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ABSTRACT: Self-assembled colloidal crystals have attracted
major attention because of their potential as low-cost three-
dimensional (3D) photonic crystals. Although a high degree of
perfection is crucial for the properties of these materials, little is
known about their exact structure and internal defects. In this
study, we use tomographic scanning transmission X-ray
microscopy (STXM) to access the internal structure of self-
assembled colloidal photonic crystals with high spatial resolution
in three dimensions for the first time. The positions of individual
particles of 236 nm in diameter are identified in three
dimensions, and the local crystal structure is revealed. Through
image analysis, structural defects, such as vacancies and stacking
faults, are identified. Tomographic STXM is shown to be an
attractive and complementary imaging tool for photonic materials and other strongly absorbing or scattering materials that
cannot be characterized by either transmission or scanning electron microscopy or optical nanoscopy.
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B INTRODUCTION possible, defect growth resulted in a decrease in the degree of
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Photonic crystals are currently under research for their perfection of crystals™" or required laborious post-processing of

potential in a wide variety of applications. Their capability to highly perfect crystals.'> Because of the small energy difference

manipulate the propagation of light opens the way to the between the hexagonal close-packed (hcp) and face-centered

A 16 :
perfecting of existing technology, such as optical fibers”> or cubic (fcc) crystal structures, © self-assembly often results in a

lasers,® but also to exotic new devices, such as optical chips.4 mixture of the two structures, which is unfavorable for the
Several methods exist to obtain crystals with a full photonic optical properties. The most prot;lés};lg growth process in this

band gap in the visible spectrum. Lithographic methods have category is convective assembly.”™"" This methﬁébproduces

been shown to be very effective for producing high-quality good quality crystals with a mainly fcc structure, " which is

materials with any desired structure,® even including defect required for producing materials with a full photonic band gap

regions that can be used as circuits to build all-optical logical in the visible spectrum.

elements.® The applicability of such structures, however, is Despite the large interest in these structures, much is still

limited by slow and costly production processes. unknown about the processes governing self-assembly, driving
Self-assembly of the right building blocks into large photonic the crystal into its fcc structure. In addition, most of what is

crystals is more promising in terms of speed and production known about the crystal structure is obtained through either

cost.”® This technique has other drawbacks, mainly in the

intrinsic disorder present in such systems’ "> and the difficulty Received: December 1, 2011

of including functional defects at desired positions."> Although Revised:  January 16, 2012

it has been shown that selective incorporation of defects is Published: January 19, 2012
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surface methods, such as scanning electron microscopy
(SEM),”*" or bulk averaging methods, such as microradian
X-ray diffraction""'®'® or field-stop filtered microscopy.”® SEM
has the disadvantage that no information about the internal
crystal structure is obtained and it can only be used as a rough
guide to the quality of a crystal. Bulk averaging techniques
provide information about stacking sequences over large areas
of crystal but neglect the local defect structure, which is so
important for the optical properties and for the growth
process.lz’22

To fully understand the relations between the growth process
and the resulting structure, detailed knowledge about the local
internal structure has to be obtained. Unfortunately, this is not
straightforward. Several studies exist that address the local
structure, but the methods used are not widely applicable.”** A
powerful technique for studying the local structure in three
dimensions is confocal microscopy.”* ** Since the advent of
optical microscopic techniques breaking the diffraction
limit,*>? similar techniques have reached a resolution that is
sufficient to study most colloidal systems. However, these
techniques require the use of dyed particles and, more
importantly, the use of systems that do not strongly absorb
or scatter visible light. In the case of convectively assembled
crystals, scattering has to be prevented by infiltrating the crystal
with a refractive index matching liquid.** The same capillary
forces that play a role during crystal growth are applied again
during infiltration, possibly altering the grown crystal structure.
In addition, because the colloidal fcc structure does not possess
a full photonic band gap, the crystal structure has to be
“inverted”. This involves the infiltration of the pores in the
crystal with a high refractive index material and a subsequent
removal of the original spheres.””” In this process, the refractive
index contrast in the material is maximized. Therefore, no
suitable refractive index matching fluids are available, and
visible light microscopy of these structures is not possible.

