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particles spread out on a flat surface,[2] 
or on individual particles, immobilized 
on a flat surface,[3] floating in a liquid 
microcavity,[4] or directed by controlled air 
streams.[5] Scanning electron microscopy 
(SEM) and transmission electron micro
scopy (TEM) in combination with energy 
dispersive Xray spectroscopy are particu
larly useful methods to obtain information 
on particle morphology, crystal structure, 
and chemical composition,[6] and can now
adays be used to in situ inspect chemistry 
involving single particles under real pro
cess conditions, either in gas phase in an 
environmental TEM[7] or in liquid phase 
in specially designed micromachined (gra
phene or silicon nitride) TEM cells.[8,9] 
The recent work by Park et al. can be con
sidered one of the most advanced in this 
field, allowing 3D imaging at nearatomic 
resolution with millisecond time resolu

tion of individual, freely rotating nanoparticles in a heteroge
neous population of particles in solution.[8]

A drawback of the majority of available methods for single 
nanoparticle inspection in a collection of particles on a surface 
(even more so in a liquid) is that the position of each individual 
particle is not well defined. Therefore, it is difficult to retrace the 
same particle after a chemical or physical treatment in a study on 
the effect of such a treatment on a specific particle within a larger 
population. Previously, using a different type of topdown litho
graphic technique, Asbahi et al. fabricated sub10 nm cavities 
and pushed the particles individually into the obtained template 
by a moving meniscus at the drying front.[10] With this device 
each individual particle obtains a unique (traceable) position in a 
dense trapping array. For advanced single particle studies, trace
ability should be combined with electron microscopy. We there
fore propose to use a relative open and TEM transparent particle 
trapping array with traceable particle trapping positions.

The silicon nitride device we propose here embodies several 
additional advantages: it traps particles of a defined size distri
bution from a heterogeneous particle population and enables 
accurate inspection of the particle before and after the desired 
processing, by SEM and TEM. Since silicon nitride is common 
material in micromachining and has a minimal electron scat
tering, it is a suitable material for transparent TEM substrates.[9]

The basic element of the proposed array is a 3D nanowire 
frame fabricated by a topdown process,[11–13] which acts as a 
particle cage. Previously we have reported on the use of corner 

Arrays of nanoscale pyramidal cages embedded in a silicon nitride mem-
brane are fabricated with an order of magnitude miniaturization in the size 
of the cages compared to previous work. This becomes possible by com-
bining the previously published wafer-scale corner lithography process with 
displacement Talbot lithography, including an additional resist etching step 
that allows the creation of masking dots with a size down to 50 nm, using a 
conventional 365 nm UV source. The resulting pyramidal cages have different 
entrance and exit openings, which allows trapping of nanoparticles within a 
predefined size range. The cages are arranged in a well-defined array, which 
guarantees traceability of individual particles during post-trapping analysis. 
Gold nanoparticles with a size of 25, 150, and 200 nm are used to demon-
strate the trapping capability of the fabricated devices. The traceability of 
individual particles is demonstrated by transferring the transmission electron 
microscopy (TEM) transparent devices between scanning electron micro-
scopy and TEM instruments and relocating a desired collection of particles.

