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TEM observations on grain boundaries in sintered silicon
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ABSTRACT

Grain boundaries in silicon with a predetermined orientation have been prepared
by the sintering of two single crystals. A combination of standard transmission
electron microscopy and lattice imaging was used to investigate the ‘structure of
the boundaries produced. Low-angle grain boundaries on {100} and {111} planes,
and twin boundaries on {111} planes are discussed in detail.

§ 1. INTRODUCTION

The structure and properties of grain boundaries in covalently bonded
crystals such as silicon and germanium has been studied only to a limited
degree in comparison to metals (see, for example, Chadwick and Smith 1976).
The proposed use of polycrystalline silicon for solar cells has recently stimulated
research in the structure and properties of grain boundaries in semiconductors
with particular emphasis on their influence on device properties (see, for
example, Ravi and Wald 1977).

Grain boundaries may influence the performance of solar cells in several
ways, e.g. by acting as recombination centres for carriers and thereby decreas-
ing the short-circuit current or as shunts reducing the open-circuit voltage.
In addition, grain boundaries may cause local increases in the diffusion of
dopants or interact with residual impurities. In general, the presence of
grain boundaries is likely to decrease the efficiency of a solar cell.

On the other hand, grain boundaries can be used as active elements in a
device. Grain boundary transistors have been made (Mataré 1971) but their
principles of operation are, however, not fully understood.

The most interesting and presently unsettled question is whether the
electronic properties of grain boundaries can be understood in terms of the
primary and secondary dislocations, which, according to widely accepted
grain boundary models (see, for example, Bollmann 1970, Pumphrey 1972,
Ralph, Howell and Page 1973}, form the boundary.

Except for small-angle tilt boundaries (Bourret and Dessaux 1979) and a
special 29 boundary (Krivanek, Isoda and Kobayashi 1977) the structure of
grain boundaries in semiconductors has not been studied in detail. A pre-
paration technique which allows the production of specimens with a well
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defined boundary geometry greatly facilitates an investigation of grain
boundaries. For silicon, the most promising technique seemed to be the
sintering of two single crystals similar to the method first introduced for thin
films of gold by Schober and Balluffi (1970). This paper demonstrates the
feasibility of the sintering method and analyses some of the boundaries
obtained. Transmission electron microscopy (TEM) was used to characterize
the boundaries. Extensive use was made of the weak-beam technique
(Cockayne, Ray and Whelan 1989) and of lattice imaging. It appears that
silicon is an especially suitable material for general research of grain boundary
structures and that high-resolution techniques are capable of extending the
limits of conventional TEM to dimensions in the nanometer region.

§ 2. EXPERIMENTAL

Silicon in air is always covered with a Si0, layer a few nanometers thick.
The presence of this layer presumably prevents sintering when one crystal is
placed on top of the other one without pressure, even at temperatures close to
the melting point (K. Mayer 1976, private communication). This interpretation
is supported by the observation that Si wafers in accidental contact during

Fig. 1
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heat treatment in a reducing atmosphere tend to stick together (B. Kolbesen
1976, private communication). We therefore started our sintering experiments
in a hydrogen atmosphere using the experimental set-up shown in fig. 1.
Critical parameters for sintering are the temperature 7', the pressure p on the
samples, the sintering atmosphere, and the surface conditions of the samples.
The conditions sufficient for sintering are not fully understood at present ; it
appears that a pressure high enough to induce some plastic flow is essential.
Sintered samples can be obtained, for example, in a H, atmosphere at
T ~1200°C and p ~1 MPa using specimens with optically flat surfaces.

The silicon used was n-type cut from dislocation-free crystals grown by the
float-zone technique. Both surfaces of the wafer to be sintered were Syton
polished to a mirror finish. The desired orientation relationship between the
specimens was established by first cutting them along the required direction
(as established by X-ray Laue diffractograms) and by subsequently aligning
them along a flat in the graphite holder. Typically, a stack of up to twenty
0-25 x 5 x 5 mm samples were sintered together in one experiment.

