an alpha-step surface profilameter indicates
that variations in surface roughness typically
range from 100 to 500 A over a scan length of
1 mm. Variations as large as a few thousand
angstroms can be spotted occasionally. These
preliminary results are very encouraging for
potential superconducting device applica-
tions. It is hoped that in the future, thinner
and optimized films will have even better
surface morphology.

The synthesis of high-quality Hg-cuprate
films has posed one of the toughest chal-
lenges so far in the area of high T, films
because of the highly volatile nature of
Hg-based compounds. Various standard
thin-film techniques for volatile materials
failed to achieve high-quality Hg-cuprate
films. Only after the adoption of multitar-
get atomic-scale mixing, cap layers, and
controlled annealing techniques were such
films achieved reproducibly. The atomic-
scale mixing and the protective cap layer
ensure stoichiometric composition before

annealing. The as-deposited films pre-
pared by Wang et al. (4) contained no Hg
at all and required diffusion of Hg into
the film after deposition. This procedure
is likely to be more prone to film inhomo-
geneity, especially degradation at the
grain boundaries, which may account for
the lack of electrical connectivity in
their films. In addition, given the high
volatility of Hg compounds, the use of
a single stoichiometric target (which
was also tried) leads to insulating films,
almost certainly because of preferential
deposition.

Our approach provides for a precise con-
trol of the Hg content in the film, which is
key to success. In a more general sense, the
technique presented in this work is expect-
ed to find more general applications in the
synthesis of thin films containing volatile
materials other than mercury. In view of
their excellent electrical and magnetic
characteristic, these films are expected to

Atomic Force Microscopy of the Electrochemical
Nucleation and Growth of Molecular Crystals

Andrew C. Hillier and Michael D. Ward*

In situ atomic force microscopy reveals the morphology, surface topography, and growth
and dissolution characteristics of microscopic single crystals of the low-dimensional
organic conductor (tetrathiafulvalene)Br, ¢, which are grown by electrocrystallization on
a highly oriented pyrolytic graphite electrode in an atomic force microscope liquid cell.
The growth modes and the distribution and orientation of topographic features on specific
crystal faces, whose identity was determined by “atomic force microscope goniometry,”
can be correlated with the strength and direction of anisotropic solid-state intermolecular
bonding. Growth on the (011) face of (tetrathiafulvalene)Br, ,, crystals involves the
formation of oriented self-similar triangular islands ranging in size from 200 to 5000
angstroms along a side. These nuclei eventually transform into rectangular rafts at larger
length scales, where bulk intermolecular bonding interactions and surface energies

dominate over nuclei-substrate interactions.

Molecular crystals containing organic
components exhibit a variety of electronic
properties, including electrical conductivi-
ty, superconductivity, nonlinear optical be-
havior, and ferromagnetism (1), and also
comprise the majority of pharmaceutical
reagents (2). Much of the interest in these
materials stems from the ability to use
molecular-level “crystal engineering” strat-
egies (3) to control solid-state intermolec-
ular interactions in order to rationally ma-
nipulate crystal packing and, consequently,
influence bulk physical and electronic prop-
erties. Although these strategies have been
used in the design and synthesis of many
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organic crystals, the self-assembly, nucle-
ation, and crystallization processes that are
responsible for their formation are not well
understood, particularly at the molecular
level and nanometer length scales. This
understanding is crucial if important crystal
characteristics such as polymorphism, mor-
phology, inclusion formation, and defect
density are to be controlled.

Recent developments in atomic force
microscopy (AFM) (4), however, now pro-
vide for in situ visualization of the early
stages of growth of organic crystals in lig-
uids (5-7). This capability allows dynamic
observation of nucleation events and the
determination, at small length scales, of the
distribution of topographic features (that is,
terraces, ledges, and kinks) that play an
important role in crystal growth (8). We
made in situ AFM observations of the
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be useful in applications of Josephson junc-
tions such as grain boundary SQUIDs and
other devices.
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electrochemical nucleation and growth of
the crystalline quasi-one-dimensional or-
ganic conductor (TTF)Br, ;5 (TTF, tetra-
thiafulvalene) (9), wherein the rate of crys-
tal growth was regulated by the electro-
chemical potential applied during the elec-
trocrystallization process (10). Electrocrys-
tallization is a convenient method for AFM
visualization of crystal growth modes be-
cause the supersaturation at the crystal sur-
face can be controlled by the electrochem-
ical potential, analogous to the effect of
changing solute concentration during the
growth of nonconducting crystals. We
chose (TTF)Br, ;¢ because it is representa-
tive of low-dimensional organic conductors
and previous studies (I1) indicated that
growth occurred readily on existing nuclei
during electrocrystallization.

