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 Photonic crystals consisting of nano- to micrometer-sized building blocks, such as 
multiple sorts of colloids, have recently received widespread attention. It remains 
a challenge, however, to adequately probe the internal crystal structure and the 
corresponding deformations that inhibit the proper functioning of such materials. It is 
shown that scanning transmission X-ray microscopy (STXM) can directly reveal the 
local structure, orientations, and even deformations in polystyrene and silica colloidal 
crystals with 30-nm spatial resolution. Moreover, STXM is capable of imaging a 
diverse range of crystals, including those that are dry and inverted, and provides novel 
insights complementary to information obtained by benchmark confocal fl uorescence 
and scanning electron microscopy techniques. 
  1. Introduction 

 The self-assembly of monodisperse colloidal particles is 

a promising method for fast and cheap production of pho-

tonic materials. [  1–4  ]  These materials hold promise for appli-

cations in telecommunications, solar-energy harvesting, and 
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low-threshold lasing. [  5  ]  The convective assembly technique [  1–4  ]  

is a well-established method to produce macroscopic colloidal 

crystals with a face-centered cubic (fcc) structure. Colloidal 

crystals obtained in this manner can be used as a template 

for making inverted photonic crystals of materials with a 

desired refractive index. [  2  ,  6  ]  The inverted structure can then 

serve as a photonic crystal. In order to obtain crystals with 

a full photonic bandgap, however, the fcc structure needs to 

be controlled since the photonic bandgap is highly sensitive 

to stacking faults, dislocations, and other deformations. [  7  ]  To 

achieve perfect crystals, detailed knowledge about the crystal-

growth mechanism and resulting defect structures is required. 

The growth mechanism has received widespread attention 

over the last decade, [  4  ,  8,9  ]  resulting in the proposal of several 

growth models, but experimental evidence supporting these 

models is lacking. Moreover, the defect structures themselves 

have hardly been investigated and the few reported studies 

indicate that the dominant fcc crystals still possess a signifi -

cant degree of disorder resulting in disadvantageous effects 

on the properties of photonic crystals. [  10,11  ]  

 A serious obstacle in the study of defect structures is the 

absence of appropriate techniques that probe the internal 

structure of photonic crystals in three dimensions. The most 

widely applied technique is scanning electron microscopy 

(SEM) but this technique is inherently surface specifi c. The 

only possibility for studying parts of the crystal internal 

structure by SEM is through physically cutting crystals apart 
1H & Co. KGaA, Weinheim wileyonlinelibrary.com
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and studying their cut edges. [  1  ]  This, however, introduces the 

risk of modifying the crystal structure in the cutting process. 

The application of transmission electron microscopy (TEM) 

to the study of these materials is limited since the tech-

nique’s probing depth is a few hundred nanometers at best. 

Another commonly applied technique is confocal scanning 

laser microscopy (CSLM). CSLM is excellent for the in situ 

investigation of immersed, fl uorescent, and refractive-index-

matched colloidal crystals with particle diameters on the 

order of a micrometer. [  12  ]  However, convectively assembled 

crystals and their inverted crystals are dry and in contact with 

air, which implies that the structures and their surroundings 

are not refractive-index matched. CSLM imaging is then 

restricted to the fi rst one or two crystal layers, also preventing 

the study of the crystal internal structure. One way to over-

come this is by infi ltrating the inverted crystal with a refractive-

index-matching fl uid before imaging the structure [  13  ]  but 

capillary forces acting on the crystal during this process may 

very well change the structure, resulting in unreliable char-

acterization. In addition, CSLM has the disadvantage that 

many particle sizes used for colloidal crystals are too small 

to be imaged, although, for example, the recently developed 

stimulated emission depletion (STED) microscopes may cir-

cumvent this problem. [  14  ]  Alternatively, the internal crystal 

structure may be studied in reciprocal space by small-angle 

X-ray diffraction (SAXD), [  11  ,  15,16  ]  which is a powerful tool to 

investigate the crystal structure and planar defects on large 

length scales, but the local structure important to crystal 

growth is also unresolvable by this technique. 

