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Electron microscopy of silicon
monophosphide precipitates in P-diffused

silicon

M. SERVIDORI, A. ARMIGLIATO

Laboratorio LAMEL-CNR, Via de' Castagnoli 1, Bologna, Italy

Precipitates of a second phase in P-diffused (111) and (110) silicon wafers were revealed
by X-ray topography and studied by transmission electron microscopy. The structural data
derived from the analysis of the images and the corresponding diffraction patterns
resulted in agreement with the ones recently reported by Wadsten, in his X-ray study on
synthetic SiP single crystals. Therefore the precipitates were assigned a SiP base-centred
orthorhombic structure with a = 3.51 A, b = 20.59 A and ¢ = 13.60 A.

The sign of the calculated values of the misfit parameters between the two phases and
the morphology of the precipitates were related to the tensile stress induced by the

phosphorus diffusion into silicon.

1. Introduction

In arecent paper [1] a detailed X-ray study of the
heterogeneous nucleation and the growth of
dislocation lines associated to precipitates due to
thermal diffusion of phosphorus into silicon was
reported. The presence of this second phase
confirmed the hypothesis that the difference
between the total amount of dopant, introduced
into the silicon lattice by the diffusion process,
and its electrically active fraction, was due, at
Jeast in part, to precipitation phenomena [1, 2].

From the images of the precipitates taken by
X-ray topography no structural information can
be derived, because of the precipitate size.
Therefore a study of the crystallography of the
observed particles was undertaken with the
electron microscope, because the structural
results published by other authors [3-5] on
precipitates in P-diffused silicon are incomplete
and do not lead to an unequivocal set of
crystallographic parameters.

The experimental work reported here is a
part of a systematic investigation on the para-
meters controlling the predeposition process of
phosphorus, as well as on the presently in-
complete Si—P phase diagram available in the
literature [6].

Some results on the kinetics of P-predeposi-
tion have been reported in a separate paper
2]
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Figure 1 220 X-ray topograph showing precipitates in
P-diffused (111) silicon. CuKq, radiation.

2. Experimental procedures
The specimens we have observed were p-type
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Czochralski grown silicon slices both of (111)
and (110) orientations. The predeposition
process for P impurities was performed at
1000°C for 12, 25 and 50 min in a 94, N, and
6% O, atmosphere, with POCI, as the source.
The X-ray images taken on the slices diffused for
25 min and 50 min have been reported in the
above cited paper [1]; the one corresponding to
a diffusion time of 12 min is shown in Fig. 1. The
precipitates displayed in this figure exhibit the
same morphology as the ones in [1], but are not
associated to straight dislocations.

From these slices we obtained specimens
suitable for the electron microscope by means of
the chemical jet-ctching technique [7]. The
instrument used was a Siemens Elmiskop 101,
working at 100 kV; with such an accelerating
voltage it is possible to observe layers of silicon
several thousands of Angstroms thick. Therefore,
since it was demonstrated [1] that the observed
precipitates mostly lie just within this depth, care
was taken during the thinning procedure in
preserving the diffused surface. As in many
structural studies a wide range of operating
reflections is often required, a + 45° double
tilting cartridge was used in our experiments.

3. Results and discussion

3.1. Precipitates in (111) wafers

The electron micrographs taken on (111)
specimens revealed that the dots in the topograph
shown in Fig. 1 consisted of aggregates of flat
rod-like precipitates. A typical image of such a
morphology is reported in Fig. 2. These particles

Figure 2 Electron micrograph of an aggregate of flat rod-
like precipitates.

were found to be aligned with the (110>. direc-
tions of silicon parallel to the foil surface and to
lie on the inclined {111} planes, as was con-
firmed by stereo pairs. Other authors [3-5]
observed similar precipitates in P-doped silicon

TABLE 1
Authors Technique Formula and Space Lattice parameters Orientation
structure group relationships
Schmidt and Stickler Electron SiP _— a=692A [111]s:]] [010]sip
(1964) diffraction Orthorhombic b=940A [110]s: || [001]sip
c=768A
Beck and Stickler Electron and SiP — a = 6.80A (110)s: |} (102)sip
(1966) X-ray diffraction Orthorhombic b=1025A [1T11]s: || [0T0sip
c=825A [T10)s: || [241]sip
Levine, Washburn Electron No formula — a=63A [T10}s ] [01 O]f
and Thomas (1967)  diffraction Probably b=38A [117]s: 1] {001]p
C-orthorhombic c=675A (P = precipitate)
Wadsten (1973) X-ray SiP Cmc2,  a = 3.510 & 0.001 A —
diffraction C-orthorhombic (No. 36) b = 20.592 4 0.006 A

13.601 + 0.004 A
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and deduced some structural information about
them from electron diffraction patterns; mostly,
they suggested for these particles an orthorhom-
bic structure and a SiP formula. In addition,
Wadsten [8] has very recently determined the
structure of SiP single crystals using X-ray
diffraction techniques. All these data are sum-
marized in Table I. It is worthwhile to notice that
there is a large scattering among the structural
parameters of precipitates in P-doped silicon
and, in particular, that none of them agrees with
the ones of synthetic single crystals.