L~

TTF

Electrochemical nucleation and growth
of well-defined needle crystals of the conduc-
tive, nonstoichiometric salt (TTF)Br, ,, on
a freshly cleaved, highly oriented pyrolytic
graphite (HOPG) electrode was accom-
plished readily in an AFM liquid cell (12).
Crystallization was induced by the brief ap-
plication (1 to 5 s) of an anodic potential
step in the range 040 < E_ ., < 0.70 V
[versus a saturated calomel electrode (SCE)]
(13). Under these conditions, AFM re-
vealed nucleation of (TTF)Br, ;¢ crystals on
the HOPG electrode, with nucleation den-
sities approaching 10> mm~2. These needle
crystals exhibited widths ranging from 0.2 to
4 wm, lengths of 10 to 15 pm, and heights
of 0.1 to 0.75 pm. The needle axis of the
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crystals was always parallel to the HOPG
substrate, but no azimuthal orientation was
observed (14). Subsequent growth or disso-

differs considerably from that observed on
(010), occurring by the relatively rapid ad-
vancement of kinks along the [001] ledges,

consistent with favorable intermolecular
bonding (¢yy,;) along this direction. These
i are evident as features parallel to

lution of these crystals could be precisely
controlled by selection of the applied elec-
trochemical potential.

TTE + 0.76 Br — — (TTF)Brg_ 76 + 0.76e™
(1
The microscopic (TTF)Br, ;¢ crystals
exhibited several distinct faces, each with a
unique morphology and topography (Fig.
1). The most prominent face was parallel to
the substrate and extended along the needle
axis of the crystal. This plane was identified
as (010) by comparison of high-resolution
AFM data to the molecular packing of this
plane (15). The periodicity of contrast was
15.01 and 3.25 A along [100] and [001],
respectively, in good agreement with the
x-ray structure values of 15.617 and 3.572
. Molecular resolution on the other faces
proved difficult because of the highly
stepped nature of these faces (16). Howev-
er, the remaining faces could be assigned by
“AFM goniometry,” in which the dihedral
angles between the faces were measured
from AFM height data (17). A self-consis-
tent set for the observed planes includes
(010), (310), and (210), which are parallel
to [001], and (011) appearing on the crystal
apex (18, 19). The (311) and (211) planes
were also occasionally observed at the tip of
the crystal (20).
The closely packed (010) face exhibits
[001] ledges with step heights of 6.3 to 7.2
, in good agreement with the TTF layer
spacing normal to the (010) plane (Fig. 2).
The [001] ledges are enforced by strong
intermolecular bonding energies (o))
(21) along the [001] stacking axis associated
with - charge transfer interactions be-
tween TTF molecules. The average width
of the (010) terraces exceeded 3000 A,
reflecting a large &j100, which can be at-
tributed to strong electrostatic interactions
between stacks of TTF* cations and the
Br~ counterions along [100]. The presence
of two strong in-plane bonding interactions
in (010) provides for a low surface energy,
Yeoi0)» Tesulting in large (010) faces in
macroscopic crystals (8, 22). In addition,
real-time imaging of growth on the (010)
face indicated a two-dimensional nucle-
ation and growth mode, consistent with
two strong bonding vectors in this plane.
In contrast to (010), AFM data indicate
that the (310) face has a high density of
[001] ledges with step heights of 15 or 21 A,
equivalent to two or three TTF layers, re-
spectively. The average width of these ledges
is <25 A. The (310) face is therefore
best described as a high energy, highly
stepped, vicinal face containing (010) ter-
races and (100) steps of molecular dimen-
sions. The mode of crystal growth on (310)
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Fig. 1. AFM images of a
(TTF)Br, ;¢ Crystal growing on a
HOPG electrode with [001] par-
allel to the basal plane of graph-
ite. (A) Image of a crystal and the
assigned planes. (B) Surface plot
of the AFM height data illustrat-
ing the crystal geometry (crystal
height corresponds to 7500 A).
(C) An image of the (010) face
showing molecular resolution
(raw data). (D) An image of the
(010) face after Fourier filtering.
The molecular packing of (010)
is superimposed on (D).