A technique that has proven valuable for the characterization
of the internal structure of nanocrystal solids is tomographic
transmission electron microscopy. Several studies exist that
address the internal structure of crystals made of semiconductor
quantum dots and magnetic and metallic nanoparticles.”®*
However, these materials have a thickness of several tens of
nanometers, while photonic structures are usually over a few
micrometers thick. The strong attenuation of an electron beam
by such thick structures prohibits the use of this technique here.

Recent developments in X-ray imaging have yielded a
spectrum of techniques with the potential to access the internal
structure of colloidal photonic crystals. Among these are
coherent diffraction imaging (CXDI),*® ptychography,*' and
high-resolution transmission hard X-ray microscopy
(HRTXM).* The relatively high penetration power of X-rays
enables studies of almost any material and thickness. In CXDI
and ptychography, use is made of phase retrieval algorithms to
reconstruct a real-space representation from diffraction
patterns. The merits of ptychography were demonstrated in a
tomographic reconstruction of a bone sample® with a voxel
size as small as 65 nm in all three dimensions. Full-field
HRTXM imaging of colloidal crystals was recently demon-
strated at 12 keV photon energy.*” At such a high energy, a
large penetration depth of the probing beam can be achieved
with a spatial resolution of ~100 nm. However, phase contrast
is much larger than absorption contrast if the photon energy is
not tuned to a specimen absorption edge. For this reason,
interpretation of resulting data remains challenging.
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To address the local crystal structure, we have recently
shown that, in two dimensions, superior resolution as good as
30 nm can be obtained by scanning transmission X-ray
microscopy (STXM) imaging.** The major benefit of this
technique over other X-ray techniques is the possibility to
directly obtain element-specific absorption contrast, signifi-
cantly simplifying data analysis. A detailed comparison between
optical microscopy methods,”>™>® SEM, and STXM was given
in our earlier paper.3’4

For crystals thicker than three hexagonal layers, two-
dimensional (2D) imaging cannot provide conclusive informa-
tion about the internal structure. For example, four-layer
stacking sequences ABCA, ACBA, ABAC, and ACAB all
provide the same 2D profile. We have therefore extended the
use of STXM to include tomographic reconstruction, enabling
studies of the internal three-dimensional (3D) crystal structure
of thicker crystals, including their internal defect structure. For
these particular structures, tomographic STXM is the only
method that can provide this type of information for reasons
described above. The crystals, grown from silica particles of 236
nm in diameter, were measured at and before their silicon K
edge, at 1845 and 1830 eV, respectively, to obtain pure material
absorption contrast and, therefore, information on sample
thickness.>*

B EXPERIMENTAL SECTION

Synthesis of Silica Colloids and Their Crystals. Silica particles
were synthesized according to the method described by Stsber et al.*®
A coating of 3-(trimethoxysilyl)propyl methacrylate (TPM) was added
following the method by Philipse and Vrij.>® The particle diameter was
determined using transmission electron microscopy (TEM) and was
found to be 236 nm with a relative standard deviation of 5%. This size
was verified for particles in solution using dynamic light scattering.

Crystals were grown onto various types of substrates by immersing
the substrate in an aqueous dispersion (Millipore water, 18 MQ cm)
with particle concentrations ranging from 0.1 to 1.0% (v/v) and
evaporating the solvent at elevated temperatures without gas flow."” A
schematic of the growth process is shown in Figure 1a. We employed
100 nm thick Si;N, windows (Silson, Ltd.) as well as cut TEM grids
coated with a 2—3 nm thick layer of platinum or palladium (Ted Pella,
Substratek) as substrates. These were attached to a glass slide and
added to a crystal growth dispersion under an slide inclination varying
from 0° to 30° with respect to the vertical direction. The crystal used
for the tomographic reconstruction in Figures 3 and 4 was grown from
a 0.1 vol % aqueous dispersion under a substrate inclination of 0° at a
temperature of 70 °C.