The selected-area diffraction (SAD) patterns
we used for our structural determinations were
taken on single flat rods, like the one in Fig. 3.
The corresponding SAD patterns exhibited the
presence of extra spots in addition to the ones of
the silicon matrix. At least within the degree of
accuracy attainable in electron microscopy, the
experimental d-values, obtained from these
extra spots, were found to be in quite good
agreement with the ones calculated from the

Figure 3 Electron micrograph of a single precipitate
surrounded by thickness fringes, which are due to pre-
ferential attack during the chemical thinning of the
specimen.
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Figure 4 Selected-area diffraction (SAD) pattern of the
precipitate in Fig. 3, taken in the (112) projection. The
encircled spots were used for d-values determination; the
other ones arise from double diffraction. The Miller in-
dices in italics refer to the matrix spots.

lattice parameters of the base-centred ortho-
rhombic structure given by Wadsten [8]. These
figures are reported in Table II.

TABLE II
d (&) d (&)
hkl Wadsten This hkl Wadsten This
work work
002 6.80, 6.78 224 1.54, 1.52
023 4.14, 4.12 206 1.38, 1.39
004 3.40, 3.39 069 1.38, 1.37
024 3.22, 3.27 0010 1.36, 1.36
112 3.08, 3.07 246 1.34, 1.32
006 2.26, 2.26 208 1.22, 1.21
046 2.07, 2.06 248 1.18, 1.17
200 1.754 1.76 2010 1.07, 1.08
008 1.70, 1.70 390 1.04, 1.04
202 1.69, 1.70 392 1.03, 1.03
223 1.61, 1.60 394 0.99, 0.99
048 1.61, 1.60 396 0.94, 0.94
204 1.56, 1.56 400 0.87, 0.88

Since the particle in Fig. 3 was aligned with the
[110] direction and on the (111) plane of the
silicon, it was concluded that a diffraction
pattern corresponding to the (112) projection
would display spots suitable for deducing the
orientation relationships between the two phases.
In fact from the pattern reported in Fig. 4 we
deduced the following relationships:

[100]ssp || [T10]s;
[001)sip || [11T3s:
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Figure 5 (111) stereographic projection of silicon representing the crystallographic orientation relationships

between SiP and Si.

and consequently
[010]sip || [112]s: -

These conditions allowed us to draw in the
(111) stereographic projection of silicon the
poles of the SiP planes (Fig. 5).

The electron diffraction of Fig. 6, corres-
ponding to a specimen tilt of about 1.5° around
the [T10] direction of silicon, reveals the spots
from the (012), (112), (124) planes of SiP, in
agreement with the stereographic projection.

The observed precipitates were about 1 pm
long, but only about 200 A thick. This explains
the appearance of streaking effects in some
diffraction pattern.

In all the SAD we examined, no reflection
violating the limiting conditions of the Cmc2,
space group was observed. Double diffraction
effects occurred only between the lattice planes
of silicon and of silicon monophosphide.

The orientation relationships as well as the
lattice parameters of SiP were confirmed by the

Figure 6 SAD pattern taken after a specimen tilt of about
1.5° around the [110] direction.

spacing of the Moiré fringes which appeared on
the images of the precipitates. Moiré spacings of
21 and 40 A were measured in the pictures of
Fig. 7a and b, which were taken in two-beam
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Figure 7 Parallel Moiré fringes in SiP precipitates with
spacings of 21 A (a) and 40 A (b). Dislocations imaged by
the 40 A fringes, like the one in (c), were sometimes
observed.

conditions with 220 and 111 operating reflec-
tions, respectively.

The planes which give rise to these observed
fringes are the couples (220)s; ~ (200)s;p and
(111)s; — (004)sip; from the corresponding
d-values we get 20.4 and 40.3 A as expected
Moiré spacings, for fringes perpendicular and
parallel to the particles, respectively. The
agreement between the experimental and the
calculated figures was good, although a fluctua-
tion in the 40 A spacing was sometimes observed,
owing to the presence of dislocation lines (Fig.
7c) and/or to elastic strains. The greater sen-
sitivity of the 40 A spacing to these strains can be
explained according to the fact that the smaller
the particle size in a given direction, the larger
the elastic strain required to accommodate the
mismatch.

