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Stresses and dislocations in substrate layers near the surface covered with rectangular islands of the
film are analyzed. The characteristic features of equilibrium dislocation configurations are found.
The major formulae are considered to estimate the shear and normal stresses in a substrate by
equilibrium dislocation configurations. For systems as germanium-Si;N, or -Si,N, - Si0, films
the stress levels due to Si;N, densification at 800 °C heat treatment are determined. The effect
of Ga diffusion into areas of the free substrate surface on the dislocation appearance is discussed.

Ha rauyecrBeHHOM ypoBHE NPOAaHAJIN3NPOBAHBI HAUPAMKEHUS W IUCJIOKAIMU B IIPUIIO-
BEPXHOCTHBIX CJI0HAX MTOAJIOKKH, TOKPHITOIl IPAMOYIOJALHBIMI OCTPOBKAMU ILJIEHKH.
OnpejesieHbl NIPU3HAKN PABHOBECHBIX [IMCJI0KAIMOHHBIX KOHQUUrypanuii. PaceMoTpensr
OCHOBHBIE (JOPMYJIbL, ITO3BOJIAIONNE 10 PABHOBECHBIM AMCJIOKATIMOHHBIM KOH(UITY paLlisIM
OLeHUBATL C/BUI'OBBIC 1 HOPMaJbHble HANPsKEHUs B 100k Ke. L7189 cucrembl repma-
Huii-rtenka Si;Ny nan miaenxa SN, 4 SiO, onpejedensl ypoBHU HANPSKENHI, 00ye-
CJIOBJIEHHBIX yIJIOTHeHueM SigN; npu tepmoodpadorre 800 °C. OdcyiiaeTcss BINAHUE
muppysun Ga B OTKPLITBIE YUACTKU 110/IJI0KKN HAa TOABJICHUE JMCI0KATIMIL.

1. Introduetion

Semiconductor-island dielectric film structures are widely used in microelectronics.
Near the islands there arise stresses [1, 2] due to the misalignment of the thermal
expansion coefficients of film and substrate, to the diffusion into free parts of the
substrate surface, as well as to the film densification especially marked in pyrolitic
dielectrics. These stresses can cause the appearance of dislocations [3 to 7]. Since
a correct theoretical analysis of stresses in these systems is difficult, the latter can be
estimated by equilibrium dislocation configurations as it has been done for continuous
tilm structures (cf. [6], p. 222, and [7]). The present paper deals with dislocation con-
figurations arising beneath islands of a simple form, and with estimating stresses in
the system.

2. A Qualitative Analysis

Here a distribution of normal and displaced stresses in a crystal area adjacent to the
film—substrate interface and the analysis of the shape of equilibrium diglocation con-
figurations near the film islands are given.

2.1 Stresses in a crystal

We consider the stresses in layers parallel to the interface and placed at small but
non-zero distance from it. We confine ourselves only to the case of the tensile film
since for the compressed one the considerations are similar. Suppose that the smallest
size of an island in the film plane (x0y) be many times greater than its thickness.
Then the compressing normal stresses under the central part of the islands 1 to 3
(Fig. 1a) 0,;, =~ 0,, and are independent of coordinates 2 and y (Fig. 1b). Under the
unclosed part of the crystal surface to the left of the island 1 ¢,, has a maximum near
the edge of the island and tends to zero with distance. For some islands a superposi-
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tion of o,, takes place (Fig. 1b). With increasing distance from the interface inside
a substrate o,, decreases and becomes zero on the neutral surface. The latter is due
to the fact that the island film bends the substrate in a similar way as a continuous
film of less thickness.

The dependence of shear stresses 7., on « (Fig. 1¢) follows from the consideration
of a bend of atomic planes normal to the interface (Fig. 1a). Under the central part
of islands and open areas of the crystal surface there is no bend and 7., = 0, and near
the edges the bend and 7., are extreme. A similar distribution of 7., was considered
in [8].