STXM Imaging and Data Processing. STXM measurements
were performed at the 10ID-1 soft X-ray spectromicroscopy beamline
at the Canadian Light Source (CLS) in Saskatoon, Saskatchewan,
Canada.”’

A schematic of the setup is displayed in Figure 2a. In short,
monochromatic X-rays with an energy between 130 and 2500 eV are
focused onto a spot on the sample by a Fresnel zone plate. For the
silica particles described in this paper, we measured at photon energies
of 1845 and 1830 eV, i.e,, above the silicon K edge and in the pre-edge.
Measured transmission is converted to optical density (OD) through
the Lambert—Beer law. Background images recorded at 1830 eV are
subtracted from the 1845 eV edge images, obtaining pure silicon
absorption contrast. The lower size limit of the beam spot is
determined by the quality of the zone plate, the outermost zone width,
and the X-ray energy. In the experiment described here, the instrument
spatial resolution was 30 nm. Higher order focal points of the zone
plate and zero-order light are filtered out by the order-sorting aperture
(OSA) and a central stop on the zone plate. Because of the relatively
long focal length of the zone plate at the energies used in this
experiment, the depth of focus of the beam (~3700 nm) was of the
same order of magnitude as the whole thickness of the sample,
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ensuring optimum resolution in the whole of the crystal.>* Finally, a
detector consisting of a scintillator and a photomultiplier tube detects
the transmitted X-ray intensity. A piezoelectric sample stage is used to
scan the sample along the plane normal and parallel to the beam,
gathering a focused transmission image of the desired region in the
sample.

Prior to tomographic reconstruction, all images were processed
using the aXis2000 software package.*® For all images measured above
the silicon K edge, a pre-edge image measured at an energy just below
the onset of the edge was subtracted to obtain pure silicon absorption
contrast. Tomographic reconstruction was performed with the IMOD
tomography package.*® This package was originally designed for TEM
data sets but is able to process any set of grayscale tiff files. The
package was used for further alignment of the data set images and
subsequent tomographic reconstruction through a weighted back-
projection algorithm.

B RESULTS AND DISCUSSION

Colloidal crystals were grown via convective assembly'” on 100
nm thick silicon nitride windows or on cut TEM grids, as
discussed in the Experimental Section. A schematic of the
growth method is shown in Figure la. The reason for growing
crystals on such thin substrates is the limited penetration depth
of soft X-rays. At the energies used here, 1830—1845 eV, this
can be up to several micrometers. Because the substrate should
not attenuate the beam too much, it should at most be 1 ym
thick. Typical SEM images of crystals grown on thicker glass
slides are displayed in panels b and ¢ of Figure 1. In these
images and in all images in this paper, the growth direction was
from top to bottom.

The growth conditions on such small slides of material,
especially the cut TEM grids, may be significantly different
from those on a larger substrate. As seen in Figure 1b, the rows
of touching particles are aligned neither horizontally nor
vertically. This is the result of the curvature of the liquid
meniscus near the edge of a substrate. A similar effect can be
observed in the region used for tomographic reconstruction.
The exact effect of this curvature on the crystal growth
mechanism and the concentration of defects is unknown,
because studies of the internal crystal structure have been
scarce up until this moment.

For characterization of the internal structure of the crystals,
the STXM setup described in the Experimental Section was
used. The choice of X-ray microscope is of paramount
importance for the planning of an experiment. Although in
this particular experiment a scanning transmission X-ray
microscope was used, the use of full-field transmission X-ray
microscopes (TXMs) would be beneficial in terms of image
acquisition speed, enabling, for example, an extension of the
data set to include more angles or a longer integration time to
obtain the signal at angles larger than the 60° reported here. In
addition to acquisition speed (TXM favorable), microscope
selection criteria include radiation damage (STXM favorable),
energy resolution (STXM favorable), and available energy
range (differs for each setup, only necessary if absorption
contrast is desired). These criteria have to be carefully weighed
to ensure optimal data acquisition.

