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1. Introduction

Particles with sizes in the nanometer to 
micrometer range are used in diverse 
fields of research and application such as 
catalysis,[1–3] drug delivery,[4,5] sensing,[6–9] 
optics,[10,11] electronics,[12,13] or optoelec-
tronics.[14,15] As the particle design rises 
in complexity, a detailed and correlative 
characterization of their properties, for 
example, morphology, crystallographic 
structure, chemical composition, and 
physical properties, becomes indispen-
sable in order to understand and prospec-
tively design functionality.

Such investigations especially neces-
sitate site-specific characterization tech-
niques like atom probe tomography 
(APT), the broad spectrum of transmis-
sion electron microscopy (TEM) tech-
niques, or single particle measurements 

of physical properties using, for example, near-field optical or 
spectroscopic techniques. Complementary to 2D imaging and 
analytical TEM techniques, electron tomography (ET) enables 
the 3D analysis of micro- and nanoparticles regarding their 
3D morphology,[16–18] chemical properties (e.g., composition[19,20] 
or ionization states[21,22]), and physical properties (e.g., plasmonic 
eigenmodes[23]). In particular, 360° ET enables the investigation 
of freestanding samples without support and therefore avoids 
severe missing-wedge artifacts resulting from the limited tilt 
angular range in conventional ET.[24,25] However, 360° ET neces-
sitates rod-shaped specimens with limited projected thickness 
to facilitate full rotation of the sample under similar imaging 
conditions. Concerning the preparation of individual nanopar-
ticles, this sample geometry was realized in the past by cutting 
thin pillars out of embedded[26] or covered[27] nanoparticulate 
samples using focused ion beam (FIB) milling, or by dispersing 
particles in solution onto a suited tip.[28,29] However, these tech-
niques bring along several drawbacks. In the first instance, they 
are rather statistical in nature and therefore do not allow for the 
selection of relevant particles out of the particle ensemble. Fur-
thermore, there is usually the need for an embedding material or 
protective layer for FIB preparation. Such layers severely impair 
TEM image contrast with strong impact on the quality of the 
subsequent tomographic reconstruction. This is particularly det-
rimental for porous particles where undesired infiltration cannot 

A versatile approach is demonstrated, providing a general routine for 
an extensive and advanced 3D characterization of individually selected 
micro- and nanoparticles, enabling the combination of complementary and 
scale-bridging techniques. Quintessential to the method is the transfer of 
individual particles onto tailored tips using a conventional scanning electron 
microscope equipped with a suitable micromanipulator. The method enables 
a damage- and contamination-free preparation of freestanding particles. This 
is of significant importance for applications addressing the measurement of 
structural, physical, and chemical properties of specifically selected parti-
cles, such as 360° electron tomography, atom probe tomography, nano X-ray 
tomography, or optical near-field measurements. In this context, the method 
is demonstrated for 360° electron tomography of micro-/macroporous zeolite 
particles with sizes in the micrometer range and mesoporous alpha-hematite 
nanoparticles exhibiting sizes of 50–100 nm, including detailed pre- and post-
characterization on the nanoscale.

Micromanipulation
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be avoided and may even change the fragile inner structure of 
the particle. However, the most fundamental drawback of a pro-
tective layer or embedding material is that the particle under 
investigation is no longer in its original (surface) state principally 
impeding direct correlation of quantitative 3D information (from 
360° ET) with single particle measurements of physical proper-
ties like plasmonic resonances. Therefore, a robust preparation 
method is required, which enables the transfer of an individu-
ally selected particle in its original (uncovered) state onto a tip, so 
that the particle is accessible from all sides.

Although micromanipulation techniques in a modern scan-
ning electron microscopy (SEM) instrument offer great poten-
tial for a robust, repeatable, and simple transfer of single, 
individual micro- and nanoparticles, no standardized routine 
has been established so far. In a recent study by Felfer et al., 
a microgripper/piezo substage combination (Kleindiek lift-out 
shuttle) was utilized to in situ transfer µm-sized nanoparticle 
agglomerates in the SEM machine onto tips for APT.[30] The 
resulting agglomerates on the tip were subsequently thinned 
with the FIB instrument to match the respective sample geom-
etry. However, adhesion effects as well as the bulky geometry 
of the microgripper complicate a reliable and precise transfer 
of single nanoparticles. Another approach involves microman-
ipulation, which is based on atomic force microscopy (AFM), 
to handle nm-sized objects.[31,32] However, AFM manipulation 
processes cannot be observed in real time and are typically 
more complicated than a SEM in situ transfer. New concepts 
utilize an AFM inside a SEM instrument to manipulate nano-
objects,[33,34] which allow precise adjustment, control, and 
flexibility as well as in situ real-time obser-
vation. However, these approaches rely on 
highly specialized equipment and are there-
fore not suited for widespread use.