 In this Full Paper, we present the fi rst study of convec-

tively assembled colloidal crystals by scanning transmis-
      Figure  1 .     a) Schematic representation of the STXM set-up. Monochromatic X-rays are focused 
through a Fresnel zone plate on the colloidal crystal. The transmission of X-rays is detected 
with a photomultiplier tube (PMT). b) Two X-ray transmission images acquired at 315 eV on 
the carbon K-edge show the presence of one (right side) to three (left side) polystyrene (PS) 
colloidal layers. The transmission spatial profi le is highly different for fcc and hexagonal close-
packed (hcp) crystal structures, as indicated in the upper and lower panels, respectively. Note 
that the  < 110 >  and  < 112 >  directions are indicated in the hcp crystal. c) Radial distribution 
functions of the most X-ray intense points in the three-layered regions of the panels in 
(b) indicate that the distance, d , between the most transparent regions is 190 nm (red curve) 
and 115 nm (blue curve) for the hcp and fcc structures, respectively.  
sion X-ray microscopy (STXM). The 

technique uses soft X-rays ( E   <  2 keV) 

that have a smaller penetration depth 

than hard X-rays ( E   >  2 keV), used in, 

for example, the recently proposed high-

resolution transmission X-ray micros-

copy (HRTXM). [  17  ]  However, STXM 

has the advantage that an even-higher 

spatial resolution is accessible, richer 

chemical information can be obtained 

due to a superior energy resolution, and 

lighter elements can be studied at their 

specifi c X-ray absorption edges, such as 

the carbon K- and silicon K-edge in the 

here-presented polystyrene (PS) and 

silica (SiO 2 ) colloidal crystals. Compared 

to coherent X-ray diffraction imaging 

(CDI), the characterization of local defect 

structures is more straightforward in 

STXM since it is real-space X-ray micro-

scopy. Our results illustrate that STXM 

offers information on the internal, local 

structure of such crystals, inaccessible by 

and complementary to the techniques 

mentioned above. We end with a detailed 

comparison of STXM, CSLM, and SEM 

imaging for the study of photonic and 

colloidal materials.   
www.small-journal.com © 2011 Wiley-VCH Verlag G
 2. Results and Discussion 

 Polystyrene colloids with a mean diameter of 194 nm 

and a polydispersity of 3.7% were synthesized according 

to standard literature procedures. [  18  ]  Silica colloids were 

synthesized by the Stöber method (492-nm diameter; 3.2% 

polydispersity) and subsequently coated with 3-methacry-

loxypropyltrimethoxysilane. [  19  ]  Colloidal crystals were grown 

on 100-nm-thick silicon nitride windows by the convective 

assembly technique and SEM images of the studied crystals 

can be found in the Supporting Information (SI) and Figure S1 

therein. [  1  ]  The thin silicon nitride windows are almost X-ray 

transparent and, as such, prevent signifi cant attenuation 

of the X-ray signal by the substrate. Further experimental 

details of the colloid synthesis and convective assembly of 

the crystals can be found in the Experimental Section. The 

polystyrene and silica colloidal crystals were subsequently 

studied along their physical edges with interferometer-

controlled STXM. [  20–22  ]   Figure  1  a shows a schematic rep-

resentation of the STXM set-up, in which a monochro-

matic X-ray bundle is focused on the sample through a 

Fresnel zone plate. The zone plate is a circular diffrac-

tion grating, which acts as a concave lens by diffracting 

X-rays at a series of alternate opaque (gold) and trans-

parent (silicon nitride) rings. [  23,24  ]  The size of the resulting 

beam spot is mainly determined by the distance between 

the two outer gold rings within the zone plate, pro-

vided that the rest of the optics, such as the order-sorting 

aperture and slit sizes are well aligned and set. Here, a 

zone plate with an outermost zone width,  Δ  r,  of 25 nm 

was used, limiting the Rayleigh-criterion spatial resolution 
mbH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–8
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      Figure  2 .     Thickness maps of polystyrene colloidal crystals at the same 
locations as shown in Figure  1 b indicating up to a) three and b) four 
colloidal layers. c) The X-ray transmittance ( T)  below and above the 
carbon K-edge at 278 and 315 eV, respectively, is indicated with black 
and red dots. The corresponding material-specifi c optical density 
( OD ) is shown with a green solid line and the thickness ( t ) regime in 
which the optical density scales linearly with the material thickness is 
indicated by the shaded area. d) Histograms of the thickness of the 
colloidal crystals shown in (a) and (b) with, respectively, black and 
green dots. e) Thickness histograms of three colloidal layers with an fcc 
(blue triangles) or hcp (red dots) crystal structure. The scale bar in the 
inset corresponds to 500 nm.  
 Δ  r  Rayleigh  to 30 nm ( Δ  r  Rayleigh   ≈  1.22 ·  Δ  r ) for the presented 

