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Quantitative Structure Determination of Large 
Three-Dimensional Nanoparticle Assemblies
 Self-assembly of nanoparticles has recently received increasing 
interest [  1  ]  because it is an attractive route towards systems in 
which the properties can be tuned using parameters such as 
the size of the individual particles and the nature of their three-
dimensional (3D) stacking. However, in order to understand the 
structure/property relationship, a thorough characterization of 
the nanoparticle organization is of crucial importance. Although 
conventional transmission electron microscopy (TEM) is a very 
useful tool to study nanoscale materials, it only provides two-
dimensional (2D) projection images of a 3D object. Therefore, 
electron tomography has become a standard technique in the 
3D characterization of nanomaterials. In electron tomography, 
2D projection images acquired using a TEM are combined into 
a 3D reconstruction through a mathematical algorithm. 

 Several groups have demonstrated the ability to investigate 
nanoparticle assemblies by electron tomography. [  2  ,  3  ]  In those 
cases, either bright fi eld TEM (BF-TEM) or high angle annular 
dark fi eld scanning TEM (HAADF-STEM) was used to obtain 
the series of 2D images. However, if one wants to extract quan-
titative information, optimization of the electron tomography 
experiment is required. This is especially the case for large 
assemblies that have a thickness  > 500 nm. For such systems, 
the conventional approaches yield different types of artifacts 
hampering a quantitative interpretation of the 3D data. Here, 
we propose an improved route towards the quantitative struc-
ture determination of large 3D nanoparticle assemblies, which 
required optimization of both the acquisition technique and the 
reconstruction algorithm. We demonstrate that this approach is 
of crucial importance in the investigation of so-called “super-
spheres”, containing Au nanoparticles stabilized by a polymer 
matrix. Because they have a large diameter and contain no 
specifi c features that can hamper a reliable reconstruction, 
these large assemblies serve as good test objects to investigate 
the infl uence of both the acquisition technique and the recon-
struction algorithm on the quality of the reconstruction. Such 
systems have also become of high importance in the fi eld of 
nanoplasmonics because they may lead to controlled hot spot 
formation and antenna effects. [  4  ]  By changing the size of the 
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individual nanoparticles and the length of the polymer chains, 
different 3D structures can be obtained that require detailed 
characterization. 

 Colloidal superspheres were prepared using a recently 
reported procedure. [  5  ]  Briefl y, gold nanoparticle building 
blocks (20 and 40 nm diameter) were stabilized with hydro-
phobic polymer (thiolated polystyrene, molecular weight  =  
53 000 g/mol). The length of the polymer chains was deter-
mined by dynamic light scattering to be 39 nm and 45 nm for 
gold nanoparticles with diameter of 20 nm and 40 nm respec-
tively, indicating different chain conformations for particles with 
different curvature. The polystyrene-stabilized particles sponta-
neously self-assemble in a THF/H 2 O mixture and the assem-
blies can be stabilized within polymeric micelles of a diblock 
copolymer (polystyrene- block -poly acrylic acid). The fi nal size of 
the assemblies in solution was 160 nm  ±  4 nm and 670 nm  ±  
10 nm for 20 and 40 nm gold nanoparticles, respectively. TEM 
samples were prepared by drop casting the aqueous solution of 
the assemblies on holey, carbon-coated copper grids. 

 Electron tomography experiments were carried out using 
a Tecnai G20 Electron Microscope, operated at 200 kV. A Fis-
chione tomography holder (model 2020) was used and the 
series were acquired automatically using the Xplore3D soft-
ware. All tilt series were acquired in STEM mode with an 
angular range from –76 °  to  + 70 °  and a tilt increment of 2 ° . For 
the illumination system, a probe semiconvergence angle was 
used that equals 16 mrad, corresponding to a depth of focus of 
approximately 70 nm. As discussed below, the camera length 
and therefore the collection angle of the annular detector were 
optimized according to the samples to be investigated. The 
alignment of the series was done by a combination of Inspect 
3D software, provided by FEI, and manual alignment using 
the IMOD software. [  6  ]  3D reconstruction was performed using 
the simultaneous iterative reconstructive technique (SIRT) as 
implemented in Inspect3D. A more advanced method for the 
3D reconstruction, the so-called “total variation minimization” 
approach for electron tomography is explained in more detail 
with the results. The visualization of all the reconstructions was 
done using the Amira 5.4.0 software package from Mercury 
Computer Systems. 

