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C
alcium carbonate is a fundamental
building block for many materials
in nature,1�3 and it also attracts

growing attention in biomimetic materials
research.4�8 Besides its role as a structural
constituent in organisms,9,10 calcium carbo-
nate also exhibits specific properties enabling,
for example, optical functionality.11,12 The
latter is an important feature of some biolo-
gical materials, being achieved by using com-
plex nanometer-scale architectures.13 A
morphology control of minerals in nature as
well as in synthetic materials is possible with
the aid of organic macromolecules.14 In bio-
genic crystals,macromoleculesmayguide the
nucleation of minerals in a way such that
emerging crystals grow with preferential ori-
entation and desired shape.15,16 Microlenses
are one striking example of a functional ma-
terial made from calcium carbonate.17 Micro-
lens arrays (MLA) can find technical applica-
tions, for example, in directional displays, in
artificial compound eyes, or for signal-routing

connectors.18 Strain-responsive MLA have
been produced by an elastomer poly-
(dimethylsiloxane) (PDMS) patterned with a
thin layer of hard oxide on top.19 MLA with
integrated pores exhibiting a multipattern
photomask were fabricated by lithography
techniques.20

Here we report on calcitic MLA, produced
by a heat-induced transformation from
amorphous calcium carbonate (ACC). For
long-term applications, it is desirable to
transform amorphous materials into the
most stable crystalline calcite phase. How-
ever, calcite is birefringent, which is poten-
tially unfavorable for optical lenses.
Therefore, we explore a way to produce
calcium carbonate MLA that meet optical
requirements and are thermodynamically
stable. For this purpose, we investigated
the MLA in situ during crystallization by
crossed-polarized optical microscopy (POM),
microbeam scanning wide-angle X-ray dif-
fraction (WAXD), and transmission electron
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ABSTRACT Natural calcium carbonate-based nanocomposites often have superior physical properties and

provide a comprehensive source for bioinspired synthetic materials. Here we present thermodynamically stable,

transparent CaCO3 microlens arrays (MLA) produced by transforming an amorphous CaCO3 phase into

nanocrystalline calcite. We analyze the structure and properties of crystallized MLA by X-ray scattering,

transmitted and polarized light microscopy, and electron microscopy and find that MLA are crystallized in

spherulite-like patterns without changing the shape of the microlens. The key finding is that nanocrystallinity

of the calcite formed diminishes structural anisotropy on the wavelength scale and results in greatly reduced

birefringent effects. The remnant preferred orientation of the optical axes of calcite crystals in the plane of the

microlens arrays leads to some directionality of optical properties, which may be beneficial for technical

applications.
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microscopy (TEM). This allows us to understand the
structure and the properties of crystallized MLA and
the mechanisms of transformation processes. With the
aid of POMwe show that amorphous MLA crystallize in
spherulite-like patterns without changing the shape of
individual hemispherical microlenses. By mapping lo-
cal crystal orientations, deduced from X-ray diffraction
experiments, we find the in-plane distribution of the
calcite c-axis, as well as calcite twinning of (001) type.
We show that the average size of the differently
oriented calcite nanocrystals is about 15�20 nm. This
fact has a crucial effect on optical characteristics of the
crystallized MLA, greatly diminishing the role of the
intrinsic birefringence of calcite and preventing unde-
sirable light scattering at grain boundaries.

RESULTS AND DISCUSSION

ACCMLAwere prepared according to the previously
reported method.17 The fabricated microlenses had
uniform size and focal length. The thin films of ACC
MLA, 2�3 μm thick and a few square centimeters in
area, can be considered as quasi-two-dimensional, which
enabled us to investigate the propagation of crystal-
lization fronts with the aid of POM and WAXD without
any sophisticated sample preparation procedures.
Each ACC microlens had a hemispherical shape with