[001] Flg. 2. Nanoscopic sur-
face morphology exhib-
ited by exposed faces
of (TTF)Br,,s during
growth on HOPG. (A)
Surface structure and
(B) molecular packing
of the (010) face. The
AFM image consists of
[001] ledges formed
from large, molecularly
smooth (010) terraces
intersected by steps
with heights of 6.3 to
72 A (C) Surace
structure and (D) mo-
lecular packing of the
(310) face. The AFM
image reflects a high
ledge density on (310)
with ledges along [001]
and kinks along [130].
The step heights of the
ledges are 15 to 21 A,
corresponding to two or
three TTF layers. The
TTF cation stacks and
Br— anions are shown
in (B) and (D), but the
TTF hydrogen atoms
have been omitted for
clarity. The vertical stri-
(QTD) molecular ations on the extreme
packing left of the AFM images
are caused by cantile-
ver oscillation resulting
from high feedback.
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[130]. This process leads to accumulation on
the [001] ledges and, consequently, their
advancement along [100]. The (310) face
grows out of existence at larger length scales
by bunching of the ledges, which thereby
generates the large (010) terraces. These
results indicate that the surface topography
and growth modes observed on (TTF)Br, ;¢
crystals can be rationalized on the basis of
solid-state intermolecular bonding interac-
tions that exist within the plane of each
distinct crystal face. The slow two-dimen-
sional growth observed on (010) and the

Fig. 4. Molecular packing of the
(011) face of (TTF)Br, 6. The inter-
section of the (011) face with the
(310) and (210) faces is defined by
the [133] and [122] zone axes,
respectively. The molecular kink
sites on (011) are indicated by the
open circles. The orientation and
shape of the triangular nuclei (Fig.
3) are idlentical to the triangle con-
structeq here from the kink sites
defined'by the solid lines (denoted
as A). The angle subtended by the
[133] zone axis and the upper
edge of the triangle is 23°. The
orientation that would result from
the triangular array of kinks defined
by the dashed lines (denoted as B)

ledge bunching on (310) conspire to give the
(010) face a large morphological importance
in the macroscopic crystal.

Crystal planes exposed on the tip of a
(TTF)Br, ;¢ crystal, however, do not con-
tain the [001] stacking axis. As a result,
these faces tend to be microscopically
rough, and the corresponding growth
mechanism does not appear to involve
clearly defined ledges. The (011) face,
which is the predominant face exposed on
the tip of a (TTF)Br, ;¢ crystal, exhibits a
pyramidal habit, intersecting the (310) and

Fig. 3. Images of trian-
gular islands appearing
on the (011) face of
(TTF)Brg 16 during
growth. (A) AFM image
of oriented triangular is-
lands on (011). Also in-
dicated is the [133]
zone axis that lies along
the intersection of the
(011) and (310) planes.
(B) Aggregation of the
triangular nuclei on
(011). The angle be-
tween the [133] direc-
tion and the edge of the
triangles (indicated in
white) was experimen-
tally measured to be
23° + 5° (C) The same
region as in (B) after 60
s (several islands ex-
hibit a Sierpinski gasket
self-similarity). Images
of the triangular nuclei
(D) before and (E) after
their transformation to
the rectangular raft
morphology. The im-
agesin (A), (B) and (C),
and (D) and (E) were
obtained on different
crystals in separate ex-
periments.

is not observed. Because of the monoclinic symmetry of (TTF)Br, ,¢, orientations A and B are not
crystallographically equivalent. The TTF hydrogen atoms and the Br~ anions have been omitted for

clarity.
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(210) planes along the [133] and [122] zones
(Fig. 1A). Notably, nucleation on (011)
occurs with the formation of oriented trian-
gular nuclei (Fig. 3). One edge of the
triangles is oriented at angle of 23° with
respect to [133]. Initially, these triangular
features exhibit dimensions of 200 A on a
side (area = 9000 A2) and 50 A in height,
evolving over time to 5000 A on a side and
300 A in height.

These nuclei exhibit remarkable self-
similarity over this entire size range, main-
taining their orientation and aspect ratio.
Indeed, the larger triangles are frequently
observed as aggregates of smaller ones of the
same orientation; consequently, they ex-
hibit a “fractal” structure, resembling disor-
dered Sierpinski gaskets (Fig. 3, B and C)
(23). The size distribution of the smaller
triangles that make up the gaskets appears
to be fairly uniform, in contrast to true
ordered Sierpinski gaskets, which are con-
structed from a generator that results in an
ensemble of self-similar triangles of different
sizes. Under the conditions where these
gaskets are observed, the aggregation of the
smaller triangles may occur either by diffu-
sion along the (011) surface until attach-
ment to other nuclei or, more likely, by a
nucleation-redissolution mechanism in
which small triangular nuclei persist upon
aggregation with others.

