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Abstract. In the work a complex analysis of the influence of size of components and heating tempera-
ture upon stresses and defect formation in substrates of the Si-SiO, structures is done. It is determined
that alteration of shape and size of components can change stresses in the silicon substrate by an order,
and the increase in heating temperature from 800 to 1100 C increases the defect formation criterion by
two orders. The optimum size and shape alteration range as well as the heating temperature for defect-
free thermal treatment of structures are determined.
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1. Introduction

Stresses in structures influence significantly an accepted
field in microelectronics because of the irreversible
electrophysical changes at the boundaries of IC compo-
nents. The nature of excess stresses which lead to defect
formation is rather complex and depends upon numerous
factors: on substrates and films, concentration of impuri-
ties in the local alloyed areas, crystallographic orientation
of a plate, heating and cooling conditions, size of IC com-
ponents and other factors [1-4].

Although there are a great number of works investigat-
ing stresses and defect formation processes in IC struc-
tures, these problems require further investigation [1-6].
This is mainly connected with a complex and multilayer con-
figuration of the IC structures, which contains a great
number of different stress concentrators (film coating dis-
continuity, impurity, etc.). Thus, the aim of a stress state
calculation in the actual IC structure is three-dimensional
and extremely complicated to solve [1-8]. Nowadays the
influence of heating temperature and size factors (size of a
component, thickness of a film, size coefficient, which is
determined by the relation of component side sizes) on stress
fields being formed in the IC structure is insufficiently ex-
plored.
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The aim of this work is to ascertain the regularities of
size factors and temperature influence on stresses and de-
fect formation in Si-SiO, structures under isothermal heat-
ing.

2. Stresses in semiconductor structures

To achieve the above aim, it is necessary to calculate
thermoelastic stresses in a typical component, which is most
frequently found in the IC structures. One of these compo-
nents is a window in a film (local alloying mask, windows in
a dielectric layer for contacts, metal interconnections, etc.).

Setting the task one assumes that a substrate is an elas-
tic body, which occupies a half-space z = 0. A film with
thickness h contains discontinuity in the form of a window
of axb sizes. In this case, in accordance with [1], around
film sides a concentration of stresses occurs in the film oy,
which affect the substrate with the force of oy [A. Thus, the
substrate is a place for a cascade of elastic displacements,
vector components (u, v, w) of which can be calculated
using the model [10].

Tensor deformation components are partial derivatives
of displacement and are defined by the following expres-
sions [11]:
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For further analysis it is necessary to mention that in
the substrate plane-stressed (a >> A and b >> h) and plane-
strained (a ~ h and b ~ /) conditions can be realized, each of
which is characterized by three stress tensor components
[11]:

e two normal (0, and gy, for plane-stressed condition,
o, and o.. for plane-strained condition)

« a tangent (0, for plane-stressed condition, 0. for
plane-strained condition).

Hereinafter, to convert the expressions of one stressed
condition to that of another, an index change yy - zz, xy o xz
should be done.

In accordance with the Hook generalized law for homo-
geneous isotropic body, expressions for these stress ten-
sor components are of the following form[11]:
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where E, v are Young’s modules and Poisson’s ratio for
substrate material.

Table 1. Glide systems in the face-centered cubic crystal

When stresses exceed the Euler crippling stress (0g), a
plastic deformation takes place in solids, which is followed
by a dislocation generation [1, 3]. Here one should take into
account that single-crystal substrates possess mechanical
anisotropy, and to analyze defect formation one should
calculate resultant shifting stresses — the stress tensor com-
ponent projections on sliding systems corresponding
crystallographic orientation. The calculation is performed
in accord to the Schmidt law using the expressions [12]

Tg = Oy yxO o + Uyl yy Ty +
+ (axx'a yy Ty POxy ©)]

where v, Oy, Ay, Oy, Ay, O, areaiming cosines between
the directions corresponding indexes; x is a normal vector
to a film side (edge force line); y is an axis perpendicular to
axis x; x' is a sliding direction; )" is a normal vector to a glide
plane.

