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Abstract

We report in this article a mechanism to form regularly zigzag branch of CsCl crystallites on a flat glass substrate, in
which the crystallographic orientation rotates continuously, and a pattern with long-range order on tens of micrometer scale is
generated. Atomic force microscopy (AFM) indicates that this unusual crystallization behavior is associated with successive
nucleation at the concave edge of crystallite facet and glass substrate, where interfacial tension underneath the nucleus is asymmetric.
We suggest that these observations reveal a new lateral growth mode, and may help to understand a class of long-range ordering

effect in crystallization.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Alignment of inorganic crystal on a substrate of different
material has attracted much attention recently because of
the motivation to search for new functional materials
[1-12]. To achieve architectural control over formation of
structural and functional components, templates are
usually used. For example, calcium phosphate or calcium
carbonate crystallites can be orderly assembled by organic
matrix (substrate) to form tough, durable and adaptive
polymer—ceramic composite [13,14]. Meanwhile structure
of the substrate affects crystallization across the interface
in selecting nucleation sites, and in controlling growth
mode and crystal morphology [15-18]. However, regular
structures may also be self-organized without any template.
We recently observed in crystallization of NH4Cl from
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agarose gel where crystallite aggregate may possess strict
geometrical regularity when crystallite of NH4Cl develops
laterally on glass substrate [19-21]. It is interesting to find
out how the crystallographic orientation of a crystallite is
sensed by neighboring ones and how the overall morphol-
ogy of the aggregate is modulated by their interactions. In
addition, it is also interesting to find out how universal this
phenomenon could be: whether similar growth behavior
can be observed in crystallization of salts apart from
NH4CI [19-21] and FeSO,4 [22].

In this article we present structural and morphological
investigations on a long-range-ordering effect observed in
CsCl crystallite aggregation, which originates from self-
organized consecutive rotation of crystallographic orienta-
tion in lateral growth. We suggest that this effect occurs as
long as lateral growth is controlled by successive nucleation
on the concave edge of crystal facet and substrate. This
crystallization behavior should be enlightening in under-
standing self-organization of ordered structures.
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2. Experimental methods

We carried out crystallization of CsCl from agarose gel
with in a way similar to what we reported previously
[19-21]. First the solution of agarose was prepared by
dissolving agarose (Fluka) in ultrapure water (Milli-Q
Acdemic A10, electric resistivity 17.8 MQcm) with con-
centration 0.25wt% in a waterbath of about 90 °C. CsCl of
analytical purity (=99.5%) was dissolved in the hot
agarose solution afterward with concentration varying
from 0.6 to 60.0 wt%. The hot solution was filled into the
space between two cleaned glass plates (normally a
microscope slide and a cover glass). Gelation took place
when the solution was cooled down. The separation
between the glass plates was kept to 100 um by four
spacers. The cell was then placed in a glass chamber with
relative humidity of about 80%. Supersaturation, the
driving force for crystallization, was generated by evapor-
ating water in the agarose gel through the edges of the glass
plates. In our experiment, the water evaporation was not
accurately controlled. Nevertheless, it was a slow process,
especially when a salt crust of CsCl and agarose was
formed along the edge of the glass plates. The salt crust
acted as a sealing to prevent rapid evaporation of water
from gel. Since the typical duration for in situ optical
observation was usually 10-30min, which was much
shorter compared with the whole evaporation process
(typically 15-30h), the driving force for crystallization can
be regarded as a constant in the duration of our optical
observation. The aggregation process was observed in situ
with a research optical microscope (Leitz Orthoplan-pol)
equipped with CCD camera. The aggregate was further
analyzed with a field-emission scanning electron micro-
scope (FESEM) (LEO 1530VP) equipped with electron
backscatter diffraction (EBSD) (EDAX). Meanwhile, the
upper glass plate was removed already, and water in the gel
had evaporated out. In EBSD experiment, when electron
beam entered the surface layers of a crystalline solid, the
electrons whose angle of incidence satisfying Bragg angle
for some sets of lattice planes could undergo elastic
scattering, and result in a strong, reinforced beam, known
as Kikuchi line. The set of Kikuchi lines formed Kikuchi
pattern, which embodied all angular relationships in a
crystal and contained crystal symmetry. With the assis-
tance of a computer software, crystal structure, orienta-
tion, and chemical identity of the single crystalline sample
could be obtained.

