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THE USE OF HETEROEPITAXY IN THE FABRICATION OF
BICRYSTALS FOR THE STUDY OF GRAIN BOUNDARY STRUCTURE

U. Dahmen and K.H. Westmacott
National Center for Electron Micrbscopy, Materials and Chemical Sciences Division,

Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720 USA

1. Introduction

Experiments on graih boundary structure vcan be grdubed into two categories -
thése that provide limitéd structural informativon‘ on a large number of boundaricé and
those .that give detaiiedstructural inforrha{tion oh a limited‘ :s;ampling of boundaries.

The first category is typified by tl;c élegaﬁt Rotating-Sphere-On-Plate
expériments pioneered by Gleiter and coworkerls> (1,2). In this technique single crystal
spheres a;'e placed in a random array on a singie crystél plate and annealed to promote
théir relaxation into low-energy orientations. The resulting orientation distribution is
recorded' in an X-ray pole figure and, assuming all boundary planes are parallc_l fo the
plate surface, statistically significant data on misorientatidn and type of boundary

(twist/tilt, symmetrical/asymmetrical) can be obtained rapidly. However, this

macroscopic method does not give any direct information on the grain boundary

structure.
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At the other extreme, detailed investigations of the structure of .individugi _grain
boundaries have been carried out wusing transmission electron microscopy. High-
resolution observations have revealed tﬁe atomic 'structure of special grain boundaries
in semiconductors, (e.g. 3.4) and ceramics, '(e'.ig. 56), but “thc?“diffi‘culty of sample
preparation has severely limited the number of ‘experimental ”analysesk of such
boundaries. Unt.il quite recently an a'd'ditﬂionalv probicm hindering the study of the
close-packed siructure of metals has béén the résoldtién _limitvofd avail‘ablev r:r.i-icro.s'copes
(7). Thus only‘ a few éxamples of 1h_£: detailed graiﬁ Ebﬁndéfy structure in metals have

been reported (e.g. 8,9).

The purposé :of the present note is to point out a new method for producing

specimens that are particularly ‘suitable fér high-rcsoiﬁtion observations of grain
boundary structures. Unlike the bicrystals produced by conventional methods, the
sp.ecimens contain boundaries that .d‘i"s'p.lay“' a"‘ continuous variation in b;undary
orientation. The techhiqué simply relies: on ﬁctero_epitaxial growth z;s a: ;neans of
controlling the 'mi.sorient‘a‘tion_ betweenv grai.ns during thin .film growth. For example if
the substrate surface has fourfold rotational syrr'n'netry- and epitaxial ovcrgrdwth
occurs in an orient‘ation with twofOlid rot.ational symmétry, then two orientation
variants are equélly brobablc. As illus;rated s‘che'mat'i'callyv' in Fig.l,' tﬁe two variants
will be at right angles dué to thé 90° rotatio.'ri‘ sy"mmcfry of the ..étibstraté; If nucleéiion
occurs equally invboth orientations, a random distribution of the two variahts, or
grains results. Wh;creQer the two variants impinge a 90° grain b.ounda‘ry'is. forh;ed. In
a thin film the grain Boundaries will tend to become perpe'ndicula_f to the foil surface
during anﬁealing, .l'cading‘to a p"rcfe'renc'c for boundaries "vwith tllt cﬁ'aracter. Th.is'

makes them idéally suited for study by high-resolution electron miéroscopy.
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2. Application

Fig. 2 shows a TEM microgr’apvh of a thin film bicrystal structure formed in
aluminum deposited on silicon. The {100} silicon single crystal substrate was removed
to reveal more clearly the uﬁique grain structure of the aluminum. The corresponding
diffraction pattern (inset) shows two <110> patterns of aluminum rotated by 90°. This
particular bicrystal structure was produced By ionized cluster ‘bcam deposition- (10) and
its structure has been investigated previously in the’ context of the problem of
electromigration in aluminum metal .contacts on silicon (11). Note the facetting of the
grain boundaries to form planar segments on {100}il{110} and "{557}1({557} planes,
corresponding to‘.an asymmetrical and symmetrical -tilt boundary orientation,
respectively. | ‘

A high resolution image of a symrhetrical tiit boundary in this material is shown'
in Fig. 3. The boundary lies on the {557} plane in both graiﬁs and is viewed precisely
edge-on. The periodic structure along the boundary due to atomic relaxations is clc;arly
visible (see arrows). Image processing and simulations, currently underway, can
provide an exact énalysis of possible rigid body translations and structural relaxation
units along the boundary. Because many boundaries are available in a single foil,
detailed comparisons can be made between similar boundaries and between different
boundary orientations._

The above example s‘hows the 'importance of substrate symmetry and overlayer
orientation ‘in the final structure of a heteroepitaxial thin film. In order to exploit
these concepts more systematically, it is necessary to understand the factors
controlling a) the orientation relationship and b).the selection of variants. The two

factors will be discussed briefly below.



U. Dahmen and K.H. Westmacott/Heteroepitaxy

3. Factors controlling the orientation relationship

Because of its importance in microelectronics the orientation relationship
between two dissimilar crystals in the heteroepitaxial growth of metals on

semiconductors has received much attention in 'rec’ent"years' However, many of the

underlymg prmc1ples were establlshed in earher work on the preferred orlentauon of

metals on NaCl (12) or on other metal substrates (13) It was shown for example that bee
metals on fcc metal substrates (and vice versa) usually grow in orientations that
mrnimize mismateh in the piane of contact. While this’ appears tol be generally true for
the simple structure *and bonding of metals, other factors such as coordination number
(12,14), surface reeonstruction, bond directionality, charge neutrality, etc. come into
play when nonmetals are in‘volbved. ‘But.e\rer‘r then: the :'mirrimi.zation io‘f inte:rfécial'
mismatch is one of the dominant factors. In this sense the problem is similar to' that of
plate- and lath-shaped particles of one structure precipitating in a matrix of a
different structure, and indeed - the observed orientation relationships are largely
identical in precipitation and epitaxial growth. Hence while the prediction of optirnum
orientation relationships from first principles may be difficult, it is possible to use
observations from . bulk precipitation behavior as a guideline for predicting. the

expected orientation  during heteroepitaxial growth.