Particle Nanocage Arrays

1. Introduction

Imaging and processing of objects with submicrometer dimen
sions at the single particle level has gained increasing interest 
over the last decade.[1] Topographic or functional studies on, 
e.g., catalytic, aerosol, biological (vesicles, viruses), and plas
monic particles are mostly performed either on ensembles of 
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lithography[11,13–15] to fabricate 3D wireframe structures with 
a total size of around 15 µm, and we have shown the collec
tion of single biological cells with a size of ≈10 µm in these 
trapping structures.[11] Recently, we have reduced the feature 
size of this platform by almost two orders of magnitude, and 
demonstrated trapping of 150 nm gold particles.[12] This trap
ping platform is based on a thin micromachined membrane  
in which arrays of pyramidal cages of defined sizes are created. 
The pyramids have welldefined openings on the four lateral 
faces, and a different opening on the base; see Figure 1e. The 
procedure for fabrication consists of deposition and patterning 
of a thin protective film on a silicon (100) substrate, anisotropic 
silicon etching along crystallographic planes, which leaves pits 
with {111} lateral faces, conformal deposition of a new protec
tive layer on the inner surfaces of the pit, and timecontrolled 
isotropic etching of this layer resulting in a pyramidal wire
frame (see Figure 1a–d). The final dimensions of the openings 
on the lateral faces of the cage are defined by the size of the 
opening on the base, the thickness of the deposition layer, and 
the amount of material removed by etching.[11,13,16]

In a previous publication, laser interference lithography (LIL) 
was used to define cages which could trap particles in the range 
of 100–200 nm.[12] To reduce the size of the pyramids further 
by an order of magnitude, we will add in the present work as 
the initial photolithography step a recently developed method 
called displacement Talbot lithography (DTL), which was first 
developed by Solak et al.[17] A strategy to decrease the sizes of 
the pyramids even further will be applied, which is based on 
a process reported by LeThe et al. These authors decreased 
the size of the masking layer that results after DTL by etching 
nanocolumns in a bottom antireflection coating (BARC)[18,19] 
by a plasma process in a carefully chosen gas mixture. With this 

method, LeThe minimized welldefined 110 nm BARC nano
columns to a size of 28 nm. The masking dots resulting from 
a similar process will be used in this research by including it 
in a liftoff process to create a metal masking layer with holes 
of 50 nm, which will be transferred into a nanocage entrance 
opening of 65 nm by additional thin film processes and accu
rately tuned wet etching. The resulting cages will be applied for 
nanoparticle trapping, after which the trapped particles will be 
inspected by SEM and TEM.

2. Results and Discussion

Compared to the previously published fabrication method,[12] 
the pattern transfer was optimized to create even smaller pyra
mids with sub100 nm features; see Figure 1e. The application 
of DTL followed by the “shrink etching” procedure allows the 
design of a 65 nm diameter hole pattern, which is the basis of 
the process shown in Figure 2 and discussed in detail in the 
Experimental Section. In Figure 2d,e, a “sharpening” oxide 
layer was grown inside the pit to act as a stopping layer during 
the release of the membrane, which occurs by etching of the 
silicon substrate underneath. Additionally, this layer increases 
the thickness of the silicon nitride nanowires left after corner 
lithography. As shown in Figure 3, with the same isotropic 
etching method as before,[12] the thickness of the ribs would 
be reduced to a few nanometer, leading to a delicate, fragile 
structure. The cages are embedded in a thin amorphous silicon 
nitride membrane, which has a low tensile stress, needed for 
the freestanding membranes.

This configuration with pyramidal cages embedded in a 
membrane allows the confinement of particles in a traceable 
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Figure 1. a–d) Fabrication procedure of particle cages: a) silicon nitride deposition and KOH etching to form pyramidal pits; b) conformal silicon 
nitride deposition; c) timed isotropic etching (corner lithography). The insets are illustrations of the interfaces between the pattern layer (pink), silicon 
nitride layer (red), and silicon substrate (gray). d) Resulting pyramid array membrane after backside removal of the silicon substrate. e) SEM images 
of a previously fabricated pyramidal cage, with a size of ≈15 µm, used for cell trapping,[11] with as insets the cages with two orders of magnitude size 
reduction, based on LIL, and the newest array of nanopyramids, with again an order of magnitude size reduction, defined by DTL.
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position along the array on the membrane. The crosssection 
of each of the four outlets on the lateral faces defines the 
minimum size of particles that can be trapped, whereas that 
of the inlet on the base of the pyramid defines the maximum 
particle size. The difference in crosssection between the inlet 
and outlet holes defines the bandwidth of the trapping device 
(see the Supporting Information for design parameters). We 
present two chips, with an entrance of 200 and 65 nm, respec
tively. Three Au nanoparticle suspensions with different mean 
diameter were employed to test the trapping performance. Au 
nanoparticles were chosen because of their high affinity for 
biochemical entities, which will be useful for future studies, 
e.g., of grafting with proteins. Considering that the designed 
entrance size of the first type of cages is 200 nm, commercial 