In this work, a procedure is described 
which enables in situ transfer of a single, 
individually selected particle from a suitable 
substrate onto a tailored tip, as it is commonly 
used for 360° ET or APT. The procedure only 
necessitates a conventional SEM (or dual-
beam SEM/FIB) instrument equipped with 
a suitable micromanipulator and can there-
fore be implemented in any modern labora-
tory. A flexible sample mounting geometry 
is employed, which allows for fast screening 
of a statistically relevant number of particles 
as well as detailed pre-characterization of the 
selected particle using SEM and TEM.

The proposed method enables to obtain 
freestanding particles without preparation 
artifacts and modification of the particle sur-
face, as no FIB milling[35] is involved and 
therefore no protective layer is needed. This 
is not only highly advantageous for 360° ET 
and complementary characterization tech-
niques like APT,[30] but furthermore offers 
the unique possibility to measure physical 
properties[36] of the selected particle in the 
same geometry by applying, for example, 
optical near-field microscopy[23,37,38] or other 

sub-µm probes. After the nondestructive particle characteriza-
tion, further in situ testing, FIB tomography, or FIB lamella 
preparation for high-resolution TEM (HRTEM) analyses can 
still be applied. In particular, the obtained 3D information can 
be directly combined with mechanical data from subsequent 
(in situ) mechanical testing. Therefore, the method is a comple-
ment for the existing sample preparation method to disperse 
particles in solution on a silicon wedge for compression of par-
ticles by in situ TEM.[39,40]

2. Results

The particle transfer method is schematically depicted in 
Figure 1. The workflow comprises particle preparation, particle 
selection and pre-characterization, in situ “stamping transfer,” 
3D analysis by 360° ET, and optional post-characterization.

In the first step, the particles are sparsely dispersed onto a 
suitable support grid typically used for TEM studies. The grid 
is mounted into the SEM and fixed at the front end of a micro-
manipulator equipped with a clamp. A dedicated tomography 
tip is vertically mounted onto the stage of the microscope below 
the TEM grid as it is drawn in Figure 2.

Different SEM imaging modes are employed for screening 
the particle ensemble and selecting a suitable particle located 
at the bottom surface of the support film. Alternatively, particle 
selection and pre-characterization can be carried out in the TEM 
prior to insertion of the grid in the SEM (Figure 1). The par-
ticle is subsequently picked up with the tomography tip from 
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Figure 1. Schematic flowchart illustrating preparation, pre-characterization, and in situ 
“stamping transfer” technique for 360° ET of individually selected micro-/nanoparticles ena-
bling high-precision 3D analysis. The depicted particle is a visualization of the tomographic 
reconstruction of the porous particle shown in Figures 3 and 4. The “stamping transfer” tech-
nique is not restricted to porous particles but is applicable to almost any kind of particle.
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the support film by direct “stamping” (Figures 1 and 2). Details 
of this procedure, which involves (i) carefully approaching the 
particle with the tip (or vice versa), (ii) establishing an intimate 
contact, and (iii) detaching the particle from the support film, 
are described in the Supporting Information. If a FIB-SEM 
is available, it is recommended to pre-shape the tip to create 
a plateau slightly larger than the particle (Figure 3d and 5d,  
and Figure S1, Supporting Information). After successful par-
ticle transfer, the tomography tip with the particle positioned 
on top is transferred to the TEM, where a tilt series with full 
tilt-angle range is acquired. The 3D reconstruction of the tilt 
series finally allows a high-precision 3D analysis of the particle 
without neither preparation nor missing-wedge artifacts. There-
fore, the digitally reconstructed volume can directly be used 
for quantitative 3D analyses, modeling, and simulations. Since 
360° ET is a nondestructive method, the sample can afterward 
be employed for a detailed post-characterization, for further 
in situ experiments or for measurements of single particle 
physical properties. In the following, the applicability of the 
“stamping transfer” method is demonstrated for particles in the 
micrometer range (Figure 3 and Figure 4) as well as for nano-
particles with sizes in the range of 50–100 nm (Figure 5 and 6).