A schematic representation of the STXM setup is given in
Figure 2a. In short, monochromatic X-rays are focused onto a
~30 nm spot on the sample, where transmission is measured.
When the sample is scanned through the focal point, a
transmission image is obtained. For a more detailed description
of the technique, we refer to the Experimental Section. An
example of a STXM image of a crystal consisting of 492 nm
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Figure 1. (a) Schematic representation of the crystal growth by
convective assembly is shown. Evaporation of the solvent at the curved
meniscus and the crystal surface creates a flow of particles toward the
growing crystal. (b and c) Representative SEM images of the crystals
obtained on glass substrates.

particles on a silicon nitride window is given in Figure 2b. The
image has been converted from transmission to OD via the
Lambert—Beer law, to provide a more insightful linear thickness
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Figure 2. (a) Schematic representation of the microscopy setup as described in the text. (b) A 2.0 X 0.8 mm* STXM false-color overview of a crystal
that is up to nine layers thick. Different colors represent different thicknesses, and thickness increases from right to left. Individual particles cannot be
distinguished at this magnification. The inset shows an intensity histogram, identifying up to nine particle layers. (c—g) OD images obtained from
STXM measurements on a real crystal. The angles at which the scans were made are given below each image, along with a schematic indicating the
effect of the measurement angle on transmission and width of the ROL

scale.>* From right to left, sharp, stepwise changes in color
indicate transitions toward a thicker crystal. A histogram of the
measured intensity distribution is shown in the inset. Every
peak corresponds to a certain thickness of crystal, with the
highest measured intensity (right) corresponding to the
thinnest piece of crystal. This way, up to nine layers of material
can be identified, as expressed by the numbers in the histogram.
The corresponding numbers have been added to the OD image
as well.

Overviews like Figure 2b are suitable for selecting regions of
interest (ROIs) in a sample or for investigating the transmission
as a function of material thickness. To be able to reconstruct
crystal structures on a single-particle level, however, more
detailed images have to be obtained. Panels c—g of Figure 2
show such images, with a field of view of 5 X S um” and a pixel
size of 25 X 25 nm® Particles in the images are 236 nm in
diameter. By measuring such a ROI at different angles with
respect to the beam, a rotation series is obtained through which
the 3D crystal structure can be reconstructed. To allow for
sample rotation at short working distances between the
focusing optics and the detector, samples were prepared in a
way similar to the method described by Obst et al.** In short,
Pd- and Pt-coated TEM grids were cut on two sides to leave a
small ribbon of material approximately 1 mm wide onto which
the crystal was grown. This ribbon was glued to the rotation
stage described by Johansson et al*' Suitable regions for
tomogram recording were selected on the basis of three criteria.
First, sample thickness had to be large enough to obtain
relevant information about the internal crystal structure but
small enough to avoid signal saturation at high scanning angles.
Second, regions close to the edge of a grid square had to be
avoided because the grid edges would interfere with imaging
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upon rotation. Finally, to ensure proper sample positioning
after every rotation step, a region had to contain a prominent
feature, such as a crystal crack. The latter condition may be
avoided by adding specific markers to a crystal to make any
region recognizable, such as core—shell particles with a high-
density core or a small concentration of gold nanoparticles. In
this case, care has to be taken not to influence the crystal
structure in any post-processing step.

Pictures were taken over a range from —60° to 60° with steps
of 4°. At larger angles, the signal was too attenuated to obtain
reliable images. Every third step, an extra angle was recorded
after a 2° interval to increase the size of the data set and, with
that, the resolution of the tomographic reconstruction.

Panels c—g of Figure 2 show the region used for tomographic
reconstruction recorded from five different angles. Below each
image, a schematic representation of the sample and its image is
provided for clarity. A movie showing the full rotation series
covering all measured angles is provided in the Supporting
Information. In the bottom right corner of each image, the
crack that has been used as a reference for sample positioning
can be seen. The projections have been converted from
transmission to OD images. From a calibration image, a single
layer was found to have a maximum OD of approximately 0.25.
Considering a packing fraction of 74% for close packed spheres,
the average OD of 1.5 measured at normal incidence
corresponds to approximately eight layers of particles. Intensity
modulations corresponding to periodicities in the crystal lattice
could be observed in almost all projections and are attributed to
alignment of particles along specific crystallographic directions.
In total, 41 projections were used for tomographic
reconstruction.
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Figure 3. (a—c) Top layer of the crystal in SEM view, tomographic
STXM reconstruction, and detected particle positions are shown,
respectively. Arrows indicate the only particle that was not identified
by the detection algorithm. (d) Model view showing all detected
particles in the eight layers of the reconstruction. The z axis has been
stretched for clarity.