suspensions with mean particle diameters of 150 and 200 nm 
were applied. For the smaller entrance device, a mean par
ticle diameter of 25 nm was chosen. The particle size and its 
distribution was verified by dynamic light scattering (DLS; see 
the Supporting Information for details).

Figure 4 shows high resolution SEM images of pyramidal 
cages with trapped Au particles. These cages were fabricated 
following the previously published procedure.[12] Since we 
employed a simple manual trapping protocol to trap the par
ticles, the trapping efficiency is highly nonuniform. Neverthe
less a significant fraction of the traps is filled with one particle, 
similar to what is shown in Figure 4a. Occasionally particles are 
found at the entrance of a trap (Figure 4b), which we interpret 
as particles that are only just too large to enter the trap. Also, 
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Figure 2. Fabrication process of nanoscale pyramidal cages. a) After etching a pyramidal pit in a Si(100) substrate, a silicon oxide layer (deep blue) is 
grown inside by thermal oxidation of silicon. This layer acts as an etch stop in step (e) and sharpens the edges and tip of the inverted pyramid. b) The 
complete substrate is covered with a conformal silicon nitride layer (red), and c) timed isotropic etching is used to create lateral openings in the silicon 
nitride inside the inverted pyramid. d) Polycrystalline silicon (gray) is subsequently deposited to increase the rigidity. e) Oxidation of the polycrystalline 
silicon forms a protective layer (light blue) during backside etching of the substrate. With the protection of sharpen and backside layers, the chip was 
diced into desired dimension. f) Selective removal of the oxide layer on the front side is followed by removal of oxide (deep blue) from the backside. 
Final step is etching of the poly-Si layer to form the silicon nitride membrane with embedded nanocages.

Figure 3. Schematic drawings showing the angle between two {111} side facets of a pyramidal structure. The {111} facets make an angle of 110°, the 
thickness of the low pressure chemical vapor deposition (LPCVD) silicon nitride layer in both cases is 16.1 nm, and isotropic Si3N4 etching is car-
ried to 16.9 nm, 5% over etching. Top: Situation without sharpening process, showing the conformal deposition of a silicon nitride layer (red) on the 
silicon facets (gray), followed by isotropic etching, which leaves a thin layer of silicon nitride in the corner (red). This silicon nitride part forms the rib 
of the pyramidal cage. Bottom: The thermal oxidation (800 °C, thickness 13.3 nm) of the silicon surface, which consumes part of the silicon, is carried 
out as an extra step. Because the SiO2 layer (blue) is thinner in the corner where the two {111} facets meet, the structure becomes “sharpened.” The 
subsequent deposition and etching of the silicon nitride gives a thicker silicon nitride layer, and there with a thicker pyramid rib.
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a small amount of particles is stuck on the surface next to the 
entrance of a trap (Figure 4c). Figure 4 furthermore shows that 
the morphology of the Au particles can be quite different; some 
show clear crystal facets (Figure 4a) while others have a rough 
surface appearance (Figure 4b,c).

Figure 5 shows the entrance and exit side of the smallest 
pyramids (65 nm entrance holes) with and without 25 nm Au 
nanoparticles. These pyramids were created by the method 
discussed in the Experimental Section and are shown in 
Figures 2 and 3. Other than expected on the basis of the size 
of the particles, in most occasions there was only one particle 
trapped per pyramid, as is shown in Figure 5a. Because of  
the different signal intensity of Au and silicon nitride in SEM, a 
part of the pyramid that covers the gold particle becomes invis
ible, when imaged from the exit side (Figure 5b).