The first example comprises the 3D investigation of micro/
macroporous MFI-type zeolite particles prepared by a recently 
developed method based on steam-assisted crystallization 
of impregnated mesoporous silica particles.[2] The particles 
show rather uniform morphology with typical dimensions of 
4 × 2.5 × 3 µm3 and incorporate intracrystalline macropores 
with diameters ranging from 250 to 500 nm (Figure 3a). In 
the first step, the particles are dispersed on a TEM grid with 
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Figure 3. Experimental realization of the particle “stamping transfer” technique for µm-sized zeolite particles in a FIB/SEM instrument. a) SEM image 
of a particle ensemble, b) top view of the selection of an individual particle lying on a Lacey carbon support film, and c) the approaching tomography 
tip toward the particle from below for subsequent particle transfer. Please note that the tip was coated prior to the “stamping transfer” with SEM-com-
patible glue for adhesion enhancement (see the Supporting Information for more details). Contrast changes of the Lacey carbon film and the particle 
in (c) are due to an increased electron transparency caused by usage of a higher e-beam energy, which facilitates to approach the tip. d) As-transferred 
particle in the FIB/SEM machine (perspective view) and the TEM instrument (side view, STEM mode).

Figure 2. Sketch of the experimental setup for the “stamping transfer” 
procedure in the SEM instrument: the support grid with particles con-
nected to a micromanipulator with a clamp and the microscope stage 
with the tailored tomography tip are approached to attach one selected 
particle to the plateau of the tip. Improved height control is achieved by 
monitoring the procedure with an electron beam of large convergence 
angle (reduced depth of field). For more details, please refer to the Sup-
porting Information.
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Lacey C film (Figure 3b) allowing for screening of the particle 
ensemble followed by particle selection and pre-characteriza-
tion using the various modes of SEM and TEM. Results of a 
detailed TEM investigation including single-particle electron 
diffraction and high-resolution TEM imaging are summa-
rized in Figure S2 (Supporting Information) confirming that 
the particles are single-crystalline with MFI crystal structure. 
They exhibit pronounced facets and are typically lying on their 
largest facet on the support film. For applications as catalytic 

material, the 3D investigation of their pore structure is of high 
importance, for example, to analyze the interconnectivity and 
accessibility of the embedded macropore system.[41]

To perform the particle “stamping transfer” according to 
the scheme shown in Figure 1, one characteristic particle with 
interconnected macropores was selected (Figure 3b) and trans-
ferred onto a tomography tip (Figure 3c,d). Prior to that, the tip 
diameter was adapted to match the particle dimensions and the 
tip plateau was flattened by FIB milling. Furthermore, the adhe-
sion forces between the tomography tip (brass) and the zeolite 
particle were increased using SEM-compatible glue prior to the 
particle transfer (Figure S1, Supporting Information). Figure 3d 
shows the as-transferred, freestanding particle in the SEM and 
TEM instruments.

It becomes evident that the particle is exactly located on the 
uppermost part of the tip. No shadowing effects of the tomog-
raphy tip occur during acquisition of the full tilt-angle range 
series in the TEM (Figure 4a and Movie S1, Supporting Infor-
mation). This allows for a high-quality 3D reconstruction (Figure 
4b,c and Movie S2, Supporting Information) and subsequent 
quantitative analysis, for example, by determining the pore size 
distribution of the particle (Figure S4, Supporting Information). 
Figure S3 (Supporting Information) demonstrates the high 
improvement of the reconstruction quality of 360° ET in com-
parison to conventional ET, where the limited tilt-angle range 
due to shadowing effects of the sample and the sample holder 
induces missing-wedge artifacts to the 3D reconstruction.

After 360° ET investigation, the particle can be used for fur-
ther characterization and experiments. Figure S2c (Supporting 
Information) exemplarily shows a bright field TEM (BF-TEM) 
image and a HRTEM image of a thin lamella which was cut 
out of another porous zeolite particle using the FIB lift-out 
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Figure 5. Experimental realization of the particle “stamping transfer” technique for hematite nanoparticles in the FIB/SEM instrument. a) Overview 
and b) pre-characterization of different particles with enclosed porosity dispersed on a Lacey carbon support film in STEM mode and c) approaching 
tomography tip toward the particle from below for subsequent particle transfer (all top views). d) As-transferred particle in the FIB/SEM instrument 
(perspective view) and TEM machine (side view, STEM mode).

Figure 4. 360° ET of the transferred porous zeolite particle from Figure 3. 
a) Two representative STEM images from the full tilt-angle range series 
at different tilt angles (see Movie S1, Supporting Information). b) Slice 
through 3D reconstruction and c) respective surface rendering (sur-
face facing toward the pore space in green and the particle interior in 
yellow) sliced at the same position as in (b) (see Movie S2, Supporting 
Information).
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technique. This enables to simultaneously access the direct 
interface as well as the interconnection between the macro- and 
microporous domains of the MFI-type zeolite particle.