data. The depth of focus,  Δ  z , is given by  ± 2 Δ r 2 / λ     and is thus 

theoretically  ≈ 600 nm at 300 eV and  ≈ 3700 nm at 1845 eV, 

the typical photon energies used here. [  23  ]  By measuring 

X-ray absorption at varying positions and energies, it is pos-

sible to acquire a spectral image of a region of interest in 

which every pixel of an image contains an X-ray absorption 

spectrum that allows detailed chemical specifi cation (for 

example the type of element, oxidation state, and coordina-

tion number can be deduced). [  25,26  ]   

 A single-energy X-ray transmission image can, however, 

contain novel information by itself, as shown in Figure  1 b 

(see the Experimental Section for detailed STXM setup and 

acquisition details). Two pictures taken at 315 eV are shown 

of two different spots in the same polystyrene colloidal 

crystal. The images were taken above the carbon K-edge 

and a large part of the revealed absorption is thus specifi -

cally due to the carbon present in polystyrene ((–C 8 H 8  – )  n  ). 

A single layer of colloids is clearly resolved on the right side 

of both images, while multiple colloidal layers were found 

towards the left of the micrographs. First, a double colloidal 

layer, which is similar in both images, was observed. A third 

layer revealed an fcc and a hexagonal close-packed (hcp) 

crystal structure in the two different images. The fcc and hcp 

stackings differ in the way the subsequent colloidal layers 

are positioned atop of each other. A hcp phase has an ABA 

stacking, in which the third colloidal layer is located directly 

above the fi rst, while the fcc phase has an ABC stacking, in 

which the third layer has a different position from both the 

fi rst and second layers. This yields crystal structures that are 

completely closed (fcc) and partly open (hcp) in the direc-

tion perpendicular to the three colloidal layers, as depicted 

in the schematic representations in Figure  1 b. The differ-

ence between the open and closed structures can be readily 

observed in the X-ray transmission images, where the open 

holes are more transparent than the most transparent, but 

closed, parts of the fcc structures. Also, the theoretical dis-

tance between the most-transparent regions in a hcp struc-

ture (the open holes) is equal to the particle diameter   σ ,  
while the most-transparent (but closed) points are  

/√
3

σ
   

   apart in fcc structures. Figure  1 c shows the radial distribution 

functions of the most X-ray transparent points in the hcp 

and fcc-packed regions of the images. The radial distribution 

functions were obtained using the aXis2000 STXM data-

processing software [  27  ]  and give the average distance from 

one hole in the colloidal layer to its nearest neighbor hole 

for hcp (and from one most-transparent region to another in 

fcc). Indeed, it was deduced that the average length between 

these most transparent regions is 190 and 115 nm in the 

hcp and fcc structures, respectively, which match the theo-

retical values of  σ   =  194 nm in the hcp and  
/√

3
σ

    =  112 nm 

in the fcc structures. Both the differences in absolute inten-

sity in the crystal layers and the distances between the most 

transparent regions allow for the assignment of the crystal 

structure being hcp or fcc. Such determination of the type of 

crystal structure from a single transmission image, as dem-

onstrated here for three colloidal layers, is not feasible with 

any of the other current techniques for the study of colloidal 

crystals. 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–8
 Moreover, spatially resolved and quantitative deter-

mination of the crystal thickness is possible with STXM if 

an X-ray transmission image is measured below and on a 

crystal-element-specifi c X-ray absorption edge. These trans-

mission images can both be converted into optical density 

( OD ) maps with  OD = − ln(I/I0)   , where  I  0  is taken as the 

intensity of the image background. The difference between 

the  OD  maps on and below the X-ray absorption edge yield 

an  OD  map that is element specifi c and corrected for differ-

ences in X-ray attenuation at different energies. This map is 

subsequently converted into a material-thickness map using 

 OD = :D t   , where   μ   is the photoabsorption cross-section or 

mass-absorbance coeffi cient,   ρ   is the material density, and  t  
is the material thickness. Two material-thickness maps are 