The chosen dimensions of the device with 65 nm entrance 
holes enable direct fitting into SEM, TEM, and optical micro
scope, as well as microfluidic setups. Additionally, the 
ordered array enables registration of the position of a particle 
and therewith its inspection in different instruments. This is 

demon strated in Figure 6 by visualizing the same location on 
the membrane in SEM and in TEM, which is evident from the 
unique pattern of trapped particles.

Small 2018, 14, 1803283

Figure 4. SEM images of trapping device of 200 nm entrance with Au nanoparticles. a–c) Views from the cage entrance side with a) a 150 nm particle 
trapped in a pyramidal cage, b) two 200 nm particles stuck in the entrance opening, and c) a 150 nm particle stuck next to the entrance opening.  
d,e) Images from the pyramidal exit side, showing cages with or without trapped 150 nm particles. All images are of a sample with a Cr coating. All 
scale bars represent 100 nm.

Figure 5. SEM images of the trapping device with 25 nm Au nanoparti-
cles viewed: a) From the entrance side and b) viewed from the exit side. 
The scale bars are 50 nm.

Figure 6. Demonstration of the registration capabilities of the pyramid 
array platform. a) On the complete membrane, there are 81 (9 × 9) cir-
cular areas, which each contain ≈200 cages. b) SEM image of one blank 
circular area. c) SEM image of a circular area in one corner of the mem-
brane that trapped 25 nm Au nanoparticles, d) and after transfer from 
the SEM, it will reappear in the TEM instrument as image. Image (c) 
was rotated to show it in a similar view as (d). Each individual cage can 
be relocated by counting. Au nanoparticles appear white in the SEM and 
black in the TEM image. The TEM image also reveals a number of parti-
cles stuck to the surface in between the cages, and some larger particles 
that presumably are dust particles. Scale bars in (c) and (d) are 500 nm.
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An even better registration may be obtained by adding a code 
to the array (e.g., by etching a bar code close to the pyramids). 
Figure 7 demonstrates the TEM transparency of the silicon 
nitride pyramidal nanoparticle traps. It is possible to get infor
mation about morphology and crystal structure of the trapped 
nanoparticles, even for the smallest 25 nm nanoparticles; see 
Figure 7. These images prove that the trapping device can be 
applied as a TEM grid to obtain relevant data about single nano
particles, without significant disturbance by the cage material.

3. Conclusion

We demonstrated the fabrication of 3D nanocages arrays for 
trapping of individual particles down to ≈25 nm in diameter. 
The arrays were created by advanced interference lithography 
techniques, together with a novel 3D lithographic process 
called corner lithography. Au nanoparticles with sizes down to 
25 nm diameter could be trapped in the arrays by evaporation 
of the solvent from the diluted suspension of particles. The spe
cific design of the array chips is such that samples can be easily 
exchanged between SEM and TEM. It was shown that the 
highly ordered array facilitates the imaging of unique particle 
locations in different instruments. The silicon nitridebased 
transparent 3D nanowire traps allow for detailed TEM studies 
of individual nanoparticles. Because of the excellent registra
tion of the individual particles and the open structure of the 
trap, it will be possible in future research to perform a specific 
treatment to a chosen particle, such as exposure to a chemical 
or to heat, and restudy it in exactly the same configuration.

To increase and study trapping efficiencies in detail we antic
ipate the integration of the particle trap arrays into a double 
crossflow microfluidic setup. Trapped particles can undergo 
several chemical reaction protocols, for example, for studying 
catalytic activity of separated trapped particles, as well as for 
biochemical identification purposes. Typically assays involve 
three parts: fixation of a linker molecule to the substrate, 
connection of the target molecule, and implementation of a 
function (e.g., a fluorescent tag) for detection in a processing 
device that possesses high accuracy,[20,21] such as a confocal 

microscope. Moreover, due to the aperture of lateral faces, the 
platform could be used for electron microscopic studies of 
individual catalyst particles, viruses, vesicles, aerosol particles, 
quantum dots (e.g., by cathodoluminescence[22]), or other types 
of functional particles.