2.2 Equilibrium dislocation configurations

In a homogeneous field of stresses a dislocation loop with size greater than the critical
one unlimitedly expands. In case of an inhomogeneous field a dislocation may have
an equilibrium position. If Peierls stresses are neglected, then with equilibrium
dE = dA, where dE is the variation of dislocation energy and d4 is the work in the
field of stresses at infinitely small dislocation displacement. One can show that this
equality is equivalent to the known expression

E

Tb:ﬁ’ (1)

where 7; is the shear stress along the slip direction, b the Burgers vector, and R the
radius of dislocation curvature. Consider the equilibrium configurations near the
square and rectangular islands of the film. We begin our analysis with the isolated
square island ABCD (Fig. 2a). The slip plane of the dislocation (20y) is parallel to the
interface and close to it. Near the island edges shear stresses are extreme (Fig. 1¢),
therefore it is more likely that the dislocations arise there. 7., and 7., are equal to zero

on the intercepts of EF and GH, respectively. Thus, on EF 7, = 0 for b, || SG. Further
such lines will be called the lines 7, = 0. The loop 1 coincides with the central part
EF, surrounds the part of square where - b > 0 (vector T = 7,,% + 7.,j), and be-

cause of linear tension does not pass through points E and F. For loop 2 (b, || S:f),
line 7, = O is the diagonal BD. The loop with b direction between b, and b, occupies
an intermediate position. Taking account of the fact that the square has a fourth-
order axis, the equilibrium form of the dislocation loop with arbitrary b can be re-
presented.

Now we consider the equilibrium dislocation loops arising near islands of elongated
rectangular shape. At the points which are removed from the short sides AD and BC
(Fig. 2b), 7., = 0. Therefore, on the segment SS’, being at equal distances from AB
and CD, 7 = 0, and, consequently, SS’will be involved into any equilibrium loop with b
non-parallel to a short side of the island. Near the vertices of the rectangle, ¥ are the
same as near the vertices of the square. Therefore, loop 2 in Fig. 2a and the loop with
similar b in Fig. 2b have equal form near B and D. As Fig. 1¢ shows, for adjacent is-
lands the lines 7, = 0 arise not only inside the islands, but also between them. Fig. 2¢
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Fig. 2. Equilibrium configurations of dislocation loops under the film islands. a) Square island;
b) rectangular island; ¢) interaction of dislocations under the rectangular islands

demonstrates loops 1 to 4 having a common slip plane and b, = b, = b, = —b;.
A distinguishing feature of the equilibrium of such loops is the symmetrical position of
straight mutually repulsive dislocation intercepts relative to the line 7, = 0.

3. Results and Discussion

Ge (111) substrates of 0.5 mm thickness doped with Sb up to the concentration
6 < 10Y cm~3 were used. Two-layer films Si,N, (1200 A) 4 SiO, (500 A) or films

Si;N, (1200 A) were grown (see [6], p. 126). The temperatures of synthesis of Si;N,
and SiO, films were 800 and 670 °C, respectively.

3.1 Germanium dislocation structure

In crystals subjected to diffusion or annealing at the diffusion temperature no differ-
ences of the shapes of dislocation loops have been found, but after 0.5 and 5 h diffusion
the fraction of islands with dislocations was 0.45 and 0.82, respectively, and after
annealing it was only 0.13. In addition to this, after the diffusion the dislocation den-
sity near islands increased, too. For each regime 200 to 300 islands on the two wafers
were examined.

Typical dislocation configurations shown in Fig. 3 have all the features usual for
equilibrium. So, loops 1 and 2 in Fig. 3a and loops 1 to 3 in Fig. 3b have bends towards
the D- or D,-vertex due to the direction b (cf. Fig. 2b). When the depth of loop loca-
tion increases, such bends disappear, as decreasing r results in loop contraction. The
straight segments of loops 1 and 2 in Fig. 3a are at the centre of the island and at the
open area of the substrate (cf. Fig. 2¢), but each one of the loops 1, 2 and of the loop 3
in Fig. 3b is displaced from the centres. This displacement will be used further for the
determination of .

The main complication of loop shapes is their discontinuity due to the two effects.
The first is connected with the exit of screw segments on the surface by means of cross-
slip. Fig. 3¢ shows a group of loops produced by the same source. As the diffraction
analysis showed, the exits of dislocations on the crystal surface (see area marked by I)
lie along a line parallel to b, showing that the screw segments of all the loops have cross-
slipped along the same plane. The exits of loops 1, 2 (Fig. 3a) and 4 (Fig. 3b) are also
due to cross-slip, dislocation segments affected by linear tension near the exits being
displaced toward the island edges against the external stress field 7.,.

