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This paper describes the engineering of patterned calcite films using templating by self-assembled
monolayers (SAMs) supported on micropatterned mixed metal substrates. The substrates were prepared by
deposition of one metal (Au, Ag) onto the surface of another metal (Au, Ag) through a stencil or photoresist
masks. The micropatterning arises from the generation of disordered regions in SAMs at the interfaces between
the two metals, where structurally different SAMs meet. The mechanism of diffusion-limited nucleation on
these substrates that governs the formation of different patterns of calcite crystals, crystalline outlines of the
underlying patterns, densely crystallised islands and patterned oriented films, is discussed. The ability to
control patterned crystallisation with sub-50 nm resolution can find applications in the fabrication of
crystalline inorganic materials with complex form.

Introduction
Crystalline inorganic materials with microscale regularity have
important applications in microelectronics, optics, information
storage, biomedical implants, catalysis and separation tech-
nologies.1 The development of new methods of the pattern con-
trol on a sub-micron scale is, therefore, a challenging problem in
crystal engineering. It has been shown that patterned inorganic
materials can be templated by supramolecular assemblies of
biological or synthetic organic macromolecules.2 A number of
interesting studies have discussed the preparation of nano- and
micro-patterned inorganic structures using supramolecular
lipid or protein cages,3 bacterial fibres,4 reverse microemulsions,
liquid-crystal and surfactant aggregates,5 and diblock
copolymers.6 Since the architecture of the surfacing crystalline
phase is defined by the structure of the underlying supra-
molecular assembly, the goal of many studies has been the
development of convenient techniques for the fabrication of
arbitrarily patterned organic substrates.

Microcontact printing (µCP) of self-assembled monolayers
(SAMs) of alkanethiols on gold, silver and copper or of silanes
on silica is a simple, broadly applicable technique for derivatis-
ing surfaces on a sub-micron scale.7 Microprinted SAMs served
as organic substrates for directing various area-selective inter-
facial processes, such as localised cell and protein adhesion,8

wetting,9 patterned deposition of polymers 10 and inorganic
materials.11 It has been demonstrated that by varying the func-
tionality of the SAM, the size and geometry of the features on
the patterned surface, and the concentration of the crystallising
solution, one can fabricate arbitrarily patterned arrays of
calcite crystals with controlled crystallographic orientation,
density and pattern of nucleation, and crystal sizes.12,13 The
feature sizes formed by µCP are, however, limited to >100–200
nm, because of the diffusion of ink molecules in the printing
stage and the fragility of the ordered regions in SAMs.14

Recently a new method for patterning SAMs using mixed
metal substrates was suggested.15 Highly localised regions of
disorder in SAMs are generated at the edges between different
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metals in topographically patterned evaporated metal films.
These regions provide active sites for the preferential exchange
of molecules in SAMs, formation of condensation figures, and
selective etching of the underlying metal films with sub-50-nm
resolution.15,16 Here the use of SAMs patterned with regions
of disorder as templates for inorganic crystal engineering is
described. Selective nucleation at the disordered regions
resulted in a patterned calcite growth in the form of outlines of
the underlying surface, dense crystalline islands and patterned
interconnected films.

Experimental
Silicon wafers or glass slides were coated with 2 nm of Ti, to
promote adhesion, and then typically with 50 nm of metal
(Ag, Au) using an electron beam evaporator (base pressure 10�7

Torr). The second metal (Ag, Au) was then deposited using a
stencil, e.g. transmission electron microscopy (TEM) grid, or
photoresist mask. In the latter case the photoresist pattern of a
desired geometry was formed on the surface of the first metal
using conventional lithographic techniques and applied as a
screen for the evaporation of the overlayer of a second metal.
The photoresist was then dissolved in acetone revealing the
micropatterned metal surface.