The second example demonstrates the feasibility of the 
transfer method for much smaller particles in the nanometer 
range. Different mesoporous alpha-hematite nanoparticles[29,42] 
with sizes of 50–100 nm were pre-characterized regarding their 
porosity (Figure 5a,b). The 3D investigation of their inner pore 
structure is of crucial importance for potential applications as 
pigments, catalyst support, or optoelectronics. A specific and 
representative particle was identified and transferred to the tip 
using the “stamping transfer” method (Figure 5c,d). The diam-
eter of the tomography tip was tailored to match the particle 
size using FIB milling prior to the transfer procedure. In this 
case, adhesion forces between the hematite particle and the 
brass tip were sufficiently high, so that the particle directly 
stuck to the tip plateau and no SEM-compatible glue was 
required. The single nanoparticle remained stable and did not 
change its position on the tip plateau neither in the FIB/SEM 
instrument (Figure 5d) nor during tilt-series acquisition in the 
TEM (Figures 5d and 6a), which is of crucial importance for a 
precise reconstruction. Figure 6a shows two images from the 
full tilt-angle range series (also refer to Movie S3, Supporting 
Information), which were used for 3D reconstruction of the par-
ticle with its enclosed porosity (Figure 6b,c and Movie S4, Sup-
porting Information). The hematite particle lies on the plateau 
of the tomography tip and experiences almost no shadowing of 
the tip during tilting. The high quality of the tomogram without 
missing-wedge artifacts allows for quantitative evaluation of the 
pore space (Figure S5, Supporting Information).

It should be noticed here that the undermost part of the par-
ticle close to the slightly inclined surface of the tip gets covered 
under certain angles during tilt-series acquisition (Figure 6a, 
and Movie S3, Supporting Information). This circumstance 
leads to an increased projected thickness in the lower region 
of the particle and therefore affects the reconstruction quality 

in that part. Since the employed tomography tips are typically 
crystalline, the reconstruction quality is slightly deteriorated 
due to possible contrast fluctuations, for example, residual dif-
fraction contrast in STEM imaging mode, in the regions of the 
inclined surface. This influence can be avoided by depositing 
amorphous material, for example, carbon, onto the tomography 
tip before particle transfer. Completely flat tip plateaus will 
avoid both mentioned effects. This can be realized via FIB prep-
aration by correcting the intensity tail of the ion beam profile by 
over-tilting the sample in a predefined angle instead of milling 
perpendicular to the tip axis.[43]

3. Discussion

The “stamping transfer” method, which is demonstrated in this 
work for particles in the micrometer (Figures 3 and 4) and sub-
100 nm (Figures 5 and 6) range, has a number of advantages: 
first and foremost, it enables the flexible and reliable transfer 
of a single, individually selected particle after careful selec-
tion out of a large particle ensemble. The time-consuming 3D 
analysis can therefore be restricted to a few representative par-
ticles or to particles with special features of particular interest. 
Moreover, the method enables correlative 2D and 3D studies of 
one and the same particle by combining measurements on the 
grid and on the tip, respectively. From a practical point of view 
there are further advantageous features of the technique that 
should be mentioned. Since no highly specialized equipment 
is employed the technique can be implemented in any modern 
laboratory. Common support grids (Lacey, holey carbon, etc.) 
are used which are easily accessible and fit into standard TEM 
holders. The carbon support films turned out to be well suited 
since the low bending stiffness impedes mechanical alteration 
of the particle during transfer. In case of insufficient adhe-
sion (between tip and particle) impeding the transfer of larger 
particles a special SEM-compatible glue can be used to assist 
the particle transfer as demonstrated in the first application 
example (cf. Figure 3 and Figure S1, Supporting Information). 
Finally, already dispersed and pre-investigated particle ensem-
bles on suited TEM grids can be screened and utilized for 360° 
ET, even if the powder/solution is not available any more.