4. Experimental Section
Fabrication of TEM Holder Compatible Membranes with 65 nm 

Nanocages: A double side polished n-type 〈100〉 silicon wafer of 100 mm 
diameter and 380 µm thickness was coated with an 80 nm LPCVD 
silicon-rich nitride (SiRN) layer (200 mTorr, 850 °C, SiH2Cl2:NH3 
flow = 3:1). This layer was spin-coated with a BARC (AZ Barli-II 200) 
at 3000 rpm for 45 s, followed by a prebake at 185 °C for 1 min. 
Then, a layer of photoresist (PFI88, diluted 1:1 in propylene glycol 
monomethyl ether acetate) was spin-coated at 4000 rpm for 45 s and 
prebaked at 90 °C for 1 min. This resulted in thicknesses of 190 and 
200 nm, respectively. This photosensitive layer was patterned by two 
exposures (rotated 90°) with a phase-shift line mask consisting of a 
3 × 3 cm2 linear grating with a period of 500 nm (resulting in 250 nm 
periodicity in the photoresist) in the DTL nanophotolithography method 
using 365 nm I-line UV light (Eulitha DTL PhableR 100C) with a dose 
of 45 mJ at 1 mW cm−2. A postexposure bake was done at 110 °C for 
1 min, after which it was developed for 30 s in Olin OPD4262 developer 
solution, yielding nanocolumns of 110 ± 3 nm in diameter. To transfer 
the photoresist nanocolumns into the BARC layer, this layer was etched 
with reactive ion etching (RIE; Electrotech, Plasmafab 310-340). The 
ratio of the O2 and N2 gas tuned the shrinkage of the nanocolumns. 
Using the shrink-etching method,[18,19] nanocolumns with 50 ± 3 nm 
diameter were created with RIE (40 sccm O2, 50 sccm N2 gas mixture, 
12 mTorr, 25 W, for 110 s). To convert these nanocolumns to an etching 
mask with nanoholes, 20 nm Cr was e-beam evaporated, followed by a 
lift-off process using 5% tetramethylammonium hydroxide (TMAH) at 
45 °C in an ultrasonic bath. On top of this Cr mask, a second mask 
containing circular 5 µm patterns (see below, Figure 6a) was applied 
by conventional contact lithography, in order to define a square array 
of traceable sieving fields. Next, an RIE step (25 sccm CHF3, 5 sccm O2 
gas mixture, 10 mTorr, 25 W, etch rate of ≈27 nm min−1) was applied to 
transfer the pattern into the 80 nm thick SiRN layer. The nanoholes were 
not etched completely through, but a layer of 20 nm was left to protect 
the silicon during subsequent steps.

Backside patterning of the 80 nm SiRN was done, using conventional 
lithography and RIE nitride etching. Mask openings were designed to 
finally result in 100 µm × 100 µm functional membranes every 2 mm 
in the x-direction and 2.6 mm in the y-direction. After stripping the 
photoresist from both sides of the silicon wafer, timed wet anisotropic 
etching in 25% w/w aqueous KOH at 75 °C was used to form 20 µm 
thick silicon membranes. Due to the isotropic nature of etching SiRN 
in KOH, the 50 nm holes in nitride were enlarged by ≈9 nm, yielding 
≈68 nm diameter holes. The thickness of SiRN remaining at the bottom 
of the nanoholes was ≈10 nm.