a diameter of about 6 μm (Figure 1a). After heat-
mediated crystallization, themicrolenses still kept their
hemispherical shapes (Figure 1b), without using any
template at the fabrication and crystallization stages.
Other works report unchanged shapes of ACC struc-
tures after transformation into calcite by using hard
templates.21�24 We monitored the transformation
process in situ under a polarized light microscope
(Figure 1d�h) by using a temperature-controlled heat-
ing stage. The ACC MLA showed predefined cracks
(black arrows) induced by the volume change of the
fixing polymer (Figure 1c). The transformation of ACC
into the crystalline phase at 130�140 �C started with
the appearance of a bright spot in the POM image
(Figure 1d), which manifested the crystal nucleation
event. The crystallization front propagated in radial
directions, keeping its circular shape (Figure 1e), and
stopped at the predefined cracks, as indicated bywhite
arrows in Figure 1f,g. The ACC phase of MLA had one
mole of water per one mole of calcium carbonate, as
other typical stable ACC phases had.17 The new cracks
(red arrows, Figure 1h) were generated by volume
shrinkage as a result of water release from the ACC
phase. In previous studies,21,25 regularly patterned holes
served as sites for the release of water as well as
mechanical stresses, and therefore millimeter-sized sin-
gle crystals of calcite could be formed without cracks.
POM images of crystallized samples look like those

produced by spherulites in crystallized polymers, re-
vealing characteristic Maltese crosses (Figure 1e�h).
Like the formations of spherulites in polymers, the

centers of Maltese crosses are nucleation sites from
which the transformation proceeded in radial direc-
tions (Figure 1d�h). These particular POM patterns are
greatly influencedby crystal birefringence, as the result
of specific orientations of the crystallites formed.
In order to find crystal orientations, we applied

microbeam scanning WAXD to selected areas of the
samples. Two-dimensional diffraction patterns were
taken from calcite crystallites with the aid of a 10 μm
sized X-ray beampassing through 3�4microlenses per
sampling point. Figure 2a�d shows orientation maps
for different atomic planes (hkl), extracted from the
X-ray diffraction patterns and superimposed on the
respective POM images. A typical diffraction pattern,
shown in Figure 2e, reveals segments of Debye rings
that manifest a certain degree of preferred orientation.
We stress that the maxima of intensity distributions,
measuredwith different reflections (hkl), are situated at
different azimuthal locations in Figure 2e, the differ-
ences being strictly related to the angles between
reflecting calcite planes. This circumstance allows us
to assume that intensity maxima for different Miller
indices (hkl) were produced by the same crystallites,
which is not trivial whenmeasuring diffraction patterns
from polycrystalline samples. By analyzing the orienta-
tion map for the (006)-reflection (Figure 2a), we can
clearly state that the crystallization front propagates
radially from the “point” nucleation event, with the
c-axis of calcite being the local “crystal growth” direction.
Since the angle between the (006)- and (110)-planes is
90�, the orientation map, taken with the (110)-reflec-
tion, reveals the expected circular “symmetry” (see
Figure 2b). However, when analyzing in this way other

Figure 1. Amorphous-to-crystalline transformation of the
CaCO3microlens array observed by in situ light microscopy.
SEM image of the homogeneous and well-ordered (a)
amorphous and (b) crystallized CaCO3 microlens array. (c)
Amorphous microlens array before annealing with prede-
fined cracks (black arrows) induced by the PDMS fixation
process. (d�h) Imaging of the transformation process by a
crossed-polarized optical microscope: (d) starting time mo-
ment, t = 0, (e) t = 5 s, (f) t = 14 s, (g) t = 24 s, and (h) t = 37 s.
Red arrows in (h) mark shrinkage cracks.
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available reflections (with enough intensity), we find
more complex behavior, shown in Figure 2c and d, for
the (012)- and (104)-reflections, respectively. These
maps reveal two definite orientations within the same
lens or two specific orientations in closely located
lenses. Since the angles between these orientation
pairs are fixed across the respective images, we assume
that these features are induced by twinning in calcite.
Twining in calcite is governed by four twin laws with

