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Abstract. For semiconductor structure substrates with film coating disturbances we investi-
gated thermoelastic stresses and their effect on defect production at isothermic heating. A
developed mathematical model enables one to optimize the formation and annealing condi-
tions for structures with film coating disturbances during annealing when manufacturing

integrated microcircuits.
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1. Introduction

One of the lines of advancement in microelectronic tech-
nologies is increasing the scale of integration for micro-
circuits. In this case various spatial nonuniformities and
structural defects of the substrate material become com-
parable in size to the integrated microcircuit (IC) ele-
ments, and so have a pronounced effect on the operation
of the latter.

ICsincorporate a great number of layers. Among them
one may recognize semiconductor substrates, epitaxial
structures, isolating layers, conducting layers, etc. An
important peculiarity of the IC structures design is com-
plex configuration of the layers that differ substantially
in their physico-mechanical characteristics. To illustrate,
for silicon substrate, conducting strips, silicon dioxide
films and silicon nitride films the Young’s modulus (E)
values vary from 2(010'° to 1.700! dyne/cm?, the Poisson’s
ratio (V) values differ by a factor of two, and the coeffi-
cient of linear expansion (a7) values lie between 0.5007°
and 42000 K.

The above facts indicate that nonuniform stress fields
may appear in the ICs structures. These fields may have
a pronounced effect on the parameters of IC active ele-
ments, as well as promote defect formation in the crystal
structures. That is why the problems related to both de-
fect production and stresses in the IC structures attract
more and more attention of the researchers engaged in
the IC development and manufacturing [1-4]. The reason
for this is that stresses substantially affect IC parameters,
especially when the technological procedures are used
that involve pulse laser, electron and photon beams [5-8].

When performing the present work, our objective was
to develop a mathematical model describing both the stress
field formation and defect production in the semiconduc-
tor substrate-insulator film structure having a typical for
IC structures nonuniformity, namely, film coating dis-
turbance.

2. Stresses in IC structures

Let us consider the conditions and reasons for stress ap-
pearance in the IC structures. The stress in a film, s;, may
be determined with the following expression:

0= Oint t+ Ot - (1)

Here 0, is the stress that appeared during formation (it
is determined by the film composition and formation con-
ditions); oy, is the thermoelastic stress that appeared dur-
ing heat treatment (it is determined by the film properties
and heat temperature).

The stress that appears during film formation is of
intricate nature. It depends on the technique used to form
the film, as well as on the formation conditions. For in-
stance, in SiO, films prepared using thermal oxidation of
silicon substrate, the stress depends not only on the
physico-chemical properties of the film and substrate but
also on (i) the difference AT = T}, — Ty between the heat
temperature, 7}, and film formation temperature, Trand
(i1) the ratio between the molar volumes of SiO, and sili-
con that has reacted with oxygen, y(y= 4/9 [9]). In this
case one can estimate the s;,( value for SiO, films using
the following expression [9]:
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To estimate the gy, value, one may use the expression
given in [2]:

Esio

Oh :AGTT],, 1 2 (3)
~Vsio,

Here Aar is the difference between the coefficients of

linear expansion for the film and substrate.

The above stresses are distributed uniformly over the
film thickness. The stresses in the substrate are the same
in magnitude as those in the film but opposite in sign [2-4].
One has also to take into account that the microstresses
appear in structures near kinks, jogs and edges of film
coating disturbances (all the above disruptions serve as
the stress concentrators). These microstresses substantially
exceed stresses in the uniform (i.e., lying far from the edges
of film coating disturbances) layer regions [2-4].

Due to spatial nonuniformity of the stress fields, it is
rather difficult to analyze them. Therefore, one has to
make various assumptions when deriving analytical re-
lations. In particular, to estimate the effect of film edge
on the substrate, an edge force is introduced [2]. It has
two components: f(directed along the substrate surface)
and y (directed normally to the substrate surface) [1, 3].
Their values may be determined from the following ex-
pressions [1]:

f: O'f

Y=alf

Here Eis Young’s modulus of the film.

Let us consider a stress concentrator (see Fig. 1). Itis
a semiinfinite semiconductor substrate with an insulator
film region where there is a disturbance. Let x and y axes

Fig. 1. A semiconductor substrate region (2) with an insulator
film disturbance (1).
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be oriented along the substrate surface, z axis be ori-
ented to the substrate bulk, and w be the width of the film
region located on the substrate at a distance o from an-
other region. The edge force components, f and (), are
oriented as was stated above. Then, for such a configura-
tion, the substrate is plane-strained; the stress tensor com-
ponents are as follows:

_ 2 X
O'XX(X,Z)— - WWX‘FGZ)
2
()%(—)? (fy +ar2)
T x2+22 (4)

0. (v,2)=-2L 52X v +az)

T x2+z

2

For an actual IC structure the concentrators are ar-
ranged periodically, their spacing being comparable to
their size (e.g., after photolithography procedure and
etching local regions in the insulator film). Then the struc-
ture presented in Fig. 1 is an elementary stress concen-
trator. A regular system involving 2N elementary stress
concentrators is shown in Fig. 2. In this case one may
calculate the distribution of the stress tensor components
in an isotropic substrate (with allowance made for the
action of adjacent concentrators) using the expressions
given in [2]:

2
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Fig. 2. A regular arrangement of stress concentrators.
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3. Defect production in substrate

It is known that the physico-mechanical characteristics
of semiconductor single crystals are anisotropic. This
anisotropy has a pronounced effect on the defect produc-
tion. In particular, for crystals with face-centered cubic
lattice the dislocation-type defects are located in the
{111} crystallographic planes and are oriented in the
<110> directions. To determine the effect of stresses on
defect production in such crystals, one has to find the
resulting shear stresses, T.