The second reason of loop discontinuity consists in the non-parallel alignment of
(111) and the substrate surface. Fig. 3b shows two groups of dislocations having passed
out of the crystal on the surface along the traces (AB and A,B,) of the slip plane (111).
Each of these dislocations displaces the substrate relative to the film by b, which is
the cause of the elastic displacement of Ge and the black—white contrast on lines AB
and A;B,. Earlier (cf. [6], p. 222 and [7]) step images at the interface Ge-SiO, (con-
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Fig. 3. Typical forms of dislocation loops;
g = [220]. a) After annealing; b) and c¢) after
5 h diffusion

tinuous film) were observed by X-ray topography for dislocations gliding on inclined
{111}. As in the cross-slip situation the linear tension displaces the dislocation ends
against the external stress field towards the points B and B,. We think that variations

of the loop form affected by linear tension near the line 7, — 0 are additional evidence
of the equilibrium configuration.
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Note that loop 5 interacted with the dislocation glide on the tilted plane {111}
and reached an adjacent island. The dislocation interaction is not considered in the
paper, but it is interesting that the sign and radius of curvature of loop 5 between the
islands qualitatively corresponds to the sign and the value of the field 7.,.

3.2 Estimation of stresses
3.2.1 Stress determination from equilibrium pile-up of rectilinear dislocations

To find 7., and o4, in a crystal near the surface, we determine 7, from the equilibrium
conditions of rectilinear dislocations in a pile-up located close to the line 7, = 0
(Fig. 3 a, b). The above equilibrium of the rectilinear dislocation of the pile-up is
achieved if

bTb:P+ij, (2)
where P and Pj,, are forces of interaction with the rest of the pile-up dislocations and
their images, respectively. For two dislocations with equal b,

B Peied
Gb (bln a+0082 a)’ 3)

dar \1 — »

where @ is the shear modulus, » the Poisson coefficient, « the angle between the dis-
location line and b, and 27 the distance between the dislocations. P;,, can be more sim-
ply estimated if the image dislocations are placed in positions symmetrical to the initial
dislocations relative to the crystal surface. The dislocation interaction with its own
image can be neglected, since the slip plane makes a small angle with the surfac of the
substrate. Then, for a case of two dislocations with equal b and a common slip plane,

G'h2 r sin? « 72 — h2 . i 4
4_%?2+h21~v*r2—|—h§—rbosa’ )

where % is the depth of the dislocation position. When analysing the pile-ups contain-
ing three and more dislocations, P and Pj,, have several elements computed by (3)
and (4).

The quantity 7, defined by (2) to (4) can be expressed, on the other hand, through the
stress tensor o. Near the central part of rectangular islands 7., ~ 0 and 0,, =~ g,,;
then o = 0,.(i + jj) + 7..(ki + ik). Everywhere in Section 3.2.1 the considerations
given for the centres of islands are true also for those of open areas of the crystal
surface. Let the angle between the planes (20y) and (111) be equal to ¢, and the trace
(111) in the (20y) plane make the angles 8 with Oz and y with b. If the unit vectors
along [111] and b are denoted through e;;; and e,, then 7, = (ge;;) - €;, and with
small g,

-pim=

Ty = Tze COS (18 - o ‘)/') — Oggp sin Y (5)
It is seen that with ¢ = 0 or y = 0,
Tp = Ty COS (18 + '})) ’ (6)

