshing task in our model can be described acco
ing to the following scheme. In an initial step, a tetrahedr
mesh of the structure is generated using either MESH fro
ISE-AG or TETMESH from SIMULOG [6]. Then, a new
SiO2 layer of infinitesimal thickness is generated on a
interfaces between oxidizable and non-oxidizable materi
preventing all discontinuous or singular displacements
mesh nodes. The changes in the geometry are describe
the displacement field computed during the oxidation tim
step. In order to keep the same mesh resolution and qua
during the simulation, nodes are either introduced or dele

Silicon

Silicon

Nitride

Nitride
Oxide

Oxide

Free nodes

Fixed nodes

Initial strain
condition for
oxide volume
expansion

Boundary forces
resulting from
viscoelastic
calculation in
silicon dioxide
and nitride

a)

b)

Figure 1: Schematic description of the a) boundary load
and b) fully integrated method to calculate the stresses
silicon during an oxidation step.
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from the initial mesh. If this procedure fails, a complet
remeshing of the structure is performed, preceded by
improvement of the surface discretization [7].

Finally, to analyze a complete process flow, many oth
sources of stress need to be considered. Among them,
can simulate theintrinsic stress that developed during film
deposition, thethermalstress due to thermal variation, an
the extrinsic stress, induced by structural modification
(e.g., shrinkage during densification).

3.  CALIBRATION

First of all, an accurate calibration of the model in 2D
required. Fig.2 illustrates the simulated isolation structu
together with the corresponding SEM photo.

The process flow is as follow: after trench etch, a 20n
sidewall oxidation is grown, followed by a 550nm LPCVD
TEOS deposition and densification in wet ambient at 850˚
We can observe from Fig.2 that the thermal oxide grow
during the densification is thicker on the vertical sidewa
than in the STI bottom. This is mainly due to the high oxida
tion rate on [110] crystallographic plane. Moreover, the sim
ulation captures the re-entering corner effect.

Raman spectroscopy with ultraviolet excitation (UV
Raman) is used to measure the stress locally resolved
Micro-Raman measurements involve focusing laser lig
onto a sample. Mechanical strain affects the frequencies
the Raman mode of the crystal by shifting the Raman pe
The amount and direction of the shift corresponds to t
magnitude and sign of the stress (positive shift for compre
sive stress and negative shift for tensile stress). Fig.3 co
pares the measured and calculated Raman shifts a
sidewall oxidation and after wet densification, for three si
con mesa widths (3µm, 2µm and 1µm). The simulation
takes into account all the sources of stress (i.e., intrinsic a
thermal stresses, oxidation-induced strain and TEOS de
fication). Due to the symmetry of the structure, only half o
a pattern is simulated with appropriate boundary condition
The high intrinsic tensile stress of the nitride film generat

Figure 2: Simulated STI structure (left) with the corre
sponding SEM photo (right), after wet densification a
850oC. Silicon crystal orientations are indicated. The ST
is 0.38µm deep.
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compression in the silicon mesa. After wet densification, t
silicon consumption at the top corners induce high compre
sive peaks near tensile peaks coming from the nitride ma
bending. The good agreement between simulation a
experiment validates the model quantitatively, allowing th
algorithm to be extended just as it is in 3D into DIFOX-3D.1

1DIFOX-3D is an home-built three-dimensional numerical code for th
“hot” process steps (i.e., dopant diffusion and oxidation).
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Figure 3: Comparison between simulated and measu
Raman shifts, for three silicon mesa lengths: a) 3µm, b)
2µm, c) 1µm. Raman data measured at 363.7nm. After sid
wall oxidation (squares: exp; full line: simulation), and afte
wet densification (triangles: exp; dotted line: simulation).
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Fig.4 compares SEM measurement of a LOCOS stru
ture with its corresponding 2D and 3D simulations, where
Fig.5 shows the comparison between experimental and s
ulated Raman shifts for a slightly different LOCOS proce
(measurements from [9]). The results clearly indicates th
the calibration is still valid in 3D, and allow us to study rea
3D geometries like STI.

4.  “3D” EFFECT

In this section, an application of the 3D model is pre
sented. In order to quantify the increase of the stress
island type active areas compared to “long line” ones, diffe
ent STI processes have been simulated. Fig. 6 shows
hydrostatic pressure (i.e., average of the normal stress
distributions in two of these structures after wet densific
tion at 850˚C.One can see that the stress is larger f
square than for line and that it reaches a maximum at
edges as revealed by the 2D cross section of the line str
ture given in Fig. 7a. Looking at the 1D stress profile

Figure 5: Comparison between simulated and measur
Raman for a LOCOS structure grown at 875oC (360 min.)
with a nitride stripe of width 3.5µm and thickness 130 nm;
pad oxide of 10 nm. Raman data were measured at 45
nm. This result includes the intrinsic stress and the oxid
growth contributions.
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Figure 4: Comparison between SEM and simulations pe
formed in 2D with IMPACT and in 3D with DIFOX-3D for
a LOCOS structure. Nitride thickness is 160 nm, pad oxid
15 nm, oxidation performed at 920oC during 360 minutes.
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taken at the center of the active area along the verti
direction (Fig. 7b), we notice that the stress in a square
two times larger than in a line of the same dimensio
Micro-Raman measurements have confirmed this phenom
non [10]. Moreover, we observe that the compressiv
stress reduces once reaching the top of the active a
This phenomenon is due to the reaction to the nitride fil
bending.All these results demonstrate the need for a thre
dimensional analysis of this isolation architecture.

5.  CRYSTAL ANISOTROPY EFFECT

Finally, we investigate the effect of crystal orientation
on the residual stresses for a STI structure. Indeed, Jastrz
ski et al. [11] have demonstrated that defect generation
the vicinity of isolation structures is very sensitive to th
layout orientation. Both the anisotropy of the silicon elast
tensor and the orientation-dependent oxidation rates h

a) b)

Figure 6: Comparison between a) long and b) island act
areas surrounded by a shallow trench isolation. The ac
and isolation areas are 0.2µm wide. The STI is 0.25µm
deep. Nitride and oxide have been removed for vizualisati
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Figure 7: Comparison of the hydrostatic pressure for the
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been implemented. Fig.8a describes the simulated struc
and Fig.8b represents the resulting hydrostatic pressure
the silicon after wet densification at 950˚C. We observe th
rounding is more accentuated in the (100) plane compa
to the (011) plane, due to the higher oxidation rate on (11
compared to (100) planes. However, when comparing t
stresses at the Si/SiO2 interface (Fig.9) along the directions
[100], [011] and [111] (the diagonal), we can notice tha
more pronounced rounding leads to much higher compr
sive stresses at the top edges. Moreover, the displaceme
the stress peaks from the initial edge position gives an in
cation of the silicon consumption at the top edges. Con
quently, we can deduce from the hydrostatic pressu
profiles that the silicon consumption is maximum where th
nitride mask effect is the least efficient (i.e., at the “conve
angle” of the nitride film along the [111] direction).

corner rounding

[011]

[011]

[100]

Figure 8: STI test structure (symmetrical geometry, b
anisotropic crystal orientations). a) topology after 950oC
wet densification; b) Final hydrostatic pressure in the si
con.
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6.  CONCLUSION

In summary, an accurate calibration of a viscoelastic ox
dation model has been obtained, by comparison with Micr
Raman and SEM structural characterization. The benefit
the extension to three dimensions, to account for effe
such as those at corners in shallow trench isolation stru
tures, has been demonstrated. Finally, by considering
anisotropy of silicon, it has been shown that the stresses
be reduced by simply changing the alignment of the patte
edges.
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