The (011) plane of (TTF)Br, 4 is best
described as a highly stepped, vicinal plane
consisting of [100] oriented ledges formed
by monomolecular (001) step planes and
(010) terraces (Fig. 4). Furthermore, the
[100] ledges contain molecular kink sites
that are a consequence of the alternating
orientation of the TTF molecules along this
direction. Notably, a triangular array of
these kinks can be constructed (denoted A
in Fig. 4) whose orientation is identical to
that of the triangular nuclei on the (011)
face. This strongly supports a mechanism in
which the observed nucleation behavior
involves preferential attachment of incom-
ing solute molecules to these kink sites and
fast aggregation between these sites along
directions corresponding to the edges of the
triangles. While it may seem surprising that
an opposite orientation is not observed
(denoted B in Fig. 4), the two orientations
are crystallographically unique under the
symmetry of the monoclinic space group.
Apparently, the chemical inequivalence re-
sulting from the crystallographic inequiva-
lence is sufficient to provide discrimination
between the two orientations.

The triangular features observed during
early stages of growth eventually evolve
into oriented rectangular rafts whose long
axis is parallel to [100] (Fig. 3, D and E).
This evolution suggests that the formation
of the triangular nuclei results from a
kinetic preference for the quasi threefold
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(011) kink sites, whereas at larger length
scales, factors such as bulk thermodynamic
bonding and surface energy supersede
these interactions. The dominant inter-
molecular bonding within the (011) face is
the electrostatic interaction along [100],
which enforces the [100] ledge structure.
The observed morphology after this trans-
formation is indicative of the strong elec-
trostatic ¢y;o bonding in the bulk and the
more favorable surface energy of planes
associated with the growth along [100],
which overrides the substrate-nuclei inter-
actions as the nuclei become larger. In-
deed, the crystal faces exposed on the sides
of the triangular nuclei will have substan-
tial surface energy attributable to their
roughness.

Our results clearly indicate that the sur-
face topography and crystal growth modes
depend on the crystal face, generally re-
flecting the strength of intermolecular sol-
id-state bonding within the crystallographic
planes defining those faces. However, it is
evident that the molecular-level topogra-
phy, such as that of the (011) face of
(TTF)Brg 4, can strongly influence mor-
phology in the early stages of nucleation
where substrate-nuclei interactions can pre-
dominate over bulk bonding enthalpies and
surface energies that become important at
large length scales. Further examination of
nucleation and growth at the nanometer
length scale will likely lead to other unan-
ticipated length scale—dependent behav-
iors, while providing an opportunity to
unravel the fundamental principles that
control crystal growth at the molecular
level.
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Typical AFM scanning tips have a radius of cur-
vature ranging from 200 to 2000 A, as determined
by scanning electron microscopy, so there is a
finite interaction region between tip and sample.
Meaningful molecular-scale information requires
that the tip interacts with a surface that is molec-
ularly smooth over an area that is considerably
larger than the interaction area of tip and sample.
Therefore, the AFM cannot obtain lateral molecu-
lar-level resolution on a surface with a high den-
sity of ledges. The height of these steps, however,
can be accurately determined to within a fraction
of an angstrom.

As a note of caution, the resolution that can be
obtained when measuring a dihedral angle with
the AFM depends on the aspect ratio of the
cantilever tip. The maximum - “ar'e Aol
between a terrace and a steg ;.. 0 ¢ -
typical SigN, AFM tips with a 1:1 aspect ratio,
whereas the maximum measurable angle with Si
cantilevers with a 3:1 aspect ratio is 75°. For most
of these experiments, SigN, cantilevers were
used. However, when the observed angle ap-
proached 55°, we used a Si cantilever to verify the
results.

Dihedral angles measured by AFM compared
with those determined from the x-ray crystal struc-
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(010) N (210) = 36° (34°); (010) N (310) = 43°
(45%); (010) N (011) = 33° (33°); (210) N (011) =
50° (45°); and (310) N (011) = 50° (54°). These
dihedral angles, as measured with AFM, were
independent of the azimuthal orientation of the
(TTF)Br, 76 crystals with respect to the AFM tip.
This morphology was also corroborated by scan-
ning electron microscopy of crystals of similar
size. These observations rule out artifacts attrib-
utable to tip geometry in the measurements of the
dihedral angles.

The structure of (TTF)Brg, .6 is monoclinic and,
thus, exhibits crystallographically (and chemical-
ly) distinct (100) and (010) faces. However, the
difference between these planes results from only
a1.23° (B = 91.23°) offset of the TTF molecules in
the (010) plane, as compared with (100). This
difference is too slight to be differentiated with
the interfacial angles or the high-resolution molec-
ular-level registry as determined by the AFM.
Thus, an alternative assignment of the exposed
faces of Fig. 1 would be (100), (310), and (410)
along the [001] zone and (103) at the crystal tip.
Use of these alternative assignments would not
alter the interpretation of the nucleation and
growth behavior.

A smooth face that was parallel to the [001]
stacking axis and formed a small dihedral angle
with (010) was occasionally observed. This face is
attributed to twinning, as its morphology and
surface topography appear to be a mirror image
of the aforementioned (010) plane.
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