displayed in  Figure  2  a and b for the exact same crystal areas 
3H & Co. KGaA, Weinheim www.small-journal.com
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      Figure  3 .     a) Theoretical (solid line) and experimental (symbol and solid 
line) thickness ( t ) line projections along the  < 112 >  direction in hcp 
(upper panel) and fcc (lower panel) crystal types. b) Identical projections 
as in (a) but along the  < 110 >  direction. Note that STXM-image insets on 
the right correspond to the indicated crystal type and that the arrows 
indicate the corresponding crystal directions.  
that were shown in Figure  1 b. The images were taken below 

and above the carbon K-edge at 278 and 315 eV, respectively, 

since carbon is the principal constituent of polystyrene. Here, 

the polystyrene density [  18  ]  was taken to be 1.05 g cm  − 3  and 

the mass-absorbance coeffi cient for polystyrene was esti-

mated to be 36 000 cm 2  g  − 1  using the aXis2000 software that 

allows for the calculation of   μ   (calculate X-ray parameters 

SF package). Figure  2 c shows the X-ray transmittance at 278 

and 315 eV, and the corresponding  OD  as a function of poly-

styrene thickness, calculated from semi-empirical atomic-

scattering factors. [  28  ]  In the regime of approximately 0.2  <  

 OD   <  2.1, the material thickness scales linearly with  OD  

(or  OD = :D t    holds) and the thickness can be quantifi ed in 

this regime. For polystyrene measured at the carbon K-edge, 

this means that the material thickness can be quantitatively 

determined for layers that are 50–550-nm thick. Thickness 

histograms of the crystals displayed in Figure  2 a and b are 

presented in Figure  2 d and clearly show the presence of up 

to three and four colloidal layers, respectively. The quantifi -

cation of the number of colloidal layers from a single map 

is unrivaled and cannot be done with SEM or CSLM. In 

addition, when regions of interest were studied that contain 

only three colloidal layers in a hcp or fcc stacking, the thick-

ness histograms, as given in Figure  2 e, confi rm the presence 

of these phases. Both the thickest and the thinnest crystal 

parts were found in the hcp structure, as expressed in the 

wider thickness distribution for hcp as compared to the fcc 

histogram.  

 It becomes clear that the thickest and thinnest crystal 

parts are present in the hcp stacking when considering 

projections in hcp and fcc structures along, for example, 

 < 112 >  and  < 110 >  directions, as shown in  Figure  3  a and b, 

respectively. Note that the fcc coordinate system is used to 

defi ne crystallographic directions and that the directions are 

indicated in Figure  1 b and in the insets next to the graphs. 

Model calculations of the crystal heights for 200-nm-diam-

eter spheres along these directions within the two crystal 

types show the large variation in height within a hcp crystal 

compared to an fcc structure. Next to theoretical predic-

tions, the experimentally found thickness projections along 

the  < 112 >  and  < 110 >  directions are shown. The experi-

mental projections are averaged over 4-or-more line pro-

fi les that were taken from images with a short dwell time of 

1 ms per pixel. One can appreciate that the general shape 

and relative intensities of the line profi les match the theo-

retically predicted profi les. The absolute intensities are in 

good agreement for the thick parts of the crystal but the 

thinner parts of the hcp and fcc structures appear too thick, 

mainly due to the limited lateral resolution. However, in 

Figure  3 a, the determined thickness along the  < 112 >  direc-

tion in hcp varies stronger than in fcc and even the shape 

of the experimental hcp  < 112 >  projection shows a charac-

teristic structure that roughly matches the theoretical one. 

Increasing the statistics of such line profi les by taking longer 

dwell times during image acquisition will signifi cantly 

improve the quality of such line projections. Nevertheless, 

it is shown here that STXM has the capacity to discriminate 

between different directions within a crystal structure from 

X-ray optical-density images.    
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
 Figure 4  a is not a thickness material map but a single 

transmission image of a large area of a silica colloidal 

crystal,taken on the silicon K-edge at 1845 eV. The intensity 

histogram of Figure  4 a indicates the presence of up to 9 col-

loidal layers (shown as an inset) and illustrates that STXM 

is also capable of quantitatively imaging thicker silica-based 

crystals that have been proposed as photonic crystals. [  29  ]  The 

application of rotation tomography could reveal the exact 

location of, for example, crystal deformations. Figure  4 b 

shows that the thickness of silica-based materials up to 6.5  μ m 

can be quantitatively studied at their silicon K-edge (see the 

SI and Figure S2 therein for a similar calculation at the silica–

oxygen K-edge).    