Results of the tomographic reconstruction are displayed in
Figure 3. Figure 3a contains an SEM image of the ROI, and
Figure 3b depicts the same layer selected from the
reconstruction of the STXM tomography data set. The
thickness of this tomographic slice is approximately 150 nm,
corresponding to the resolution in the out-of-plane direction.
From these images, the perfect agreement between direct
imaging and tomographic reconstruction is apparent. Only a
slight discrepancy can be observed at the top edge and the

bottom left corner of the reconstruction. These artifacts are
attributed to misalignments during acquisition, resulting in the
absence of these specific regions in some of the images. In total,
the reconstruction produced a crystal of eight layers thick, in
good agreement with the value calculated from the average OD.
In addition, a disordered, open layer was also found at the
bottom of the crystal (see Figure Sla of the Supporting
Information). This layer consists of particles deposited on the
back side of the TEM grid during crystal growth, as confirmed
by the SEM image in Figure S1b of the Supporting
Information.

Particles and their positions were detected and digitized
using an algorithm similar to the algorithm described by
Crocker and Grier,* written for Interactive Data Language
(IDL). As seen in Figure 3c, the algorithm accurately detects
the center of virtually every particle. Only one particle that is
present in the SEM image has been missed, as indicated by the
arrows in panels a and ¢ of Figure 3. Also, in the region close to
the crack, some discrepancies can be noted. Here, particles may
have been slightly above or below the tomographic slice or
excluded from some projection angles because of misalign-
ments. In the aforementioned regions at the top edge and
bottom left corner, some particles have been missed as well
because of misalignment between measurements at different
angles. Nonetheless, because over 300 particles were identified
in the first layer, the detection was over 95% accurate. A 3D
rendering of the particles from all eight layers of the
reconstruction is shown in Figure 3d. The disordered layer
on the back of the grid has been left out for clarity.

Using the detected particle coordinates, the crystalline
environment of every individual particle could be determined.
To be able to detect the stacking of individual particles, an
algorithm was used that correlates the positions of the nearest
neighbors in the layer above and below each particle to each
other." In hep stacking, these have the same orientation (ABA
stacking of hexagonal layers), while in fcc, the triangles they
form are rotated 60° with respect to each other (ABC

Hexagonal

s aore’s o' oo

Defect Square

Figure 4. (a) Side view of the stacking sequence of layers 2 (top) to 7 (bottom) of the tomographic reconstruction is shown. Layers 1 and 8 are
excluded because these have neither fcc nor hep configuration. Both layers 2 and S are in hep configuration and cause a transition of the crystal
stacking from ABC to CBA. Panel b shows a reconstruction of the fifth layer of the crystal, including the deformed region in the bottom right, which
is contained in the dotted square. From the white overlaid lines, it is clear that this region is between square and hexagonal orientation, as illustrated
in panel d. (c) Deformed region of the crystal outside of the tomographic ROI (highlighted by the white square) is indicated by the arrow.
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stacking). Figure 4a shows that the measured structure is
dominated by fcc stacking, as expected for a convectively
assembled colloidal crystal.'” However, the hcp stacking found
in the fifth layer causes twinning from ABC to CBA in the
middle of the crystal, which is unfavorable for the photonic
band structure.”"*

Apart from stacking disorder, other local defects, such as
vacancies, were observed. These are present in images of the
first and fifth crystal layers displayed in Figures 3b and 4b,
respectively. The top right corner in Figure 3b shows a triangle
of line defects, as discussed by Meijer et al.' This structure can
be formed when a group of three vacancies aligns and three
neighboring particles move from an A to a B position on the
hexagonal plane below. It has been shown recently'” that
defects like this may have a significant influence on the final
crystal structure. However, we did not find similar defects in the
inner structure of the studied crystal. The occurrence in the top
layer may therefore be a surface effect, and further study is
required to conclusively establish whether or not these defects
occur more frequently.