twin planes of the (001), (104), (012), or (018) type.
Atomic arrangements in the vicinity of these twin
planes have been described by Pokroy et al.26 Analyz-
ing the orientation maps in Figure 2, we can immedi-
ately reject the (104)-, (012)-, and (018)-twinning laws,
since they should duplicate crystal orientations in the
(006)-map, which does not occur. At the same time, the
(001)-twinning law excellently fits all observations. In
fact, the (001)-twins do not influence the (006) diffrac-
tion intensity (Figure 2a) since atomic rearrangements
are within diffractive planes and their projections on
the diffraction vector (normal to the diffractive planes)
equal zero. Also the (110)-map (Figure 2b) is insensitive
to the (001)-twins since Miller index l, for diffractive
planes, equals zero. So, for observing the twinning
effect in the orientation maps we need diffractive
planes with a nonzero l-index and one or both nonzero
h,k-indices. These requirements are satisfied when
using the (012)- and (104)-reflections. According to
Pokroy et al.,26 the expected angles, R, between
twinned orientations are R = 90.8� for the (104)-map
and R = 53.8� (or 126.2�) for the (012)-map, which fits
the observations.
Taking into account the discovered twinning phe-

nomenon, a plausible scenario for an amorphous/
crystalline transformation process for ACC MLA looks

as follows. Crystallization starts from some nucleation
event and proceeds in radial directions, revealing a
circular crystallization front. Amorphous/crystalline
transformation lowers the bulk free energy, which is
in competition with the growing interface energy
between the amorphous and the crystalline phase.
A circular shape of the crystallization front is thermo-
dynamically favorable since a circle has aminimal border
length for a given area surrounded by it. However,
radial front propagation from a point source means
that adjacent individual crystals, located along slightly
misoriented propagation beams, will experience the
mismatch strains, contributing to the undesirable elas-
tic energy of the sample. These mismatch strains are
removed in the course of plastic deformation, which in
our case is provided by the (001)-twinning. Calcula-
tions show that the (001)-twin law in calcite has the
lowest defect energy, and moreover, only (001)-twins
can be generated by a two-dimensional heteroge-
neous nucleation mechanism.27 POM images clearly
reveal twin boundaries, which separate domains with
different crystal orientations, producing lamellar pat-
terns of bright and dark contrast (Figure S1). When the
crystalline MLA was tilted by 45� while keeping the
same orientation of crossed polarizers, bright domains
indicated by orange arrows in the left-hand POM
image became dark and vice versa (Figure S1).
To understand the relationship between the crystal

orientation of MLA and its optical performance as a
lens, projection experiments were performed in the
partially transformed area of the MLA. This allowed us
to compare the optical properties before and after trans-
formation of ACC into calcite (Figures 3, S2, and S3).
The POM images clearly show partially crystallized
CaCO3 MLA (p-MLA) (Figures 3a and S2). First, we

Figure 2. Crystal-orientation maps superimposed on the crossed-polarized optical images. Orientations of different lattice
planes aremarkedby coloredbars: (a) (006)-planes (in red), (b) (110)-planes (inwhite), (c) (012)-planes (in green), and (d) (104)-
planes (in yellow). (e) Typical WAXD pattern taken from a calcitic microlens.
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describe the crystal orientation by imaging the “OK”
symbol in an optical microscope. All projected “OK”s
are visible in the bright-field mode regardless of the
crystal orientation in CaCO3microlenses (see Figure 3d,
in which the magnified area, indicated by a white
dashed line in Figure 3a, is presented). However, when
the light is polarized vertically (in the plane of Figure 3e),
the projection images are not visible on the right and
left parts of p-MLA (yellow boxes in Figure 3e). When
the polarizer was rotated by 90� (horizontal polariza-
tion in the plane of Figure 3e), the “OK” projection
became visible on the right and left parts of the image,
but still remained invisible on the top and bottomparts
of p-MLA, indicated by red boxes in Figure 3f. This
phenomenon is related to the preferred orientation of
the c-axis in calcitic MLA (Figure 2a), visualized by the
aid of the collectedWAXD patterns (Figure 2e). In other
words, MLA plays a role of analyzer just as in the
standard crossed-polarizer setup (see Figure 3g). More
specifically, the linearly polarized light, with a vector of
an electric field parallel to the analyzer axis (the c-axis
of calcite in our case) will be transmitted through the
lens array, whereas perpendicularly polarized light will
be strongly absorbed.28 This general optical relation-
ship, together with the c-axis orientation maps
(Figure 2a), allows us to explain the respective appear-
ance and disappearance of the OK symbol in the
corresponding parts of Figure 3e and f.
Second, we observe clear “OK” projection images