 Although many approaches exist, [  7–12  ]  electron tomog-
raphy in materials science is performed in most cases using 
HAADF-STEM. The reason is related to the unwanted diffrac-
tion contrast in BF-TEM mode that hampers the “projection 
requirement” in tomography, which states that the intensity 
in each projection image of a tilt series should be a monotonic 
function of a certain property of the sample under investigation. 
When using HAADF-STEM, the signal scales with the thick-
ness of the sample. In addition, the signal is proportional to  Z n   
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     Figure  1 .     a) HAADF STEM image of a relatively small assembly of Au particles at a 0 °  tilt angle. b) Volume rendering of the reconstructed supersphere. 
c) Two different orthoslices through the reconstructed volume, showing that the gray levels are the same for all particles.  
(1.6  <   n   <  2). [  10  ,  13  ,  14  ]  We used HAADF-STEM to visualize the 3D 
structure of an assembly consisting of 20 nm Au particles and 
39 nm long polymer chains. The total diameter of the assembly 
is 160 nm  ±  4 nm. In  Figure    1  a, a 2D projection HAADF-STEM 
image of the structure is presented. Diffraction contrast was 
avoided by setting the inner semi collection angle of the detector 
to 90 mrad. A tilt series of images was acquired and used as an 
input for a tomographic reconstruction based on the SIRT algo-
rithm. During the reconstruction, an optimized number of 30 
iterations was used as proposed by Mezerji et al. [  15  ]  to obtain a 
3D reconstruction. The result of the procedure is illustrated in 
Figure  1 b, where a volume rendering of the structure is shown. 
Two different orthoslices through the 3D reconstruction are 
also presented in Figure  1 c. It can be seen that the gray level 
is equal for all particles, including those present in the middle 
of the assembly. Based on the HAADF-STEM technique, this is 
exactly what is to be expected since all particles contain only the 
chemical element Au.  

 Next, an assembly with a larger total diameter was investi-
gated. In this case, the diameter of the assembly was found to 
be equal to 670 nm  ±  10 nm, with individual particle sizes of 
40 nm and the length of the polymer chains being 45 nm. Also 
for this cluster, HAADF-STEM was used with the inner semicol-
lection angle of the detector being 90 mrad and SIRT algorithm 
of 30 iterations was used for the tomographic reconstruction. A 
2D projection image of the structure is presented in Supporting 
Information Figure S1a and orthoslices, as well as a volume 
rendering of the structure, are presented in  Figures    2  a and   3  a, 
© 2012 WILEY-VCH Verlag Part. Part. Syst. Charact. 2013, 30, 84–88
respectively. Although the volume rendering can be interpreted 
in a qualitative manner, the orthoslice in Figure  2 a shows that 
not all reconstructed particles yield the same gray level. An 
underestimation of the intensity is found in the central part 
of the assembly. This is due to the so-called “cupping artifact”, 
which is related to the thickness of the assembly and the high 
atomic number of Au. This results in an increase of multiple 
scattering and backscattering as was discussed previously. [  16  ]  
Consequently, a smaller amount of the incoming electron beam 
is scattered towards the detector, leading to an underestimation 
of the intensity. The cupping artifact clearly affects the recon-
struction of the particles at the inner shells of this assembly. 
As a consequence, both qualitative and quantitative interpreta-
tions of the results are no longer straightforward. In particular, 
a quantitative interpretation will be hampered: when quanti-
fying a 3D reconstruction, one needs to carry out a segmenta-
tion step in which a correspondence is defi ned between certain 
gray scales or features in the original sample and specifi c gray 
scales or features in the 3D reconstruction. Due to the cupping 
artifact, the nanoparticles at the inner part of the assembly will 
have a different gray level from those at the outside. This will 
complicate the segmentation and therefore the quantifi cation of 
the results.   

 A partial solution to overcome this problem is the use of a 
technique referred to as incoherent bright fi eld STEM (IBF-
STEM). [  17  ,  18  ]  This technique has been used successfully for 
electron tomography of thick samples in the past. [  19–21  ]  Since 
the IBF-STEM signal is incoherent, it scales with the atomic 
85wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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     Figure  2 .     Orthoslices (obtained orthogonal to the incoming electron beam at 0 °  tilt angle) of the reconstructed volumes based on a tilt series of either 
HAADF-STEM, IBF-STEM and corrected IBF-STEM combined with a SIRT reconstruction (a–c) or with a TVM reconstruction (d–f). Color maps are 
presented to facilitate the visualization of the cupping artifacts that are present in the HAADF-STEM and the non-corrected IBF-STEM tilt series. For 
these color maps, the intensity is scaled between an arbitrary minimum value (blue) and a maximum value (red).  
number  Z  of the elements present in the sample and the thick-
ness of the sample. [  19  ,  22  ]  IBF-STEM was used to obtain a tilt 
series of the same assembly as shown in Supporting Informa-
tion Figure S1b. When acquiring this series, the inner semicol-
lection angle of the detector was several times larger than the 
86 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  3 .     Volume renderings of a relatively large assembly based on a tilt s
reconstructed with either a SIRT algorithm (a–c) or a TVM algorithm (d–f)
a TVM reconstruction algorithm renders the best result.  
beam’s convergence semiangle, in order to preserve the inco-
herent imaging. [  19  ]  A schematic overview of the experimental 
set-up can be found in the Supporting Information (Figure S2). 
Using this set-up, electrons scattered between 0–90 mrads are 
collected. [  19  ]  When using the raw IBF-STEM projection images, 
mbH & Co. KGaA, Weinheim

eries of HAADF-STEM, IBF-STEM and corrected IBF-STEM projections and 
. It can be seen that a combination of corrected IBF-STEM projections with 
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the cupping artifact can still be expected, due to Beer’s law 
(Figures  2 b and  3 b). Therefore a correction for this artifact has 
been applied. [  16  ]  