The bottom right corner in panels a and b of Figure 3 shows
a region of particles in square and rectangular configurations.
These look similar to the transition regions that have been
discussed by Meng et al.** as possible candidates for causing the
strong preference for fcc growth, albeit for thin crystals. The
occurrence of these regions here could point to a similar
mechanism for thicker crystals but conflicts with our
observation of a stacking fault in the middle of the crystal. In
a SEM overview image (Figure 4c), the region can be seen to
extend over a longer range and a similar structure runs parallel
to it, indicating an additional possible thickness transition. As
mentioned earlier, however, SEM cannot provide us with any
information on the deeper, internal crystal structure. We
therefore investigated the same region in the tomographic
reconstruction, with the advantage of being able to characterize
the inside of the crystal. In Figure 4b, the fifth layer of the
crystal is displayed. The bottom right region in this picture,
contained in the dotted box, lies at the same position as the
deformed region in panels a and b of Figure 3. It does not have
square coordination, such as the first layer, but is not perfectly
hexagonal either, as indicated by the drawn white lines
connecting the particles and illustrated in Figure 4d. Although
the structures found in the layers in between do not resemble
those found by Meng et al,* they are different from the rest of
the crystal. For layers beyond the fifth layer, the corner returns
to a perfect hexagonal orientation in line with the rest of the
crystal. From this, it can be concluded that the deformed
regions observed in the top layer with SEM extend several
layers into the crystal but with a finite depth. It is therefore
suspected that, if these regions do influence the structure as in
ref 22, they only influence the top layers. In this light, it is
remarkable that we find a twinning plane at exactly the depth
where the influence of the deformed region ends. The limited
size of the deformed region in this reconstruction and the fact
that the crystals were grown onto thin ribbons of material with
curved menisci, however, do not allow us to draw further solid
conclusions about the growth mechanism.

Nonetheless, the detail with which tomographic STXM
yields information on the internal structure of convectively
assembled crystals is unrivaled. For the first time, the defect
structure of crystals grown from large crystals (>200 nm
diameter) could be imaged at the single-particle level without
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restrictions in terms of refractive index mismatch, dyeing
particles, or particle size.

For further experiments, the start-up of new X-ray micro-
scopes (both STXM and TXM) with photon energies up to 14
keV promises microscopy with absorption contrast on virtually
any element. With this, the imaging of thick inverted crystal
structures (crystals of air spheres in high refractive index
materials) consisting of heavier elements, such as titanium,”’
iron, nickel,** or even cadmium,** becomes feasible. Also, the
availability of both soft and hard X-ray microscopes mizght be
used for the real-space study of colloidal liquid crystals® (see
Figure S2 of the Supporting Information for transmission
properties of these compounds and several heavy metals).
Furthermore, combinations of STXM with coherent diffraction
imaging*” show promise of pushing the resolution into the sub-
10 nm regime.

B CONCLUSION

In summary, we have shown the applicability of absorption
contrast soft X-ray tomography for the 3D imaging of crystals
of inorganic colloids on a single-particle level. In a volume of 5
X 5 X 2 um?, the positions and crystal structure of individual
236 nm particles were determined. Several types of crystal
defects were identified, warranting further study into their role
in the crystal growth process. Newly commissioning micro-
scopes show promise of faster recording of high-quality data on
virtually any material with element-specific absorption contrast.
With these improvements in mind, we see X-ray tomography as
a valuable addition to the characterization toolbox for photonic
crystals in specific or condensed matter physics in general.

B ASSOCIATED CONTENT

© Supporting Information

Tomographic slice showing a disordered layer of colloids and
SEM image indicating that this is located at the back of the
substrate; calculated transmission spectra of several inorganic
materials; and movie containing the full data set used for
tomographic reconstruction. This material is available free of
charge via the Internet at http://pubs.acs.org.
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