The topographically micropatterned metal substrates were
exposed to a 10 mM solution of HS(CH2)15CO2H in ethanol for
1 hour, rinsed with ethanol and placed into CaCl2 solution in a
closed desiccator containing vials of solid (NH4)2CO3. The sub-
strates were positioned upside down on supports to prevent
non-specific crystallisation induced by gravity. Calcite crystals
were formed by diffusion of carbon dioxide vapor into the
CaCl2 solution, according to reactions (1)–(3). The concen-

(NH4)2CO3 → 2NH3 (g) � CO2 (g) � H2O (1)

CO2 � Ca2� � H2O → CaCO3 (s) � 2H� (2)

2NH3 � 2H� → 2NH4
� (3)

tration of the CaCl2 solution and the crystallisation time were
varied in different experiments. The substrates decorated with
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calcite crystals were rinsed with double-distilled water and
examined in a scanning electron microscope (JEOL 6400).

Results and discussion
The experimental set-up is shown in Fig. 1. Two methods were
used to fabricate micropatterned mixed metal substrates: (a)

Fig. 1 Schematic representation of the experimental procedure for the
crystallisation on SAMs supported on mixed metal substrates prepared
by deposition of the overlayer of a metal on the surface of another
metal using a stencil (a) and a photoresist mask (b).

deposition of a metal (M2) onto the surface of another metal
(M1) through a micropatterned stencil mask, e.g. a TEM
grid (Fig. 1a); (b) deposition of M2 onto M1 whose surface
had been patterned with photoresist using conventional litho-
graphic techniques, followed by lift-off of the photoresist layer
(Fig. 1b). SAMs of HS(CH2)15CO2H were formed on these
patterned substrates and used as nucleation templates for
calcite crystallisation.

Fig. 2 shows scanning electron micrographs (SEMs) of pat-
terns of calcite crystals grown on SAMs. Control crystallisation
experiments with micropatterned metal substrates bearing no
SAM were carried out for comparison. It is clearly seen that
substrates supporting SAMs generated patterns of crystals that
replicated the structure of the underlying surface (Fig. 2a,c).
The bare micropatterned substrates did not induce preferential
nucleation anywhere on the surface (Fig. 2b,d). This result
indicates that patterned crystallisation does not arise from
the changes in topography of the surface and is only induced by
the local differences in the structure of SAMs when they are
supported on micropatterned mixed metal substrates.

The mechanism for the formation of structurally different
regions in SAMs is shown in Fig. 3. The atomic force micro-
scopy (AFM) study of the topography of the patterned metal
films shows that for the stencil patterning the interface between
the two metals is not sharp and the local curvature is about
5–10�, presumably due to the shadowing from the edges of the
mask (Fig. 3a). The use of the photoresist mask results in
the formation of sharp interfaces between the two metals with
topological steps of about 70–80� (Fig. 3b). It has been shown
that alkanethiol molecules self-assemble on different metals
(M2 ≠ M1) into monolayers having different lattice, tilt and twist
angles.17 At the region where two structurally different SAMs
meet, the order in the SAM is reduced 15 for both substrate
types, fabricated using the stencil (Fig. 3a) and the photoresist
masks (Fig. 3b). When M2 = M1 in the former case no disorder
is formed in the SAM since the surface is nearly flat locally
(Fig. 3a), whereas in the latter case the formation of sharp
topographical steps is sufficient for inducing the local disorder
in a supported SAM (Fig. 3b). Diffusion and mixing of two
different metals may also contribute to the local disorder in the
supported SAM.

Fig. 2 Sample SEMs of calcite crystals grown on mixed metal substrates. (a) Patterned crystallisation on a SAM of HS(CH2)15CO2H supported on
a substrate which consisted of silver islands deposited on Au through a TEM grid. (b) Non-patterned crystallisation of randomly oriented calcite
crystals induced by the same micropatterned metal substrate as in (a) supporting no SAM. (c) Patterned crystallisation on a SAM of HS(CH2)15-
CO2H supported on a substrate which consisted of silver islands deposited on Au through a photoresist mask. (d) Non-patterned crystallisation of
randomly oriented calcite crystals induced by the same micropatterned metal substrate as in (c) supporting no SAM (same magnification).
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Fig. 3 Structures of the interfacial regions between two metals patterned using a stencil (a) and a photoresist mask (b).