Plastic deformation accompanied by the dislocation
production occurs when the resulting shear stresses ex-
ceed some critical value, g, at which plastic deforma-
tion begins to develop. This critical value depends on
temperature and may be found from the following ex-
pression:

1
R U
op(T)=He eXpEnWE (6)

Here H and n are constants; U [eV]is the plastic deforma-
tion energy; £[s!] is the deformation rate; k = 6.8500
[eV/K] is the Boltzmann constant [2].

After introduction of the defect production criterion
(it is defined as the ratio between t and 0, 7/0g) and plot-

ting its distribution in the (x, z) coordinates, one can de-
termine the regions with 7/0g > 1 where dislocations are
produced. The density of dislocations, N, produced in
the substrate region where 7/0g > 1(at relaxation of the
resulting shear stresses) may be estimated by solving the
following equation in N g [10]:

: 0 %
[%A‘/N_O_A N gis +InD1_ T %
O r o e

ASNgs o (D
g El_ Td %

Here G is the shear modulus; b is the Burgers vector; Ny is
the initial dislocation density in the crystal; K = 8107
dyne/cm is constant; 4 = Gb/3.

Thus, using the above mathematical model (expres-
sions (1) — (7)), one can estimate the effect of heat treat-
ment on defect production in structures, as well as
optimize the formation and annealing conditions for the
structures with film coating disturbances.

T _ 2b1

o KA?

4. Stresses in Si-SiO2 structures

Toillustrate, let us consider a silicon substrate with SiO,
layer (whose thickness / is 1 um) prepared using thermal
oxidation at a temperature 7,= 1100 °C.

Using the values of the physico-mechanical parame-
ters for silicon and silicon dioxide given in the Table 1 and
the expressions (1) —(3), one can obtain that at 7}, = 800 °C
(AT =300 °C) the stresses in the SiO, film are as follows:
Oint = - 2.100° dyne/cm?; gy, = 2.5500° dyne/cm?;
0r = 4.5008 dyne/cm?. In this case the distribution of the
tensor components Jy, 0;. and 0;, for the stress in sub-
strate resulting from the elementary stress concentrator
(Fig. 1) may be calculated using expression (5). Its form
is shown in Fig. 3. The calculations were performed for
the region with w + s = 180 um (w = s = 90 um) in steps of
(w+5)/40 =4.5 pm, N = 5.

An analysis of the results of calculations evidences
that they completely agree with the general rules dis-
cussed in [2-4], namely:

the stress tensor components are concentrated near
the edge of the film coating disturbance;
the distribution of the stress tensor components is

Table 1. Physico-mechanical characteristics of some materials that are used in microelectronics [1].

Material Applications Young’s modulus Poisson’s ratio v Coefficient of linear
E, dyne/cm? expansion ar, 100 K-!
Si substrate 1.700'2 0.27 4.2
Al conductor strips, 6.500!! 0.35 2.5
bonding islands
SiO, insulation, gate insulator 0.72010!2 0.17 0.5
SisN;  insulation, masking layers 0.200'! - 2.25-2.9
340 SQO0, 3(3), 2000
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Fig. 3. Distribution of the stress tensor components [dyne/cm?] in
the substrate with an elementary stress concentrator (shown in
Flg 2) a— Oyy; b - 0.z C— Oy

symmetric about the plane passing through the edge of
the film coating disturbance;

the stress tensor components reverse their sign at
the edge of the film coating disturbance.

If the SiO; film edge is aligned with the <110> azi-
muth at the (111)-oriented Si substrate, then the resulting
shear stress may be determined from the following ex-
pression [11]:

2
T:Uxx_go-zz"-‘/?_’azx )

For the case of an elementary stress concentrator
(Fig. 1) the calculated (with the above expression) result-
ing shear stress distribution in the Si substrate is pre-
sented in Fig. 4 on an enlarged scale, while the distribu-
tion of the defect production criterion is shown in Fig. 5.
When calculating the critical stress value 0, the follow-
ing parameter values were used: H = 4.500° [dyne/cm?],
n=29,U=23[eV], £=9007[s"].

An analysis of the distribution of the defect produc-
tion criterion evidences that, under the considered heat
treatment conditions and structure geometry, there exist
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Fig. 4. Distribution of the resulting shear stresses [dyne/cm?] in the
substrate with an elementary stress concentrator (shown in Fig. 1).
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Fig. 5. Distribution of the defect production criterion in the substrate
with an elementary stress concentrator (shown in Fig. 1).

the substrate regions where the resulting shear stresses
exceed the critical value, and so dislocations are produced
there. These regions lie near the Si substrate surface that
is free from SiO;. Such a conclusion is confirmed by the
experimental results [12]. According to them, oxide films
increase the critical stress in the substrate by 50-100 %.
This is due to healing of submicrocracks and slowing down
the dislocation movement.

An estimation of dislocation density made using expres-
sion (7) gives Ny, = 4.1400° cm™2. When performing the
estimation, T was taken to equal T, (i.€., the maximum
value of the resulting shear stresses), b = 2.7008 cm,
No=10%cm™.

Conclusion

The presented mathematical model enables one to calcu-
late the thermoelastic stress distribution in the semicon-
ductor-insulator structures. Through comparison be-
tween the distribution obtained and the critical stress
value it is possible to evaluate the effect of heat treatment
on defect production in the semiconductor substrates. The
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proposed model may be used for optimization of the heat
treatment conditions to reduce the defect concentration
in substrates, as well as at formation of local dislocation
structures.
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