(B + 7) being the angle between Oz and b. Here 7, = 0 in the centre of the island, where
7., = 0 (Fig. 1¢). When ¢ and y are not equal to zero, line 7, = 0 is not situated in the
centre of the island. Fig. 3b illustrates the displacement of rectilinear intercepts of
dislocation loops from centres of islands and open areas of the substrate. 7., and o,
can be found by the known value 7, if in the centre of the island 7., is taken linear in 2
and o,, = const. We'choose the origin of coordinates to be in the island centre (Fig. 4a).
According to (5) 7y is also linear in @ near the origin (Fig. 4b). With some @ = x, the
stress 7, = 0; therefore, the two dislocations (e.g., 1 and 2 in Fig. 3b) lie at the points
x, == r (Fig.4a). Using equations (2) to (4). one can determine from the experiment the
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Fig. 4. Experimental determination of shear stresses:
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R = IL x = +r. Really, according to (5) the lines 7,,(x) X
e:: i - % cos (B + y) and 7,(x) make equal angles with the
5 E N axis Ox. As the first line passes through the origin
§ plE=——i W =t and the second one through z,, one can write
e B C i i
g | Ea%e @y Telay, - 7)
% 8 0 8 1o Tl 0] =———2——— 7
X (10%cm)— ) cos (B +7) v
According to (5) Ty = —0.@ sin y at & = 0. From the similarity of the triangles located
near the point x, (Fig. 4b) it follows that
ZoTo(Tg — T
o == E o 0. _) (8)

re sin

For an experimental determination of 7,(x, £ r) pile-ups of two or three dislocations
were used. The loops having exits on the surface because of non-parallel alignment of
(111) and (x0y) were analysed, since % is easily determined for them. The angle ¢
measured by an X-ray diffractometer was not greater than 3°, and h was 3 to 15 pm.
The effect of the film on P, [9] is neglected as the film thickness t; <h. 0,y =
— (2 to 8) X 107 dyn/em?, calculated by equation (8), have opposite signs, but about
the same values for islands and open areas as they have nearly the same dimensions
(120 % 650 and 104 X 650 um?). Fig. 4¢ shows 7., evaluated from (2) to (7). Both
0., and 7., are about the same for all treatments of specimens, both for one-layer and
two-layer films. The accuracy of calculating 7., is about 509, since the account of
- P, was simplified. Besides, the width of the dislocation image on the topographs is
comparable with the distance between them. The accuracy of determining o, is
several times lower, since a wide image of the island edge does not allow an exact
determination of x.

To make a rough estimate of the normal stresses in the island film, o;, we assume
04, in the substrate near the interface and far from the film edges to be equal in island
film-substrate and continuous film—substrate structures, the other parameters being
equal. If ,, = 5 X 107 dyn/cm?, then according to [10] 6; = s[4t = 6 X 101 dyn/
cm?, where £, is the thickness of the substrate.

3.2.2 Determination of stresses from the curvature of the equilibrium
dislocation loop

Formulas (2) to (4) and (1) allow to calculate 7, by independent ways. To eliminate the

influence of adjacent dislocations using (1), it is necessary to analyse single loops. The
further account of 7., is possible only in centres of islands and uncoated areas using
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(7). as well as at the film edges for which far from the short sides o = 7,,(ki + ik) and
(6) holds, though ¢ and y are not zero. 7, estimated by (1), (7), and (1), (6) are shown
in Fig. 4c. It is seen that calculations by (1), (7), and (2) to (7) give close results with
comparable accuracy. The mean level of 7., at the edges of islands is 6 X 10% dyn/em?.
Each of the values determined in any way is the result of three measurements on an
a\‘erac__ze.

Fig. 4d shows the dependence 7,(x) calculated by (1). Note that in some cases the

loop intercepts lie along rectilinear Peierls valleys. These configurations have not been
used for the calculations.