Heterogeneous nucleation is extremely responsive to the
structure and order of the inductive surface.18,19 Control
crystallisation experiments with SAMs that were intentionally
damaged by an electron beam prior to crystallisation showed
that the induction time for nucleation at the disordered, dam-
aged regions is shorter than that for the ordered areas. We have
also performed detailed statistical analysis of calcite crystals
grown on SAMs with increasing density of defects. The results
of this study 19 showed that with decrease of the immersion time
of metal substrates in the thiol solution (i.e. with increase of the
defect density in SAMs) the induction time of nucleation and
the percentage of oriented crystals13 decrease. Therefore, when
SAMs with integrated regions of disorder are used as nucle-
ation templates, patterned crystallisation that replicates the
ornament of the disordered regions in the underlying SAMs
results (Fig. 2a,c).

The mechanism of the pattern formation is illustrated in
detail in Fig. 4. The analysis of the decorated surfaces at differ-
ent stages of the crystallisation experiment showed that the dis-
ordered regions in SAMs provide the first nucleation sites, in
agreement with the results of the control experiments described
above. The flux of ions to the growing crystals induces a gradi-
ent of concentration in the vicinity of the interfaces between
the two metals and causes the formation of a depletion region
Ld where nucleation does not occur (Fig. 4a), eqn. (4), where D

Ld ≈ (D/F)1/4 (4)

(cm2 s�1) is a diffusion coefficient and F (cm�2 s�1) is a flux of
ions.12,20 The profiles of concentration of the crystallisation
solution, c(x), in the vicinity of the border between two differ-
ent metals is shown in Fig. 4b. The profiles were derived using
the diffusion equation (5) and assuming zero concentration of

∂c/∂t = D∂2c/∂x2 (5)

solution at the disordered region, that is assuming that all the
ions that reach the surface of the crystals growing there stick
irreversibly. The concentration profiles are steeper for the sur-
face that shows higher nucleating activity and shorter induction
time tM (surface M2 in Fig. 4b). Crystallisation does not occur
within the distances Ld1 and Ld2 (Ld1 > Ld2) from the disordered
region where the local effective concentration of the solution
(ceff) is below saturation (csat). The nucleation resumes for
x > Ld, where c > csat (Fig. 4a,b).12 One can create different
crystallisation patterns by controlling either the sizes of the
metal features on the surface or the concentration of the
crystallising solution. For low concentration of the solution,
when the effective concentration over the entire surface is below
saturation (bold lines in Fig. 4c), crystallisation will be
restricted only to the disordered regions in SAMs. For inter-

Fig. 4 Illustration of the mechanism of patterned crystallisation
induced by SAMs with integrated regions of disorder. (a) SEM image
of the fragment of the micropatterned surface decorated with calcite
crystals at the edge of the grid pattern. (b) Calculated profiles of con-
centration of the crystallising solution in the vicinity of the disordered
region where the nucleation occurs. (c)–(e) Pattern control by adjusting
the concentration of the crystallising solution (see text for details).
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Fig. 5 (a)–(d) Patterned calcite formation on SAMs of HS(CH2)15CO2H supported on substrates that were micropatterned with Au and Ag using a
stencil mask (TEM grid). The sequence of metal deposition and the concentration range are indicated. Note the differences in the densities of
nucleation, sizes and crystallographic orientation of crystals grown on different metals. (e) Non-patterned nucleation of oriented calcite crystals on
SAMs of HS(CH2)15CO2H supported on the gold substrate micropatterned with the gold islands. (f) Complex ornament of crystals formed on a
mixed metal substrate further patterned using µCP.

mediate concentrations of the solution, when ceff over the more
active surface is above saturation and ceff over the less active
surface is below saturation (bold lines in Fig. 4d), crystals will
decorate the more active regions. For high concentrations of the
solution, when ceff over the entire surface is above saturation
(bold lines in Fig. 4e), crystallisation will take place on the
entire surface.