For the plane-strained condition the expression (3) is of
the form:

Tg =0yx07x0xx T Ay 07,0, +

+(axx'az‘z +ax‘zazx')ax21 4

The signs are the same as in (3), with a change y' o z';
Ve Z

To calculate resultant shifting stresses in substrates with
a face-centered cubic lattice (Si, 3C-SiC) one should take
into consideration that glide planes are {111} planes, and
sliding directions are <110>. This corresponds to three slid-
ing directions for each of four available sliding directions.
If one assumes that substrate surface is oriented in direc-
tion (001), then analysis of the Thompson octahedron pro-
jection on the analyzed structure (Fig.2) gives 12 virtual
sliding systems in the substrate (Table 1).

Glidesystem Glidedirection Glideplanes
I5| 110 (121)

Ts) 101 (111)

5 011 (111)
Ts [11d 11)

Tss ho1 11)

Tse 011 (111)

57 h10] (119)
Tsg 011 (111)
Ts9 107 (119)
Ts10 [110] (1 11)
Tsi 101 (L11)

Ts12 011] (111)
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Calculating resultant shifting stresses for each of 12
sliding systems, one must take into account an edge force
line, which is in agreement with a normal vector to a compo-
nent edge (axis x) and the angle between sliding planes
{111} and plate plane (001), which makes 54°74'.

The results of resultant shifting stresses calculations in
various sliding systems for plane-stressed and plane-
strained conditions are given in the Tables 2 and 3, respec-
tively.

According to the data given, resultant shifting stresses
for examined structure can be combined into three groups:

T1=Tg =Ts4 =Ts7 =Ts10

Tp=Tgp =Tg3=Tgg =Tgg
I3=Tg5 =Tgs =Ts11 =Ts12

The analysis shows that within a group resultant shift-
ing stresses for the examined structure are symmetrically
distributed and correlation between their absolute values
is observed [9].

The Euler crippling stress depends on temperature and
is defined by the expression [1]

Table 2. Resulting shear strains in the substrate characterized by a plane-stressed state

Glide system Edgeforcedirection
[110],[110] [110],[110]

. Ll r0) L -4)
s Loy Loy, 40,)
o, e,
T 24 -04)
Loy 2o v0)
. [, P,

. L, -0,) Loy v0)
. Zfouran) 2y -0n)
o, s,

Tsii _(Uyy+‘7xy) ?(Uxx‘axy)
2 o) 2 o0
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Table 3. Resulting shear straines in the substrate characterized by the plane-deformed state

Glide system Edgeforcedirection
Upper sign for [110] Upper sign for [1i0]
and the lower one for [1 10] and the lower one for [110]
2
Tg| 0 3 [Ty
J2 1 E\E—l 1
s 3 Ixx ‘gazziET Xz "0z F30x
B o1 e 1
T3 3 XX 3 2z —E 3 XZ =0zz7 _go'xz
2
[ 3 [Ty 0
+1 ﬁo’ —}o' + E‘/E__l
Ts5 §Uzz+§0xz 3 XX 73 zz—E 3 XZ
1 1 J2 1 E\E—l
-Z += —Oyx ——=0z7 £ 54—~
Is6 3Uzz—3axz 3 Ixx 7392z E 3 XZ
2
Is7 0 § m'xy
2 o1 [fe-1 _
Tsg 3 XX 3 2z E 3 XZ gO’ZZ +§O'XZ
@O' —EO' $E‘/§__1 1 +
Tgy 3 XX 3 2z E 3 XZ go—zz _go'xz
2
Ts10 3 [Ty 0
+ 1 ﬁo’ —io‘ iE‘/E__l
Isu gazz—gaxz 3 Ixx 39z E 3 XZ
T Qg —lo‘ $E‘/§__1
Is12 §Uzz+§0xz 3 Ixx 7392z E 3 XZ
1 U Introducing defect formation criterion as Tto Tg ratio,
og (T) =H E{g)ﬁ expBWE (5)  wecandefine conditions and areas of structure, where dis-
n

where H = 4.5003[dyne/cm?] and n = 2.9 are constants;
U = 2.3[eV] is plastic deformation activation energy;
£=9007[s™']is rate of deformation; k = 6.8500[eV/K] is
the Boltzmann constant [1].
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location generation takes place[13].

Using the model for calculation of elastic shift vector
components and expressions (1-5), one can evaluate re-
sultant shifting stresses distribution in substrate with a
window in dielectric film and through their comparison with
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the Euler crippling stress analyze the influence of size fac-
tors as well as heating temperature, on defect formation in
substrates.