 Figure 5  a and b are exemplifi cations of the chemical sen-

sitivity of STXM. A measured carbon K-edge spectrum of 

polystyrene is shown in Figure  5 a with an energy resolution 

of 0.2 eV. By varying the photon energy of the microscope’s 

light over the carbon K-edge, the presence of transitions 

from C 1s to C = C 1 π   ∗   and 2 π   ∗   orbitals was observed at 285 

and 288.8 eV, respectively, as well as the transitions to C–H  ∗   

and C–C  σ   ∗   unoccupied molecular orbitals, which identifi es 

the measured carbon as being present in polystyrene. [  30  ]  The 

X-ray transmission images acquired at 278 and 315 eV respec-

tively show that the X-ray absorption contrast is specifi cally 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–8
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      Figure  4 .     a) X-ray transmission image acquired at 1845 eV on the silicon 
K-edge showing the presence of up to 9 colloidal silica (SiO 2 ) layers. 
The corresponding histogram is shown as an inset. The arrow indicates 
the direction in which the number of crystal layers on top of each other 
increases. b) Black and red dots indicating the transmittance ( T ) of 
X-rays through silica before and on the silicon K-edge, as a function 
of silica thickness ( t ). The green solid line indicates the corresponding 
optical densities ( OD ) at those thicknesses and the shaded area shows 
the regime where the silica thickness can be quantifi ed.  

      Figure  5 .     a) A carbon K-edge X-ray absorption spectrum of the 
polystyrene colloids indicating the presence of C 1s to, amongst, others, 
C = C 1 π   ∗   and 2 π   ∗   transitions. The STXM images on the right taken at 
278 (up) and 315 eV (down) show that the X-ray absorption contrast 
is specifi c for the carbon presence. Making use of the carbon K-edge 
spectral fi ne structure could give molecular contrast. b) The silicon 
K-edge X-ray absorption spectrum of the silica colloids refl ects the local 
projected density of empty Si p orbitals.  
due to the types of atoms present. Figure  5 b shows the sil-

icon K-edge X-ray absorption spectrum of the amorphous 

silica colloids. The silicon K-edge spectrum reveals the local 

projected density of empty Si p orbitals (p local density of 

states) [  31  ]  and the main peak at 1845.1 eV corresponds to the 

Si 3p conduction band. In principle, the discrimination of dif-

ferent chemicals in every pixel, or even voxel, would allow 

for the study of more complex crystals that are built from 

more than a single constituent, like, for example, a binary 

ionic–colloidal crystal. [  32  ]   

 As shown in the presented data, the application of STXM 

to the characterization of photonic and colloidal crystals can 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–8
yield novel information on the local crystal structure. In order 

to better comprehend why STXM is favorable for this pur-

pose, we compare the technique to CSLM and SEM, which 

are commonly used for the study of colloidal crystals, on the 

basis of three important microscope properties: the lateral 

Rayleigh-criterion spatial resolution,  Δ  r  Rayleigh , the depth of 

focus,  Δ  z  (which is related to the axial spatial resolution), and 

the penetration depth of the microscope’s probe (photons for 

STXM and CSLM, electrons for SEM). A detailed compar-

ison considering the most important technical details of each 

method is presented in the SI and Figure S3 therein. [  23  ,  33–36  ]  

 The most important outcomes of this comparison are sum-

marized in  Figure  6  . The best obtainable lateral resolution for 

the techniques are 10  − 1   >  10  − 2   >  10  − 3   μ m for CSLM, STXM, 

and SEM, respectively. The depth of focus is very large for 

SEM (10 0 –10 3   μ m) and smaller, but comparable, for CSLM 

and STXM (10  − 1 –10 1   μ m). SEM probes a very limited region 

of 10  − 3 –10  − 2   μ m under the material surface, while 10 0 –10 2 - 

and 10  − 1 –10 2 - μ m-thick samples are accessible by CSLM and 

STXM, respectively. It is the unique combination of a large 
5H & Co. KGaA, Weinheim www.small-journal.com
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      Figure  6 .     Characteristic length scales of three important microscope 
properties compared for CSLM, STXM, and SEM. The lateral resolution 
 Δ  r  Rayleigh , the depth of focus  Δ  z  (in CSLM and STXM) or depth of fi eld  Δ  v  
(in SEM), and the photon-attenuation length ( l  in CSLM,  t  in STXM) or 
electron mean free path (MFP) in SEM are compared as a function of the 
photon or electron energy.  
and comparable depth of focus and attenuation length, in 