Fig. 5 shows the application of the described principles to
the fabrication of complex micropatterns of calcite crystals on
substrates prepared by the stencil method. The substrates were
patterned with Au and Ag deposited in different sequences
through a TEM grid and derivatised with the SAMs of
HS(CH2)15CO2H. For c < 10 mM, selective crystallisation
at the boundaries between the two different metals took
place (Fig. 5a). The formation of these crystalline outlines of
the underlying regions of disorder in SAMs corresponds to the
mechanism shown in Fig. 4(c). It has been shown earlier that
SAMs of HS(CH2)15CO2H supported on Ag and Au induce
oriented nucleation of calcite from the (012) and (015)
crystallographic planes respectively.12,13 The rate and density of
nucleation of calcite are higher on SAMs of HS(CH2)15CO2H
supported on Ag than on Au.13,15 In agreement with these
observations, crystallisation using solutions of intermediate
concentrations (c = 20–40 mM) resulted in the preferential
decoration of the silver regions of the surfaces. Calcitic mesh
oriented in the [012] crystallographic direction was formed
when the islands of Au were deposited on the silver film
(Fig. 5b), and oriented calcitic islands were fabricated for the
reverse deposition sequence (Fig. 5c). The formation of crystal-
line patterns shown in Fig. 5(b,c) corresponds to the mechanism
depicted in Fig. 4(d). For c > 50 mM, crystallisation occurred
on the entire surface (Fig. 5d), according to the mechanism in
Fig. 4(e). The crystal patterns on the regions of Ag and Au had
the expected characteristic nucleation densities, crystal sizes
and crystallographic orientations.12,13,15 When M2 = M1 no pref-
erence for nucleation from the interfacial regions was observed,
irrespective of the concentration of the crystallising solution,

indicative of the absence of disorder in the SAM as was
suggested in Fig. 3(a). The crystallographic orientation of
the forming crystals, [015], was uniform and characteristic of
that observed on the corresponding non-patterned substrates 13

(Fig. 5e).
For micropatterned substrates fabricated using photoresist

masks the interfacial regions of SAMs are disordered for any
metal combination (see Fig. 3b). Accordingly, at low concen-
tration of the solution, crystalline outlines of the underlying
patterns were generated for both M2 = M1 and M2 ≠ M1

(Fig. 6a). At higher concentrations, isolated islands of oriented
crystals (Fig. 6b) or oriented interconnected crystalline film
(Fig. 6c) formed. A significant advantage of lithographically
patterned metal films is the ability to form features of
sub-micron sizes.

By combining the described technique with µCP one can
fabricate micropatterned surfaces of higher hierarchy. Fig. 5(f)
presents an example of a complex calcitic pattern grown on a
Ag/Au substrate stamped with lines of HS(CH2)15CO2H and
filled with HS(CH2)15CH3. Crystals nucleate only on the carb-
oxylic acid terminated regions located within the silver islands
of the patterned surface.

Conclusion
The successful use of micropatterned mixed metal substrates
supporting SAMs as templates for inorganic crystal engineering
has been demonstrated. The disordered regions that form in
these SAMs at the interfaces between different metals are tens
of nanometers wide and, therefore, they induce highly localised
crystal nucleation. Further crystal growth is governed by the
diffusion-limited mechanism. Using calcite crystallisation as an
example, it was shown that, by adjusting the concentration of
the crystallising solution or the sizes of features on the surface,
it is possible to fabricate arbitrary, high-resolution patterns of
microcrystals with controlled sizes, orientation and densities
of nucleation in each part of the surface. The generation of
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crystalline outlines of the underlying patterns is especially
interesting since they cannot be formed by other crystallisation
techniques. This method, combined with µCP, makes it possible
to generate complex crystalline patterns of higher hierarchy. We
believe that the described approach will have broad applications
in the synthesis of patterned crystalline films of various
inorganic materials.
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