After sintering, the specimen was cut either at 90° (for viewing the
boundary end-on) or at 25° (for viewing the boundary flat-on after tilting in
the TEM) with respect to the boundary plane. The resulting specimens were
then either chemically thinned or ion-milled. A Siemens Elmiskop 102 was
used for observation, usually operated at 125 kV and at instrument magni-
fications of typically x 100 000, x 200 000 or x 800 000.

§ 3. RESULTS AFD DISCUSSION
3.1. General observations

Although usually all Si slices adhered together, sintering did not always
occur over the whole area of the sample. Deformation induced dislocations,
mostly arranged in bundles or sub-boundaries, were frequently observed.
In contrast to sintered Au crystals (Schober and Balluffi 1970) hardly any gas
bubbles were formed in the boundary. Instead, unidentified amorphous
regions appeared in or cluse to the boundary. Figure 2 gives an impression of
the overall appearance of a sintered boundary ; the amorphous regions are
clearly visible. Figure 3 resulted when lattice-imaging techniques were
applied in order to confirm the amorphous structure of these regions. It is
tempting to assume that these amorphous regions are remainders of the
original oxide layer on the sample, but this could not yet be proved.

3.2. Twist boundaries on {100} planes

Low-angle (£ =1, with misorientations up to 8°) and, to a limited degree,
Z5 boundaries (rotation angle «~37°) have been made by sintering. The
25 boundaries investigated did not show a secondary dislocation network
although, at the misorientations from the precise £5 orientation investigated
(~1:5°), the expected network spacing should have been large enough ( ~7 nm)
to be safely detected. That a boundary was indeed formed during sintering
was indicated by the presence of a parallel array of dislocations with rather
large spacings (45 nm) which accommodated a small additional tilt com-
ponent of the boundary. The reason for the absence of the expected network
is not understood.

2p2
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Fig. 2

Kinematical bright-field image of a low-angle twist boundary on a {111} plane.
The diffraction vector in this and the forthcoming figures is indicated by an
arrow ; here it is g={111}.
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Fig. 3

Direct lattice image of an amorphous region. White ‘dots’ can be thought to
correspond to the open channels in a (110) direction; the spacing of the
fringes is 0-31 nm.
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The low-angle twist boundaries exhibited the square network of screw
dislocations expected from theory (Bollmann 1970). Figure 4 shows a typical
boundary with a dislocation spacing of ~9nm, corresponding to a mis-
orientation of ~2° imaged under different diffraction conditions. Figure
4 (d) was obtained under multi-beam imaging conditions with the electron
beam close to the (100> direction ; see the inset in fig. 4 (d). This resulted
in a very narrow contrast width of the dislocations (~1-5nm) and shows
all dislocations simultaneously. By comparing fig. 4 (d) with figs. 4 (a—c) it
can be seen that the multi-beam image gives the best representation of the
actual boundary structure. Furthermore, it differs from weak-beam images
in still giving good contrast in relatively thick areas of the specimen.

Fig. 5
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(a) Extrinsic dislocation along a (110) direction according to Schober and Balluffi
(1971). A possible set for the Burgers vectors may be b;=a/2(110]; b,=
a/2(110]; b,=a/2[011]; b,=a/2[10I]. (b) Step in the boundary associated
with an extrinsic dislocation.

The screw dislocations forming the boundary are not visibly extended. This
i3 in agreement with the observation of Packeiser and Haasen (1977) that a
critical distance of ~100 nm exists, well above the network spacing, before a
dislocation emerging from a dislocation node reaches its equilibrium dis-
sociation width.
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Fig. 6

Extrinsic dislocations in the dislocation network of a low-angle twist boundary on
a {100} plane.
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The most remarkable feature of the network (besides its regularity) are the
frequent displacements of the network. This displacement usually is about
halt the network spacing and runs along irregularly curved lines. Schober
and Balluffi (1971) observed similar phenomena in sintered Au bicrystals and
identified these defects as ‘ extraneous’ dislocations, which they later called
‘ extrinsic ’ dislocations (Balluffi, Komen and Schober 1972); the term
‘ foreign ’ dislocations is also used (Bollmann 1970). These dislocations are
thought to originate from the interaction of the screw dislocation network
with lattice dislocations (=extrinsic dislocations). The structure of extrinsic
dislocations in the boundary according to Schober and Balluffi (1971) is
shown in fig. 5 (a). These authors could not directly confirm the proposed
structure since the spacing of their networks was too small. The silicon
boundaries give a better idea of the actual structure (see fig. 6) but details are
still not fully revealed.