Next, we want to address potential improvements to the 
transfer method as a van der Waals (vdW) force actuated opera-
tion (without the utilization of SEM-compatible glue) refer-
ring to basic material interactions (please refer to the Sup-
porting Information for a more detailed discussion). In short, 
the strength of van der Waals adhesion is determined by the 
Hamaker constants of grid and tip material. The adhesion force 
can further be tailored by adjusting the surface roughness. 
A higher surface roughness leads to a lower Van der Waals 
force. Relating to this, the “stamping transfer” method can be 
improved in terms of flexibility and reliability (without the use 
of adhesive interlayers) by selecting different materials and/or 
modifying the surface of either the grid and/or the tip. These 
modifications can be done by, for example, thin-film coating 
techniques,[44] plasma activation,[45] or wet chemical treat-
ment.[46] To strengthen the adhesion between particle and tip, 
the tip can be coated with a material featuring a high Hamaker 
constant while ensuring a low surface roughness. Furthermore, 
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Figure 6. 360° ET of the transferred mesoporous hematite particle from 
Figure 5. a) Two representative STEM images from the full tilt-angle range 
series at different tilt angles (see Movie S3, Supporting Information). 
b) Slice through 3D reconstruction and c) respective surface rendering 
(surface facing toward the pore space in green and the particle interior in 
yellow) sliced at the same position as in (b) (see Movie S4, Supporting 
Information).
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the tip can be functionalized, for instance, with a material that 
is polar, hydrophilic, or hydrophobic, depending on the studied 
particle system. Vice versa the grid can be coated with a mate-
rial of low Hamaker constant and a high surface roughness 
to lower adhesion forces. Furthermore, the Lacey grid can be 
weakened by plasma cleaning, thus reducing the contact area 
by decreasing the number and diameter of carbon threads. 
Regarding these options adhesion forces can be balanced to 
cause the particle to adhere to the tip upon the slightest con-
tact. As a practical example, the grid could be coated with 
a thin Al layer by standard physical vapor deposition tech-
niques, choosing deposition parameters which lead to a high 
surface roughness, while using Cu as a tip material, ensuring 
a low surface roughness. A different approach could involve  
poly (tetrafluorethylene) (PTFE) as a grid coating due to its very 
low Hamaker constant (HPTFE = 3.8 × 10−20 J).[47] As an outlook 
the method could be further modified using electrostatic forces 
by applying an electric potential between grid and tip to in situ 
transfer particles without direct contact.[48]

As demonstrated by the two applications the technique 
enables precise positioning of the chosen particle on the upper-
most top plateau of the pre-shaped tomography tip. Concerning 
the accessible particle size the presented “stamping transfer” 
method is in principle only restricted by the resolution of the 
SEM instrument requiring the capacity to simultaneously rec-
ognize and observe the particle and tip during the transfer pro-
cedure. Presumably, particles ranging down to a size of about 
10 nm can still be transferred using this technique. Therefore, 
the method is expected to be applicable to diverse types of 
particles with sizes ranging from about 10 nm to few 10 µm. 
This broad range covers all particles with dimensions, which 
typically impede a facile particle transfer using a conventional 
light microscope, for example, in combination with an external 
micromanipulator. For sufficiently small particles, the transfer 
technique potentially enables extraction of 3D information on 
the atomic scale. Several approaches to gather 3D information 
at atomic resolution by applying different TEM techniques are 
reported in literature, for example, by using high-resolution 
STEM images from few specific crystallographic directions[49,50] 
(discrete tomography), by conventional STEM tomography 
with special projection alignment and tomographic reconstruc-
tion,[51] by combining electron diffraction and conventional 
TEM imaging,[52] or even based on a single HRTEM image.[53,54] 
However, the combination of one of these techniques and 360° 
ET has not been reported yet. The in situ “stamping transfer” 
method paves the way for such combined 3D atomic scale 
studies on individually selected nanoparticles.

Apart from 360° ET the well-defined particle-on-tip geometry 
obtained with the method is also well suited for other fields 
of application. For instance, single particle measurements of 
physical properties,[36] like plasmonic modes[23] or other size-
dependent optical properties can be carried out in this geom-
etry using either optical near-field[37,38] or confocal microscopy 
techniques (including single particle Raman and photolu-
minescence (PL) spectroscopy[55,56]). Moreover, the geometry 
is perfectly suited for complementary characterization tech-
niques like atom probe tomography.[30] Most importantly, such 
measurements can be directly correlated with the detailed 3D 
particle morphology obtained from nondestructive 360° ET.

4. Conclusion

In summary, we presented a new, versatile approach to in situ 
transfer individual micro- or nanoparticles, selected out of a 
large particle ensemble, onto tailored tips for high-precision 
3D analysis using 360° ET. The method can be implemented 
on any modern SEM instrument and enables damage- as well 
as contamination-free preparation of particles in a broad size 
range. The obtained particle-on-tip geometry provides a general 
platform for correlative studies of 3D morphology and physical 
properties of individual nanoparticles.

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