from both amorphous and crystalline microlenses with
preferred orientation, whereas much lower quality

projection images are characteristic of randomly crys-
tallized microlenses (Figure S3). It is surprising that the
optical properties of calcitic microlenses are comp-
arable to that of amorphous MLA. In fact, crystalline
calcite is intrinsically birefringent (resulting in the
doubling of optical images) except when light propa-
gates along the optical axis (the c-axis), which of course
is not the case for polycrystalline MLA.4,28 In addition,
photolithography experiments by usingMLA as photo-
mask (randomly crystallized MLA under ambient con-
ditions, except the circular area of p-MLA) confirm the
optical transparency of p-MLA (Figure S4).
Based on HR-TEM characterization, we better under-

stand the reasons for the reasonably good optical
properties of MLA, which a priori could suffer from
two drawbacks originating from (i) the polycrystalline
character of the lenses and (ii) the birefringence of
calcite. In particular, grain boundaries in polycrystalline
calcite are the sources of undesirable parasitic light
scattering (influencing the lens transparency), whereas
birefringence leads to the doubling of optical images.
Certainly, the nanocrystalline structure of microlenses
(Figure 4a) facilitates a suppression of parasitic scatter-
ing from grain boundaries as well as partial averaging
and reducing the birefringence effects. Bearing these
points in mind, we can say that the nanometer-sized
crystallites in our case are so small that the material to
some extent loses its optical anisotropy at a scale of the
wavelength of visible light. In fact, HR-TEM images
clearly show nanocrystallites separated by grain bound-
aries (white dashed lines in Figure 4a). The average grain

Figure 3. Projection of the “OK” symbol through the MLA sample shown in Figure S3c,d: (a) Optical microscope image taken
with crossed polarizers; (b�f) enlarged optical microscope images of white dashed line region shown in (a): (b) bright-field
image and (c) image taken with crossed polarizers. The “OK” projection images in the bright field (d) and with polarizers
installed in vertical (e) or horizontal (f) orientations; the bottom left panel shows the magnified image indicated by red and
yellow boxes in (d), (e), and (f). (g) Schematic illustration of the optical microscope experiment setup and results (red and
green boxes): the incident light (color in yellow) passes the optical microscope polarizer, then the glass slide with the “OK”
symbol. The fixed p-MLA (colored in blue) produces a Maltese cross that is visible by POM. Inset: Magnified images from sites
on theMaltese cross indicated by red and green circles; the lens structure in the red boxworks as a parallel polarizer, whereas
the lens structure in the green box works as a crossed polarizer.
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size (about 15�20 nm) is comparable to that of the
initial amorphous particles before crystallization. In fact,
TEM bright-field images reveal ACC particles compart-
mentalized by narrow brighter regions (black dashed
lines in Figure 4b), originated in the lower electron
density than that in the mineral phase. Most probably,
these narrow regions contain water and molecules of
surfactant, polysorbate 20, with which the ACC particles
are coated.17 TEM bright-field images, taken under low-
er magnification (see Figure S5), show clear differences
between local spatial inhomogeneities in the amor-
phous (Figure S5a,b) and crystalline (Figure S5c,d) state.
We can speculate that crystallization proceeds by secon-
dary nucleation from one particle to the next.9,29 When
the crystallization front propagates to form preferably
oriented crystallites, the organic substance between
particles, seemingly, does not allow the secondary
nucleation to proceed in a perfectly oriented way.