Extrinsic dislocations introduce tilt components in the boundary. Form-
ally, this can be described by attributing to them an °effective ’ Burgers
vector, representing only the Burgers vector component perpendicular to the
boundary (Schober and Balluffi 1971). These authors also showed that this
effective Burgers vector can account for most of the contrast behaviour of an
extrinsic dislocation at small network spacings.

Figure 7 shows a low-angle boundary on {100} with roughly equal twist
and tilt components (~1-8°). In this case the spacing between the extrinsic
dislocations is about the same as that of the screw dislocations (~12 nm).
It can be seen that the extrinsic dislocations partially substitute for the
original screw dislocations ; the distance between the pure screw dislocations
parallel to the extrinsic dislocations (fig. 7 («)) is about twice the spacing of
the screw dislocations perpendicular to the latter.

When the dislocation reaction between the screw dislocation network and
a lattice dislocation involves glide processes only, the resulting extrinsic
dislocation is necessarily associated with a step in the boundary plane, see
fig. 5(b). In this case all dislocations must lie in their {111} glide planes
and the step height in the {100} boundary plane is ~0-7d (d=network
spacing).

From this consideration one sees that extrinsic dislocations may be formed
for a variety of reasons : '

(1) in order to compensate tilt components in the boundary ;

(2) in order to accommodate steps in the boundary ;

(3) in order to allow facets to form, e.g. if the sintered surfaces are not
exactly {100} planes the boundary very likely will form facets on
{100} ; or

(4) in order to absorb (or to emit) a lattice dislocation.

In the first three cases, extrinsic dislocations, contrary to the implication
of their name, are an equilibrium part of the grain boundary.

The spacing of the network dislocations decreases with increasing mis-
orientation and the boundary structure becomes more and more difficult to
observe. Figure 8 shows a network with a spacing of 2-7 nm taken with the
multi-beam conditions mentioned above. The contrast is very low and the
interpretation of the micrograph is difficult since part of the contrast arises
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Image of a low-angle twist boundary on a {100} plane with a twist angle of 8° taken
under multi-beam conditions.

from the interference of the various extra diffraction spots produced by the
grain boundary (Sass, Tan and Balluffi 1975). In fact, the spacing of the
fringes is only half what one would expect for dislocations, knowing the mis-
orientation angle of the boundary from the diffraction pattern. This proves
that the observed structure is due to moiré effects between diffracted {220}
beams. In this case it is easier to obtain information on the boundary by an
analysis of the diffraction pattern (Carter, Donald and Sass 1978) or by.
utilizing lattice-imaging techniques. Diffraction effects require a more
extended discussion and will be presented in a forthcoming paper. An
example of the application of lattice imaging is given in fig. 9 which shows
{111} lattice fringes across two low-angle twist boundaries on {100}. One
set of the screw dislocations forming the boundary is clearly visible by the
shift of the fringes along the dislocation lines ; for a detailed discussion of the
contrast of screw dislocations, see Cockayne, Parsons and Hoelke (1971). The
spacing between the dislocations is 6-5 nm (fig. 9 (2)) and 2-7 nm (fig. 9 (b)),
respectively. Figure 9 (a) shows the boundary of fig. 8 and demonstrates
clearly that the boundary structure is scaled down but otherwise similar to
the structure at larger spacings; information not easily obtainable with
standard TEM methods.