 The intensity  I  ′  that is scattered to angles smaller than   θ   in  
(see Supporting Information Figure S1) and which is collected 
by the detector when using IBF STEM, is shown to decrease 
exponentially as a function of object thickness  t :

 I I t′= =o exp with( )−μ μ η σ    (1)

In this expression,  I  o  is the intensity of the beam as it enters 
the object,   η   is the number of atoms per unit of volume,   σ   is 
the Rutherford scattering cross section to angles larger than 
  θ   in  and   μ   is defi ned as the attenuation coeffi cient and equals 
the inverse of the mean free path between scattering events. 
Instead of using the raw IBF STEM images yielding intensity  I  ′ , 
images with corrected intensities equal to  − ln( I  ′ / I  o ) were used 
for further reconstruction. The intensity,  I  o , can be estimated 
from a projection of a region containing no specimen, where 
the recorded signal equals the intensity of the incoming elec-
tron beam. 

 The result of a SIRT reconstruction is presented in Figure  2 c 
(orthoslice) and Figure  3 c (volume rendering). It can be seen 
that the nanoparticles in the middle of the assembly yield now 
a gray value that is closer to the ones observed at the outer part 
of the assembly, but still, a straightforward segmentation is not 
possible due to remaining artifacts in the fi nal reconstruction. 
This motivates the optimization of the reconstruction technique 
as well. 

 For electron tomography reconstructions in materials sci-
ence, weighted backprojection (WBP) or SIRT are the most 
commonly used reconstruction algorithms. [  23  ]  The use of SIRT 
to reconstruct the small assembly (Figure  1 a) was found to be 
adequate, but for the large assembly, the reconstructions appear 
with a low signal-to-noise ratio (Figure  3a, b,c). In addition, 
the effect of the so-called “missing wedge”, due to the limited 
tilt range during the experiment becomes more obvious. [  10  ,  24  ]  
Recently, new algorithms were proposed in which the quality of 
a reconstruction can be drastically improved. [  25–30  ]  Here, we will 
use the total variation minimization technique (TVM), which is 
based on compressive sensing. [  31–34  ]  It is hereby assumed that 
the object that needs to be reconstructed has a sparse gradient. 
For objects at the nanoscale this is often a valid assumption 
and the advantages of using compressive sensing for electron 
tomography were demonstrated for different nanostructures 
already. [  28–30  ]  The technical details of the technique can be 
found in the Supporting Information. 

 TVM reconstructions were carried out for the large assembly 
using the HAADF-STEM series, the uncorrected IBF-STEM 
series and the corrected IBF-STEM series. The results of the 
orthoslices are shown in Figure  2 d–f and those of the volume 
rendering are presented in Figure  3 d–f. It is clear that the com-
bination of HAADF-STEM and TVM yields better results in 
comparison to all reconstructions based on the SIRT algorithm. 
However, it is only when combining TVM and IBF-STEM with 
the corrections of the intensity that a reconstruction is obtained 
in which segmentation can be carried out in a straightforward 
manner. This can be clearly observed from the orthoslices and 
the corresponding scaled color maps in Figure  2 f, where all the 
© 2012 WILEY-VCH Verlag GmPart. Part. Syst. Charact. 2013, 30, 84–88
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particles in the volume have the same gray value. It must be 
noted that no artifacts are observed in this visualization that 
could be caused by the limited depth of focus during the acqui-
sition of the projection images. Using this reconstruction, a 
segmentation based on a single threshold becomes straightfor-
ward. As a consequence, also quantifi cation becomes possible 
leading to interesting information about the particle distribu-
tion in the assembly. For example, in this case we were able 
to determine the number of particles in each reconstruction. 
In case a segmentation (using the same threshold value) is 
performed for the HAADF-STEM series, reconstructed using 
SIRT, a total number of 70 segmented particles is found. When 
segmenting the series acquired by IBF-STEM (corrected for 
the cupping artifact) and reconstructed using TVM the total 
number of segmented particles equals 302. This difference 
(see also Supporting Information Table 1), clearly indicates the 
importance of our optimized approach in the fi eld of reliable 
quantifi cation of 3D volumes obtained by electron tomography. 

 In conclusion, we have shown that 3D quantitative results 
for large nanoparticle assemblies can be obtained by optimizing 
different aspects of the electron tomography experiment. For 
the acquisition, HAADF-STEM imaging is less suited and IBF-
STEM imaging, corrected for the so-called cupping artifact 
presents the best alternative. The total variation minimization 
technique is presented as the most optimal approach for the 3D 
reconstruction. Using this methodology, we are able to recon-
struct a large ( > 500 nm) spherical assembly of Au nanoparti-
cles while minimizing any artifacts in the reconstruction. As a 
result, quantitative information can be obtained in a straight-
forward manner. 

 Supporting Information 
Supporting Information is available from the Wiley Online Library or 
from the author.
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