3. Results and analysis

The aggregate of CsCl crystallites looks random and
fractal like on large scale, as shown in Fig. 1(a). However,
microscopically each branch possesses a deterministic
zigzag feature. Fig. 1(b) shows the enlarged micrograph
of the aggregate branch, where the zigzag feature can be
easily seen. Occasionally nearly closed loops can be
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Fig. 1. (a) Optical micrograph of crystallite aggregate branches of cesium
chloride. The CsCl concentration in the agarose gel is 1.0%. The bar
represents 500 pm. (b) The SEM micrograph to show the zigzag branches.
Some nearly closed loops can be found on the branch, as indicated by the
arrows. Bumps can be identified on the branch as well. (¢) SEM
micrograph of the branch with higher magnification. Cracks appear on
the top of the bumps.

identified on the branch, as indicated by the arrows, which
is usually not expected in diffusion-limited growth.

The growing process of the zigzag branch recorded by in
situ optical microscopy is shown in Fig. 2. As illustrated in
Figs. 2(a) and (b), one corner of the pyramidal crystallite
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Fig. 2. Optical micrographs to illustrate the growing process of the zigzag branch. The digits on each frame stand for hour, minute, and second,

respectively. The bar represents 50 pm.

grows faster and becomes cusp. As the cusp grows further,
gradually it broadens and develops into a new pyramidal
crystallite, which looks as if a mirror image of the previous
one. Thereafter, as indicated in Figs. 2(c) and (d), one
corner of the newly formed pyramidal crystallite grows
faster and sharpens. Eventually a new cusp is once again
generated, and evolves into a new crystallite. By repeating
the above process a zigzag branch is generated.

To find out the formation mechanism of the zigzag
branches, EBSD has been applied to determine the
evolution of crystallographic orientation of the branch.
Because the sample is insulating, the accumulation of
electric charge on sample surface is evident, and drift may
appear in SEM imaging. To decrease the overall measuring
time and minimize the influence of drift, a narrow strip is
selected on the zigzag branch, and EBSD is carried out
only in this selected region. The result is shown in Fig. 3,
where the color is scaled for different crystallographic
orientations. One may find that from one pyramidal
crystallite to the neighboring mirror-imaged one, the
crystallographic orientation evolves continuously from
[111] to [110] and then to [111]. This scenario is exactly
the same as what we observe in crystallization of NH4Cl
[19-20], where crystallites also form a regular zigzag
branch, and the micro-X-ray-diffraction (XRD) from
synchrotron radiation confirms the successive rotation of
crystallo-graphic orientation.

Based on these experimental observations, we may
understand the evolution of crystallographic orientation
in formation of zigzag branches as follows. Suppose the
crystallite initially contacts the substrate with (111) and
rotates with [1 1 0] as axis. In the meantime (1 11) is the top
facet and (100) and (0 1 0) are the two side facets along the
growth direction, as shown in Fig. 4(a). As crystallographic
orientation rotates with axis [110], (111) inclines and
(111) gradually becomes larger (Fig. 4(b)). Further

[001] 111

Fig. 3. The electron backscatter diffraction (EBSD) of the scrip region
shown in the insert micrograph. The color is scaled to the crystallographic
orientation. The crystallographic orientation at sites a—e correspond to
that schematically illustrated in Fig. 4. One may easily find that the
crystallographic orientation rotates continuously along the zigzag branch.

rotation leads to a special scenario where (111) and
(111) become symmetric, and edge [001] becomes in
parallel to the substrate surface, as shown in Fig. 4(c). This
scenario happens in the middle part of the long strip shown
in Fig. 3 (marked as c), where the tips of two pyramids
meet. Further rotation with [110] as axis makes the
orientation reach a state as that shown in Fig. 4(d), and
eventually to the scenario of Fig. 4(e). Meanwhile (11 1)
becomes the top facet, and whole crystallographic orienta-
tion becomes in mirror symmetry with that of Fig. 4(a).
The crystallographic orientations in Figs. 4(a)—(e) corre-
spond to that at sites a—e in Fig. 3, respectively.