2. Stresses in the Si-SiO, structure

As an example we will study a silicon substrate, where by
thermal oxidation under 1100°C temperature a SiO, oxide
layer of 4 = 1 jum thickness was formed.

Stresses in the film gycan be defined by such formula:

O = Oy + Oy, (6)

where 0;,, are stresses generated by formation, oy, are
thermoelastic stresses.

Stresses in the SiO, film can be defined within the model
given in [14] using Si and SiO, physico-mechanical param-
eters [3]. In [13] stresses in the SiO, film under heating to
800°C were determined: 0;,, = —2.1000° din/cm?; 0y, =
2.55[0° dyne/cm?; or=4.5 10® dyne/cm?.

In this case, calculated according to the model given
above, stress tensor component distributions Oy, 0y, Oy, in
substrate with a film window is of the form represented in
the Fig. 3. The calculation was performed in an area of
200%200 pm? (the window dimension is axb = 100x100 pm?)
with a 6.6 um step.

Analysis of the calculation results shows total corre-
spondence to the regularities given in the works [1, 3—
5,10,11]:

e stress tensor component concentration around win-
dow film boundaries;

e distribution symmetry in relation to the plane pos-
sessing window boundary and center of window;

e change of the normal stress tensor component char-
acter at the film boundary.

In the Fig. 4 calculation results of the stress tensor com-
ponent maximum values for different size elements in de-
pendence on a shape coefficient are represented. In the
calculations a size coefficient changed from 0.1 to 10, when
bla<1 a=const was taken, and when b/a > 1 b = const was
taken. The calculation was performed by such technique
for axb = 100x100 um? and axb = 10x10 pm? sized struc-
tures.

Analysis of relations shows that conversion from
100x100 pm?sized components to 10x10 pm?sized compo-
nents changes stress tensor component maximum values
by an order. Moreover, the change of size coefficient up to
one order causes almost 10-fold increase in normal stress
tensor component maximum values and weakly influences
tangential components.

In the Fig.5 represented are calculation results of the
maximum value defect formation criterion dependence on
an element shape coefficient for its different sizes. The cal-
culation was performed by the same technique as the de-
pendence calculations represented in the Fig.4.

Analysis of the represented results shows that for
100x100 pm?sized components, in the shape coefficient vari-
ation range studied, defect formation does not take place.
Whereas for 10x10 pm?sized components, if 0.25 < bla > 4.0,
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defect formation in substrates takes place. Furthermore, it
is necessary to note, that 7, when b/a > 1 and 13 when b/a <
1 exert guiding influence on defect formation criterion
maximum values, thus, hereafter, analyzing heating tem-
perature influence we will study only these components.

Heating temperature variation influences an IC com-
ponent stressed condition and changes crippling stress.
In the Figs 6 and 7, represented are dependences of de-
fect formation criterion maximum values calculated for
different heating temperatures on shape coefficient for
100x100 pm? and 10x10 pm? sized components, respec-
tively. Analysis of the data introduced shows that decrease
in component sizes reduces the variation range of the
shape coefficient and heating temperature that does not
cause defect formation in substrates.

Conclusions

In the presented work, an analysis of resultant shifting
stresses in face-centered cubic crystals under plane-
stressed and plane-strained conditions is performed.

Moreover, a complex analysis of the influence of a
typical IC component size factors and heating tempera-
tures on stresses and defect formation in the Si-SiO, struc-
ture substrates is done. It is determined that size factors
can change stresses in silicon substrates by one order,
and heating temperature growth from 800 to 1100 °C
increases defect formation criterion by two orders.

Optimum shape coefficient and heating temperature
variation range for defect-free thermal treatment of struc-
ture are determined.

Analysis of the data obtained shows that optimizing
technological regimes of thermal treatment one should
take into account size factors. In case of component size
decrease, stresses in substrates increase even under the
same thermal treatment regimes.

The results introduced can be used in optimization of
thermal treatment regimes when designing and manufac-
turing IC, as well as in researches of technological proc-
esses in microelectronics activated using laser, electron-
beam and photon irradiation, as they allow to calculate
modes of local dislocation arrangement generation [15].
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