It appears that these micrographs may allow a direct measurement of the
core size of the dislocations. This may however not be the case, since contrast
theories are not yet developed enough to account for details of the contrast
in this particular imaging mode. Contrast artifacts such as, for example,
moiré effects, are possible and cannot be ruled out without further work.
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Fig. 9

(®)

{111} lattice fringes across two low-angle boundaries on {100} planes. Tilted-beam
illumination and a specimen orientation close to a {112} pole was used for
this and the following lattice-fringe images. The spacing between the fringes
is 0-:31 nm.
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Fig. 11

(b)
Weak-beam and lattice-fringe image of a low-angle twist boundary on a {111} plane.
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Fig. 12

Low-angle twist boundary on a {111} plane imaged with two different sets of {111}
lattice fringes.
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3.3. Twist boundaries on {111} planes

Two systems have been investigated in detail : the X1 low-angle twist
boundary (Foll and Ast 1978) and the X3 twin boundary (x=60°). A
hexagonal network of screw dislocations is expected with Burgers vectors
b=a/2{110) for the =1 boundary and b=a/6{112) for the £3 boundary.

Figure 10 shows the dislocation network observed in a 1 boundary for a
very small misorientation (¢ ~0:5°). The dislocation nodes are extended and
overlap thus forming a ‘ node network ’ of dislocation nodes with alternatingly
intrinsic and extrinsic stacking faults.

At amorphous regions the network often terminates by forming stacking-
fault double ribbons which have been used to obtain ‘'an accurate value of the
ratio of the intrinsic to extrinsic fault energy as well as the absolute values
(Foll and Carter 1978).

At smaller dislocation spacings conventional TEM again ceases to give
very useful information and it becomes advantageous to resort to lattice
imaging. Figure 11 contrasts a conventional weak-beam image, much
obscured by moiré effects, with a lattice-fringe image of the same boundary
(fig. 11 ()). The lattice-fringe picture clearly shows localized bending of the
fringes, indicating the presence of dislocations in the boundary and in some
cases lattice-fringe images were actually able to prove the existence of dis-
locations when standard imaging techniques failed to do so. A schematic
outline of the node network, scaled down to the proper size from the observed
configuration of fig. 10, is included in fig. 11. It can be seen that the shift
of the lattice planes by the dislocations running inclined to the fringes is
apparently too small to be clearly visible ; these dislocations should be visible
by using a different set of {111} fringes. This is indeed, the case as demons-
trated in fig. 12. The dislocation lines appear to be straighter than expected
from the node model ; this may indicate that the extrinsic nodes are con-
stricted below a certain spacing of the dislocations and that a triangular
network is formed.

Figure 13 shows the dislocation networks in boundaries close to a twin
orientation. The network spacings are about 10 nm and 4-5 nm corresponding
to a deviation from the exact I3 orientation of ~1-3° and 2-8°, respectively.
Contrast analysis proved that the networks consist of a hexagonal array of
screw dislocations with a Burgers vector b=a/6{112), the base vector of the
DSC lattice related to a £3 boundary. Similar networks in twin boundaries
have been observed in Au by Erlings and Schapink (1978).

3.4. Additional observations

Direct-lattice images of twist boundaries with the boundary end-on and
the specimen in a (110) orientation can also be obtained ; fig. 14 shows
examples. Simultaneous imaging of both sides of the boundary, although
in different crystallographic orientation, is possible because the crystal lattice
is basically undisturbed across the boundary (apart from elastic distortions) :
all necessary misfit is concentrated in the dislocations. Alignment of the
electron beam exactly parallel to the (110> axis on the boundary with the
aid of the diffraction pattern is difficult in practice because the diffraction
pattern originates mainly from areas far away from the boundary and thus

P.M. A 20Q
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shows two {110} poles, the centre of which should correspond to the {110}
pole on the boundary. Alignment of this centre with the optical axis of the
microscope has to be done by trial and error. The resulting uncertainties of
the imaging conditions prohibit a quantitative interpretation of the images
obtained in terms of atom positions (Spence, O’Keefe and Kolar 1977, Dessaux,
Renault and Bourret 1977). Even if the imaging conditions were perfectly
known however, such an analysis could only be carried out for the very
restricted class of defects that are precisely aligned with (110>, such as the
dislocations in a pure tilt boundary (Krivanek et al. 1977, Bourret and Dessaux
1979).