Similar to what happened in crystallization of NH4Cl
[19-21], faceted (001) can also be easily observed in
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Fig. 4. The schematic diagrams to illustrate the evolution of the crystallographic orientation during the development of the branch. The rotation axis

marked in (a) is (110).
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Fig. 5. AFM microgragh of the front tip of a zigzag branch. As indicated
by the arrows, nucleation appears on the concave edge of the crystal facet
and the substrate to initiate a crystaline step. The step moves uphill on
(100) facets. Each crystalline layer is tilted because of the asymmetric
interfacial tensions on the concave edge. Layer-by-layer the crystal-
lographic orientation is continuously rotated.

crystallization of CsCl. Our atomic force microscopy
(AFM) observations indicate that nucleation on the
concave edge of (00 1) facet and the glass substrate plays
the role of step source to promote the growth of (00 1), as
shown in Fig. 5. In other words, extension of cusp is
sustained by successive generation of crystalline steps from
the concave edge of crystal facet (00 1) and the substrate,
followed by upward extension of steps on (001) facet.
Fig. 5 provides an important clue to understand sponta-
neous, continuous rotation of crystallographic orientation.

4. Discussions

As we reported earlier, once nucleation takes place on
the concave edge, the asymmetric surface tension under-
neath the embryo of nucleus may distort the crystal-
lographic orientation of nucleus and hence the newborn
crystalline layer. Once crystallization is sustained by
successive nucleation on the concave edge, which is
possible when driving force for crystallization is not very

Lateral Growth Direction
R —

Crystal

upsirate

Fig. 6. The schematic diagram to illustrate the nucleation process on the
concave edge. Once an embryo of nucleus appears on the concave edge
(concave corner), the asymmetric surface tension underneath the embryo
may twist its orientation, so each layer 0, is slightly changed.

high, layer-by-layer, orientation of the crystallite is
continuously rotated. To elucidate this more clearly, we
may establish a model based on thermodynamics. Let g, 7,
and y; stand for the energies of three interfaces: crystal-
fluid, substrate—fluid and substrate—crystal, respectively.
Fig. 6 schematically shows nucleation on the contact
edge of (001) facet and glass substrate, as that illustrated
in Fig. 5. Let 0, represent the angle of the nth crystalline
layer and the substrate. The height and thickness of the
nascent nucleus (embryo) are defined as & and d,
respectively. Because of the asymmetric surface tensions
underneath the embryo, orientation of the embryo will be
twisted by a small angle A6 =6,,,—0,. The total free
energy for the formation of distorted nucleus on the
concave edge can be expressed as [23]

2
AG = _ o Au+1k,, n 0,A0 ) (hldy)
Uc 2 d()

+ 2hdoy; + ldo(y2 +7; — 75) + 1h( 01
— Oy + %lh(cot 0,11 — cot 0,)

X(; = 7s — V2)s

where the first term denotes the change of chemical
potential in crystallization, and the second term represents
the bulk elastic energy due to the rotation of crystal-
lographic orientation. The other terms are contributed by
surface/interface energies. Ay is the difference of chemical
potential between the crystal phase and the fluid phase; &,
is the elastic constant of the crystal and v, is the atomic
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volume. y; and 7, represent, respectively, the surface
energies of the side and top faces of the nucleus, as shown
in Fig. 6. By minimizing the total free energy AG for a fixed
volume, we may obtain the rotation of crystallographic
orientation as

e
kyh
Au d

Vi )
— —d 0,1,
- a0 oS- v,

[(Vf cos Op +7; — 75 — Vh/z)

where vy, =7,+7,—ys and is positive. Detail analysis
indicates that A6 is usually negative and does not change
the sign in crystallization [23]. This means that once
crystallization is promoted by successive nucleation at the
concave corner as that shown in Fig. 6, crystalline facet will
incline layer-by-layer until an equilibrium corner, 0.4, is
reached. 0.4 can be determined by A0 =0, i.e.,

eq»