Substrate surfaces are wusually prepared in low-index orientations, e.g. cubic

{100}, {110} or (111}, therefore thedeposit usually grows in some low-index orientation
as well. If the crystal structures are similar and the lattiee mismatch is not too large,
parallel epitaxy is preferred. A simple example "is the parallel epitaxy .of Au (a=4.‘078A)

on Ag (a=4.086A) that is commonly used in the preparation of Au bicrystals.
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If the crystél structures are different, the optimum orientation is often
continuously variable to minimize the mismatch in the interface and thus depends on
the lattice parameters as well as substrate- surface orientation and- c'rystal structures
involved (15). Hence by a small change in lattice parameter the situation depicted in
Fig. 1 might change to fhat shown in Fig. 4 where the orientation. relationship has
been changed by an angle B. It can be seen that three types of grain boundary
misorientations can be found, 90° boundaries between variants 1/3 and 2/4, 28°
boﬁndaries between variants 1/2 and 3/4; and 90°+2B boundaries between variants 1/4

and 2/3.

4. -Factors controlling the selection of variants.

Given the orientation relationship and 'substrate surface orientation it is a
simple matter to prcdici the number of orientation Qariants and the reéulting grain
boundary crystallography. The method has been described in different contexts by
scve.ral authors (16,17,18,19,20) and can be summafized as follows: the number of
orieritatioﬁ variants during epitaxial growth dcpends_ on the symmetry of the substrate

crystal surface, the deposit crystal and their orientation relationship. If the substrate

crystal has symmetry Gg, its surface lowers the symmetry to Go = GsNeom. The deposit
crystal symmétry is G, and the orientation relationship hias symmetry G = GoNG1 which
is the set of symmetfy clements shared by substrate, surface and deposit. Variants
(soﬁletimes clalled domains)l are due to symmeiry elements not shared by substrate and
deposit. If orientation variants only‘ are considered, their number is n=(order of
Go)/(order of G). -

Each boundary. between variants has a characteristic set of symmetry

operations, called its coset. o For example, the 90° boundaries in Fig.1 are genecrated by
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90° and 276° rotat_ion as well as the two mirror planes at 45° to the square. net of the
substrate lattice (the mirror planes parallel to the square net are shared by the -deposit
and do not generate new variants). In Fig. 4, variants 1/3 and 2/4 are related by
rotat_ion, 1/2 and 3/4 by the mirrors parallel to thé»square'n;t,-and .l/fl. and .3/2 by the
mirrors at 45° to the square met. Similafly,- translations-.lead -to. antiphase boundaries,
inversions to inversion boundaries and mixed elements. of symmetry, such as screw
axeé . and glide. mirrors result in translation-rotation. or translation-feflection

boundaries, each with their own characteristic ",defect geometry __(21). All of these have

become important in. the recent development: of heteroepitaxy of compound-

semiconductors, oxides and intermetailics. However, while the objective in these cases
is usually to eliminate such boundaries, the present method seeks to exploit their
formation to study their atomic structure. The selected or combined use of broken
symmetry in producing thin films with controlled  texture. and grain structure offers
many possibilities for basic experimentation- as well 'as -materials engineering.

The example in Fig. 4 ‘illustrates the difference between those boundaries
generated by rotation and those formed by reflection. Rotation boundaries separate
grains that are always misoriented by precisely 90°, while the reflection boundaries
separate grains misoriented by. an angle 2B or 90°+2B3. The former are independent of
lattice parameter, while the latter vary continuously with the mismatch between
substrate and deposit. It is thus possible to make detailed comparisons between identical
rotation boundaries in materials with different lattice parameter on the same substrate.
But the continuously variablel reflection boundaries can be compared vonly for the same
mismatch. Due to the limited number of crystallographic rotation symmetries, only 60,
90, 120 and 180° boundaries of fixed misorientation can be produced and compared for

different materials.
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On the other hand it will be possible to compare mobilities, propensity for

facetting, segregation or mechanical behavior for rotation and reflection boundaries

- in the same foil. One advantage of this technique is that because of the large number of

grain boundaries available for analysis in a single foil it is now possible to obtain a
sufficient number of observations to cdllcct quantitative data, characteristic of a
particular misorientation. This is useful for high resolution observations of atomic
boundary structure as well as in-situ experiments on the behavior.”of well-
characteriied grain boundaries in thin films. A systematic investigation of these

aspects of thin film bicrystal structures grown by heteroepitaxy is in progress.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Schematic illustration of -the two orientation variants resulting from the
deposition of a film with twofold rotational symmetry on a substrate with

fourfold rotational symmetry.

TEM micrograph of aluminum deposited by the jonized-cluster-beam
technique on {100} silicon in two {110} orientations misoriented by 90°.

(XBB 886-6529)

High resolution micrograph of 90° <110> symmetrical tilt boundary in thin
film aluminum bicrystal shown in Fig. 2. Boundary plane parallel to
electron beam. Arrows point to periodic structure along bounda‘ry plane.

Recorded at 800kV on ARM. (XBB 886-6528)

Schematic illustration of four orientation variants resulting from the same

geometrical situation as in Fig. 1 with an orientation relationship that is

slightly rotated by an angle 8 due to'greater lattice mismatch.
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Figure 2
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