combination with an improved spatial resolution compared 

to CSLM, which is, moreover, independent of the incident 

photon energy, that makes STXM very useful for the study of 

colloidal and photonic crystals. Only with STXM is it possible 

to look through micrometer-thick materials, which are accept-

ably focused over their full thickness, with a lateral resolution 

of up to 10 nm. This allows for the study of crystals built from 

relatively small building blocks. The fact that STXM does not 

require luminescent and refractive-index-matched materials, 

as is necessary for CSLM imaging, is another major advan-

tage of the technique. This allows the internal structures of 

all colloidal crystals to be probed by STXM: from dry to 

wet crystals, from refractive-index-matched crystals to non-

index-matched inverted crystals, and from dye-containing to 

nonluminescent crystals. The rich chemical characterization 

that is feasible through the acquisition of X-ray absorption 

spectra and the quantifi cation of the material thickness are 

fi nal additional STXM advantages.  

 Future STXM work on colloidal or photonic crystals would 

greatly benefi t from quantitative X-ray tomography [  37,38  ]  by 

use of a rotation stage in which the benefi cial, small lateral 

resolution and large depth of focus are fully exploited. The 

study of binary colloidal crystals (as, for example, shown 

with electron tomography for nanocrystals [  39  ] ), large-area-

printed colloidal layers, [  40  ]  colloidal gels, [  41  ]  and liquid crys-

tals made of anisotropic particles [  42  ]  could all benefi t from 

STXM imaging, while the application of in situ STXM micro-

scopy [  43–47  ]  to study, for example, more complex colloidal 

phase behavior is another possibility.   

 3. Conclusion 

 We have shown that STXM can discriminate between fcc 

and hcp colloidal crystal structures from X-ray transmission 

images on the basis of relative intensities, the spatial distri-

bution of such intensities, and thickness histograms of the 

different crystal structures. STXM is also capable of quan-

titatively determining the colloidal crystal thickness. Line 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
projections within the crystal transmission images allow fur-

ther for the differentiation of various crystal directions, such 

as, for example, the hcp  < 110 >  and  < 112 >  directions. X-ray 

absorption spectra permit the possibility of combining all of 

the above with rich chemical contrast for the localization of 

different crystal building blocks. It is the unique combination 

of the X-ray depth of focus and attenuation length, which can 

simultaneously extend to tens of micrometers, in combina-

tion with a lateral spatial resolution of up to 10 nm that is 

independent of the photon energy, that makes STXM highly 

favorable for the study of the local internal crystal structure 

over the present benchmark CSLM and SEM techniques. We 

foresee that STXM can play a major role in the elucidation 

of problems concerning colloidal and photonic crystal dis-

order and deformations, which up to now frequently hamper 

the proper functioning of such materials.   

 4. Experimental Section 

  Materials : Potassium persulphate (KPS; 99  +  %) was obtained 
from Acros Organics, sodium dodecyl sulphate (SDS; specially 
pure,  > 99%) from Brunswig, styrene (for synthesis,  > 99%) from 
Merck, and divinylbenzene (technical grade, 55%) and vinyl ace-
tate ( > 99%) from Aldrich. Millipore water (resistivity: 18 M Ω  cm) 
was used and 100-nm-thick silicon nitride (Si 3 N 4 ) windows were 
obtained from Silson Ltd. 