3.2.3 The main factor causing stresses

The calculated o,, and 7., are not due to diffusion since they do not depend on the
conditions of specimen treatment. The other possible causes for stresses to arise are
the dielectric densification (see [11], [6], p. 222, and [7]) and different thermal expan-
sion coefficients of materials (xge = 6 X 107%; ago, =5 X 1077; agn, = 2.76 X
> 1078 K71 [12]). To determine the main cause we estimate the stresses in the film,
gy, occurring due to cooling. In approaching an infinitely thick substrate, op =
= E{ay — ag) (Ty — T,)/(1 — »¢), where index ,,f*“ refers to the film and ,,s* to the sub-
strate, T, is the temperature for which o is calculated, and 7, is the temperature of
svnthesis. For Si,N, T\) = 800 °C, for SiO, — 670 °C. If o, is taken to be caused by
cooling, then 7', is the minimum temperature (300 °C, [13]) at which dislocations in
Ge can move at the distance recorded by X-ray topography. According to the calcu-
lation gp In a one-layer film and the average oy in a two-layer film are equal to
2.6 < 10 and 2.3 < 10° dyn/em?, respectively. As g << gy, the stresses in the system
are due to the densification, and no appreciable displacement of dislocations arises
during the cooling of films. Islands of the film and free areas of the substrate are elon-
gated, and the substrate under the islands is compressed. As o,, and 7., for one-layer
and two-layer structures are equal, they arise mainly due to Si,N, densification. The
o; values obtained are in reasonable accordance with oy = (1.2 to 1.8) x 10'° dyn/em?
in a continuous annealed film of Si,N, on silicon [14] and is one order of magnitude
greater than in a continuous pyrolitic SiO, film on Ge (see [6], p. 222, and [7]). An
estimate of the volume densification of Si;N, carried out in a way similar to [6, 7] for
Si0, gives AV/|V = 109%,.

3.2.4 Peculiarities of the stressed state after diffusion

Diffusion causes more dislocations than annealing though the stresses at the depth of
3 to 15 um as shown in Sections 3.2.1 and 3.2.2 are about equal. For discussing these
facts let us compare the stresses on Ge due to dielectric densification and Ga diffusion
(the Ga diffusion coefficient at 800 °Cis 2 x 10713 em?/s [15]). The strain of the diffu-
sion layer, &;, is estimated in the approximation of an infinitely thick substrate since
after 5 h diffusion from a constant source the p-n junction depth is = 4 pm, that is
130 times less than the substrate thickness. Taking the Ga atoms to be non-compressed
(evaluation of ¢4 from the maximum), we have according to [16] e4=3[(1—»)/(1+ »)] X
X [(re—rq)[rs] (n/n,), where rq and rg are covalent radii of diffusing and matrix atoms,
respectively (rqy = 1.27 A, r, = 1.22 A), % and #n, are the atomic numbers of diffusant
and matrix in a unit volume, respectively. The compressing normal stresses due to dif-
fusion are equal to o4 = g4#/(1 — »). Near the surface itself n = 1.1 X 102° ¢cm™3
and g, = 8.6 X lOBIdyn/cm% that is considerably higher than the tension stresses o,
under the open parts. However, already at the depth of 2 ym n = 2 X 10'® em~3 and
03 = 5 X 10%dyn/em?. The estimate obtained explains the equal level of o,, at the
depth of more than 3 um in crystals after diffusion and annealing.
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Now for substrate layers lying deeper than 3 um we qualitatively compare 7.,
arising from the edges of the discontinuous diffusion layer and the dielectric layer.
The signs of these stresses coincide. If thicknesses and elastic constants of the layers
are equal, then the layer having higher normal stresses would cause the greater 7,
in the substrate. Since the thicknesses ¢ of the layers are not equal, we compute a nor-
mal distributed load ¢ arising in the direction of # in cross-sections of the layers. The
quantity ¢, = o, of a dielectric film is 6 X 10° dyn/em. The load of the diffusion
layer, g4, is computed by integrating the product of ¢4 by the depth variation. The
integration is performed within the thickness of a diffusion layer and gives ¢, =
= 2.4 X 10* dyn/cm, being almost completely within a 2 pm thick layer. As an
estimation of ¢; was performed from the maximum, the real values of ¢4 are even lower.
Though being approximate, the calculations done allow to understand why at depths
greater than 3 um the main role is played by 7., due to the edges of the dielectric film.

Returning to the question on the higher density of dislocations after diffusion, we
note the two possible causes of this effect. First, a higher concentration of dislocation
sources can exist in the diffusion layers. Second, near the surface one may suppose
an increase of the fraction of 7., due to the diffusion layer.

4. Conelusions

In the present paper based on the analysis of dislocation configurations around islands
of simple shape the normal and shear stresses in the substrate have been estimated.
Note that for computing stresses in crystals a necessary condition is the equilibrium
dislocation configuration. Consequently, to find stresses under the islands of more
complex shape it is necessary to establish these configurations. The latter can exist for
dislocations gliding in the plane which is nearly parallel to the interface.
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