3.2. Precipitates in (110) wafers

Precipitates of the same flat rod-like shape as in
the previous case were also observed in these
slices. The particles were found to lie along two



ELECTRON MICROSCOPY OF SILICON MONOPHOSPHIDE PRECIPITATES IN P-DIFFUSED SILICON

Figure 8 Electron micrograph (a) and corresponding SAD pattern (b) of SiP precipitates in a (1 10) silicon wafer. The

Miller indices in italics refer to the matrix spots.

different directions, namely the (112> and the
[110] directions parallel to the foil. These
directions are the traces of the {I11} planes
perpendicular to the specimen surface and of the
inclined (111) or (1 11) planes, respectively.

In Fig. 8 an aggregate of such precipitates is
shown, together with the corresponding SAD
pattern. From an inspection of Fig. 8 it was
deduced that, even for this orientation of the
slices, the structure of the precipitates as well as
their dimensions were the same as the ones found
before. The structural information so obtained
enabled us to determine the orientation relation-
ships between the two phases.

Fig. 9 represents the (110) stereographic
projection of silicon which includes the poles of
the SiP planes. In this case the orientation
relationships are the following ones:

(1) [100]sip || [T10]s: (2) [100]sip || [110]s
[001]sip || [11T]ss [001]sie || [T11]s
[010]sip || [112]ss [010]sie || [T12]s

The others have been omitted as equivalent.

i
i

1

3.3. Misfit between SiP and Si lattices

From the values of the interplanar spacings of
the matrix and of the precipitates, we obtained
for the misfit parameters §; = + 0.084 in the
{111) directions of silicon (c-axis of SiP) and
8a = — 0.086 in the (110> directions (a-axis of
SiP). Here we have assumed that 6 is positive
when the spacing of the particle planes is larger
than the one of the corresponding parallel planes
of the matrix.

Since the precipitates nucleate and grow with
their c¢-axis perpendicular to the more extended
interface between the two phases, we conclude
that they play an important role in relieving the
tensile stress, which is known to develop during
the P-predeposition.

As in the matrix around the particles a com-
pressive stress predominates, the X-ray image,
due to the precipitates which are near the X-ray
exit surface, should exhibit a black and white
contrast (the so-called Friedel contrast [9]) with
its black side on the side of positive g. This is just
what appears in Fig. 1.
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Figure 9 (110) stereographic projection of silicon representing the crystallographic orientation relationships between-SiP
and Si. SiP (1) and SiP (2) refer to inclined and perpendicular precipitates, respectively.

4. Conclusions

X-ray topographic observations carried out in
P-diffused (111) silicon wafers at 1000°C for 12
min revealed the presence of precipitates of a
second phase, very similar to the ones reported
in a previous paper [1]. The insufficient resolu-
tion limit of this technique did not allow us to
obtain structural information about these par-
ticles; transmission electron microscopy was
therefore employed on (111) and (110) speci-
mens subjected to the same diffusion process.
Each dot-like precipitate observed in X-ray
topographs was found to consist of aggregates of
flat rods lying on the {111} planes of the silicon
foil. From SAD patterns taken on these pre-
cipitates, it was possible to obtain the inter-
planar d-spacings as well as the orientation
relationships between the particles and the
matrix. From a comparison with the structural
parameters reported by Wadsten [8], who per-
formed the most accurate structure determina-
tion presently available in literature, we deduced
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that the precipitates were SiP single crystals and
fitted the base-centred orthorhombic structure
with space group Cmc2,. Therefore, the cell
parameters of the precipitates were a = 3.51A,
b =20.59 A and ¢ = 13.60 A. The agreement was
confirmed by the absence in the diffraction
patterns of precipitate reflections forbidden by
the space group Cmc2,, and by the appearance in
the electron micrographs of parallel Moiré
fringes with spacings quite close to the computed
ones.

Prussin [10] calculated the stresses inside an
infinite lamella which is subjected to a diffusion
process. A feature of his calculation is that the
stress is purely tensile for phosphorus diffusion
and acts parallel to the surface of the lamella.
Since along the c-axis of SiP a positive misfit
(8c = + 0.084) develops, the precipitates play
an important role in relieving the diffusion
induced tensile stress. In (111) wafers, because of
the 70.5° inclination of the {111} planes, the
component of the misfit in the plane of diffusion
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is large; in (110) wafers, for the precipitates
perpendicular to the foil, this component has its
maximum value, whereas for the inclined pre-
cipitates it is smaller. Therefore the growth of the
flat rod particles perpendicular to the specimen
surface seems to be energetically favoured. At
present experiments are in progress in order to
confirm the validity of this assumption.
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