  Synthesis of Polystyrene and Silica Colloids and Convectively 
Assembled Colloidal Crystals : Polystyrene seed particles with a cross-
linking density of 3 wt% divinylbenzene were synthesized by emul-
sion polymerization as described by Mock et al. [  18  ]  In short, water 
(400 mL) was heated to 80  ° C in a round-bottom fl ask (1 L). Subse-
quently, styrene (50 mL) and aqueous SDS solution (100 mL; 5 g L  − 1 ) 
were added, followed by divinylbenzene cross-linker (1.39 mL). 
The reaction mixture was allowed to equilibrate for 1 h, before 
adding KPS initiator aqueous solution (75 mL; 20.67 g L  − 1 ). The 
reaction was kept at 80  ° C for 24 h. The particles were subsequently 
coated with vinyl acetate in order to render them more hydrophilic. 
Therefore, the seed solution (200 mL) was heated to 80  ° C for 
1 h, after which vinyl acetate (1.70 mL) was added in four aliquots 
(0.425 mL) with 15-min intervals. Directly after the fi rst addition, 
aqueous KPS solution (5.05 mL; 0.67 wt%) was added. After the 
fi nal addition, the reaction was allowed to continue for 24 h. Parti-
cles were purifi ed at least three times by centrifugation and subse-
quent redispersion steps before use. The average colloid diameter 
was determined to be 194 nm with a polydispersity of 3.7% 
(defi ned as the standard deviation over the mean size;  n   >  200) by 
TEM measurements on a Philips Tecnai 12 operated at 120 kV. 

 Silica colloids with diameter of 492 nm and a polydispersity of 
3.2% were synthesized according to the Stöber method. These parti-
cles were subsequently covered by a layer of 3-methacryloxypropylt-
rimethoxysilane using a method described by Philipse and Vrij. [  19  ]  

 Colloidal crystals were grown by immersing a clean, 100-nm-
thick silicon nitride window into a 1 v/v% aqueous dispersion of 
polystyrene colloids or a 0.2 v/v% aqueous dispersion of silica 
colloids and slowly evaporating the solvent in an oven at 50  ° C. [  1  ]  
The thin silicon nitride windows are almost X-ray transparent and, 
as such, prevent signifi cant attenuation of the X-ray signal by the 
substrate. 
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  STXM Imaging : Investigation of the polystyrene colloidal crys-
tals by STXM was performed at beamline 11.0.2. of the Advanced 
Light Source synchrotron facility at the Lawrence Berkeley National 
Laboratory, California, USA. [  20  ]  During the experiment the synchro-
tron operated at a 500 mA ring current in top-off mode (1.9 GeV). 
Beamline 11.0.2 is a 5-cm-period elliptical polarization undulator 
(EPU5) beamline with an accessible energy range of 100–2000 eV. 
For carbon K-edge imaging, the undulator fi rst harmonic X-rays 
were irradiated on a 1200 lines mm  − 1  plane-grating monochro-
mator to select the required photon energy between 278 and 
315 eV. At these conditions, a fl ux of  ≈ 5  ×  10 12  photons s  − 1  was 
obtained. The silica colloidal crystals were studied with the STXM 
microscope at beamline 10ID-1 (SM) at the Canadian Light Source 
(CLS), University of Saskatchewan, Canada. [  22  ]  

 A 240- μ m-diameter zone plate (ZP) with a central stop of 95  μ m 
and an outermost zone width  Δ  r  of 25 nm was used to focus the 
light with a Rayleigh-criterion spatial resolution  Δ  r  Rayleigh  of 30 nm 
( Δ  r  Rayleigh   ≈  1.22 ·  Δ  r ). The ZP’s central stop and an order-sorting 
aperture (OSA) were used to select the fi rst-order diffracted X-rays 
for spectroscopy and imaging. The colloidal crystals on silicon 
nitride windows were mounted on a piezoelectric sample stage 
to translate the sample. As a result, the sample could be focused 
( Δ  z ) and raster scanned ( Δ  x ,  Δ  y ). Transmitted light was detected by 
a scintillator screen combined with a photomultiplier tube (PMT). 
Typical images were acquired in a point-by-point mode with a 1 ms 
dwell time per pixel, a 5  μ m  ×  5  μ m fi eld of view (FOV), and a 
10 nm  ×  10 nm pixel size. Taking dead time between the acquisi-
tion of different pixels into account, the recording of a single trans-
mission image typically took 6 min.     

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author. It contains SEM images of the studied crystals, 
calculations of the linear X-ray absorption regime for thickness 
determination of silica-based crystals at the oxygen K-edge, and a 
detailed comparison of the lateral spatial resolution, axial resolving 
power, and penetration depth of CSLM, STXM, and SEM.    
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