Despite this restriction the micrographs still contain useful information :
The {111} lattice fringes parallel to the boundaries are undisturbed, indicating
the absence of any significant tilt component and perfect sintering. Stacking
faults, both intrinsic and extrinsic are clearly visible and so are terminating
fringes, indicating the presence of dislocations. Thus, as in the case of the
lattice-fringe images discussed earlier, these images confirm that a network of
primary dislocations is still present at spacings of ~3 nm. In addition, the
presence of stacking faults indicates the existence of extended dislocation
nodes even at this small spacing.

Figure 14 (b) shows a semicoherent and several fully coherent precipitates
in addition to the boundary. Both types of precipitate give rise to intensity
modulations of the fringes. Assuming that the lattice parameter of the
precipitates is slightly different from the Si matrix, this can be understood

Fig. 16

Low-angle twist boundary on a {l11} plane imaged with g={224} exhibiting the
structure of a twin boundary in the right-hand side.

2Q2
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Fig. 16

Direct-lattice image of a low-angle twist boundary on & {111} plane with an additional
tilt component split into twin boundaries.
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as a moiré effect. In addition to the moiré contrast, interface dislocations
are visible in the semicoherent precipitate.

Figure 15 shows a weak-beam image of a low-angle boundary on a {111}
plane. The boundary shows the appropriate contrast in the left-hand area ;
the appearance of the right-hand side however is that of a twin boundary.
Similarly, patches of dislocation network with a low-angle boundary structure
are frequently observed in twin boundaries. These observations suggest that
a low-angle boundary may split into two twin boundaries (i.e. a microtwin)
and the misfit dislocation network, which can be located either in the plane
of one of the twin boundaries or in the perfect crystal. In the first case a
twin-like hexagonal network would be formed, and in the second case a node
network. Figure 16 shows a lattice image containing both configurations :
the dislocations change position from the middle of the microtwin to one of
the twin boundaries. Besides the twist component the boundary in fig. 16
contains a tilt component of 5° which was introduced by the emission of a
small-angle tilt boundary about 200 nm away from the centre of fig. 16.
Correspondingly, a near-twin boundary can ‘punch out’ its dislocation
network and thus split into a fully coherent twin boundary and a low-angle
grain boundary.

§ 4. FINAL REMARRS AND CONCLUSIONS

Sintering of silicon single crystals was used successfully to prepare grain
boundaries with a pre-determined orientation. Optimization of the sintering
process by a systematic variation of the sintering parameters is in progress.
It is hoped that these studies will eventually lead to a deeper understanding
of the sintering process itself and to the elimination of sintering artifacts such
as precipitates. So far no attempts have been made to sinter specimens
under very clean (semiconductor) conditions. With the present equipment,
incorporation of impurities and a subsequent decoration of the boundary can
be expected and precipitates have indeed been observed. For this reason
the electrical properties of the boundaries have not yet been studied.

The grain boundaries obtained by sintering of Si samples proved to be
well suited to investigate general properties of grain boundaries since silicon
offers an unique combination of attractive properties.

(1) Large dislocation-free crystals with high-quality surfaces (optically
flat) of any desired orientation can be easily prepared, allowing the
production of any boundary geometry.

(2) A fairly large lattice constant (0-54 nm) provides relatively easy access
to lattice-imaging techniques with standard high-resolution micro-
scopes and extends the range of TEM into atomic dimensions.

(3) The immobility of dislocations in Si below 700°C (Alexander and
Haasen 1968) conserves the boundary structure during all stages of
specimen preparation and no artifacts arising from thin-foil effects
have been encountered.

(4) The high Peierls force in Si tends to conserve the regularity of the
network which is formed at high temperatures. For this reason,
thermal stresses during cooling have less effect on the regularity of the
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network than in metals and even networks with fairly large spacings
tend to be very regular.
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