CONCLUSIONS

In summary, we show how to produce thermodyna-
mically stableMLA, built of nanocrystalline calcite, with

greatly diminished birefringence effects and persisting
transparency. The calcium carbonate-based MLA de-
scribed here are morphologically controlled, and the
spherical shape of amorphous lenses is preserved after
crystallization. The strategy of reducing optical anisot-
ropy in calcitic MLA differs from that found in MLA of
brittle stars.11 Specifically, in brittle stars the optical
axes in single crystals of calcite are all parallel to the
light propagation direction, the latter being normal to
the lens array. This implies that birefringence is absent
for this configuration only andwill influence the quality
of optical images when light deviates from the vertical
direction. On the contrary, in our MLA, the optical axes
of individual lenses are situated in the horizontal plane,
which makes an array much less sensitive to the light
propagation direction. In our case, the key issue is the
nanocrystallinity of the calcite formed, which reduces
the system's anisotropy on the wavelength scale. At
the same time, the remaining preferred orientation of
the optical axes still provides some directionality of
optical properties, which may be beneficial for certain
technical applications.

EXPERIMENTAL SECTION
Materials. The CaCO3 MLA were synthesized as described

earlier.17 The MLA can easily be removed from the Ca(OH)2
solution surface and dried at ambient conditions.

Fixation Procedure. The ACC MLA are fixed on a 20 μm mica
slide (for X-ray measurements), on glass slides (for POM), or on
silicon slides (for TEM) with a thin coating (1 μm) of polydi-
methylsiloxane.

Crystallization Procedure. A fixed ACC MLA can easily be crys-
tallized by heat treatment for 1 h at 300 �C. The in situ heating
experiments were performed with a Linkam THMS600 heating
stage. To obtain p-MLA, thermal treatment of ACCMLA fixed on
glass slides was carried out on a hot plate at 200 �C for 30 s
followed by quick cooling and removing the MLA from the
plate.

Polarization Optical Microscopy. The circular crystallized area of
p-MLA was imaged with an optical microscope (Microscope
Axio ImagerA2, Carl Zeiss Microscopy GmbH) using crossed

polarizers (Figure S2a). A polycrystalline region with random
orientation was observed around the circular area of p-MLA
after the sample was left in air for 3 days (Figure S2c�e). The
ACC phase was crystallized under ambient conditions. The
initial weak crystallinity is better revealed when both polarizer
and analyzer are aligned in parallel, than under crossed polar-
ization (Figure S2). The projection imaging was performed with
the setup shown in Figure S3g. The bright-field projection images
were obtained with no polarizer and analyzer (Figure 3d) or with
only a polarizer installed (in vertical or horizontal orientation,
Figure 3e,f, respectively). Overview POM images of completely
crystallized MLA samples used for X-ray measurements were
obtained by using a Leica DM RXA2 and treated with a digital
color camera, Leica DFC 480.

X-ray Measurements. Microbeam wide-angle X-ray diffraction
experiments were performed at the μSpot beamline of the
synchrotron radiation source (BESSY II). The incident X-ray beam
(wavelength, λ = 0.82656 Å) was focused horizontally and

Figure 4. HR-TEM interference and bright-field image of a calcite microlens (a). TEM bright-field image of ACC MLA (b)
showing ACC particles surrounded by brighter regions, which are marked by black dashed lines. These regions have lower
electron density than the mineral phase and most probably contain water and organic molecules of polysorbate 20, with
which the ACC particles are coated.
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vertically down to a 10 μm spot, with the aid of a toroidal mirror,
followed by a MoBC-multilayer monochromator.30 A two-di-
mensional CCD-based MARmosaic detector was used to record
the diffraction patterns (measurement range in q-space: 0.3�
28 nm�1).30 In order to obtain the spatially resolved structural
information, 10 μm steps in the sample scanning mode were
applied. The calibrations of the sample-to-detector distance
and beam center were carried out by using the software Fit2d
(by Andy Hammersley, ESRF, v. 12.077). The data evaluation
was performed by using the software packages DPDAK (DESY/
MPIKG, Gunthard Benecke, v. 0.3.0. beta2) and OriginPro.

TEM Measurements. ACC and crystalline MLA fixed on TEM
sample holders were coated with a thin platinum layer using
e-beam deposition and then cut by focused ion-beam (FIB). The
images were obtained by the aid of a FEI TITAN 80-300 instru-
ment operated at 300 keV.
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