_ %dlnyh
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It should be pointed out that successive incline of
crystallographic orientation indeed induces strain and
increases the elastic energy. Yet this disadvantage can be
compensated by reducing the interfacial area between the
crystallite and the substrate. So eventually total free energy
is decreased. For this reason the rotation process may
spontaneously occur.

We still need to combine the formation of zigzag branch
with successive rotation of crystallographic orientation
discussed above. As indicated in Fig. 5, extension of the tip
of pyramidal crystallite takes place via successive nuclea-
tion on the concave edges of two faceted {100} side faces
and the substrate. The gradual inclining of crystalline
layers on (001) and (010) facets is equivalent to the
successive rotation of crystallographic orientation shown in
Figs. 4(a)—(c). In fact, in Fig. 4(a) the angle between (0 1 0)
facet (and (100)) and the substrate is 64°. By rotating
the orientation with axis [1 10] to the scenario shown in
Fig. 4(c), the angle between (010) and the substrate is
decreased to 45°. It is noteworthy that for the scenario of
Fig. 4(c), a new facet, (00 1) appears on the growing front.
Therefore in later development, successive nucleation along
the concave edge of (00 1) and the substrate will contribute
to the continuous rotation of crystallographic orientation,
until Fig. 4(e) is reached. It is known that for CsCl (for
NH4CI as well), <111 is the preferred growth direction.
Therefore, when crystal growth reaches scenario Fig. 4(e),
successive growth will take place along either [111] or
[T11], depending on the local concentration field. By
repeating previous process, a zigzag branch with contin-
uous rotation of crystallographic orientation is formed.

Now that the crystallographic orientation rotates con-
tinuously, one would expect that strain will be accumulated
inside of the crystallite. For the growth of a strained
crystal, it has been reported that bumps could be generated
on an originally flat surface in order to release the

accumulated stress [24,25]. In our experiments, bumps are
indeed observed on the surface of the zigzag branches, as
shown in Figs. 1(b) and (c). Moreover, crack-like grooves
appear on the top of the bumps (Fig. 1(c)). These structures
suggest that strain/stress should be involved in crystal-
lization.

It is known that the growth of crystalline thin film may
start by forming islands (nucleation) first, followed by
horizontal extension of islands on the substrate [26-29].
The islands can be compact disks or droplets, and they can
also be ramified and fractal-like clusters [28-31]. In
previous studies of interfacial growth, despite the accom-
plishments in understanding thin film growth mechanism,
however, little attention has been paid to how interfacial
tensions affect the horizontal expansion of a crystalline
island on a substrate of different material, especially for the
scenario that the lateral expansion is motivated by repeated
nucleation on the concave edge of crystalline facet and
substrate. The experimental observations presented in this
paper provide an example that once lateral growth is
sustained by successive nucleation on the concave edge of
crystallite facet and substrate, the crystallographic orienta-
tion can be continuously rotated, and a regular morphol-
ogy with long-range order will be expected.

5. Conclusion

We report in this article the formation mechanism for
the regularly zigzag branch of CsCl crystallites on a foreign
substrate. Structural and morphological analyses indicate
that the crystallographic orientation of the crystallite
rotates continuously during lateral extension process,
leading to a regular zigzag branch with long-range order
on tens of micrometer scale. We suggest that this growth
phenomenon reveals a possible universal lateral growth
mode, and should be considered when the corner-mediated
successive nucleation becomes important in lateral exten-
sion process of crystalline islands.
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