Subsequent steps consisted of Cr stripping, RCA-2 cleaning to remove 
any remaining potassium ions, maskless RIE etching of the remaining 
10 nm SiRN, and removal of the interfacial layer between SiRN and 
silicon (15 s in 50% hydrogen fluoride (HF) etching). Room temperature 
anisotropic etching in 20% w/w aqueous KOH (etch rate of 20 nm min−1 
and 0.2 nm min−1 for Si(100) and Si(111), respectively) was used to 
create inverted pyramids in the silicon. Then, the wafer was RCA-2 
cleaned and oxidized by wet thermal oxidation at 800 °C for 25 min to 
form the SiO2 layer inside the pyramidal pit (Figure 2a). The thickness 
of SiO2 on dummy wafers of Si(100) and Si(111) was 9.2 ± 0.3 nm and 
13.3 ± 0.4 nm, respectively. A highly nonuniform oxide thickness was 
obtained in the inverted pyramidal feature. Concave corners as well as 
the apex became sharpened (Figure 2a). Reasons for choosing oxide 
sharpening were: 1) to create more body in concave corners after 
the subsequent Si3N4 corner lithography procedure and 2) to use the 
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Figure 7. TEM images of trapped Au nanoparticles. The image in (a) 
shows the transparency of the silicon nitride pyramidal cage (scale bar 
20 nm) and that in (b) shows an different cage with a trapped Au particle, 
and demonstrates that this particle contains differently oriented crystal-
line domains with an average size of ≈5 nm. The polycrystallinity was 
confirmed by an electron diffraction measurement (see the Supporting 
Information).
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oxide as a stopping layer during release of the membrane, i.e., no attack 
of the nitride wireframe would occur during removal of the remaining 
Si(100) from the backside in 25% w/w aqueous TMAH at 70 °C.

Corner lithography (Figure 2c–e) started after stripping the native 
oxide from the 80 nm SiRN layer (10 s 1% HF). Besides etching the  
oxide from the SiRN layer also ≈0.4 nm SiO2 was stripped from 
the sharpening layer. Sharp concave corners of the oxide layer in  
the inverted pyramid now received additional rounding off with a radius 
of curvature of ≈0.4 nm. Next, a conformal layer of stoichiometric Si3N4 
was deposited by LPCVD (200 mTorr, 800 °C, SiH2Cl2:NH3 flow = 1:3). 
The layer thickness was 16.1 ± 0.3 nm. This value was determined by 
linear interpolation between the nitride thickness values measured on 
dummy wafers that were positioned in the wafer rack in front and at the 
back of the device wafer during the LPCVD process.

Isotropic etching of this Si3N4 layer was performed in 85% H3PO4 
at 125 °C (Figure 2d,e). The etching rates of Si3N4 and SiO2 were 
0.37 nm min−1 and 0.01 nm min−1, respectively. This selectivity ensured 
no attack of the thermal oxide layer once this layer was reached. A 
dummy Si3N4 wafer was used for endpoint detection. The so-called etch 
factor[11] was defined as 1.0 for the time that it took to turn the surface of 
the nitride dummy wafer (after timed nitride etching and additional 15 s 
etching in 1% HF to remove the interfacial oxide) hydrophobic. For the 
device wafer, an etch factor of 1.05 was used to compensate for wafer-
scale nonuniformities.

Before removing the remaining 20 µm silicon from the backside, a 
protective and mechanically stable layer stack was formed on the front 
side of the wafer, which consisted of a layer of conformally deposited 
200 nm LPCVD polycrystalline silicon (poly-Si, 250 mTorr, 590 °C, 
SiH4:N2 flow = 1:5) followed by wet thermal oxidation at 900 °C (SiO2 
on Si(100) = 47 nm; see Figure 2f). Protective resist was spin-coated 
on the front side of the wafer. Buffered hydrogen fluoride (BHF) etching 
removed only the oxide from the back side poly-Si.

Oxide-selective anisotropic TMAH etching (25% at 70 °C) etched the 
back side poly-Si and the remaining Si(100) (Figure 2g). The sharpening 
oxide layer protected the nitride wireframe from being attacked during 
this step. Over-etching could be tolerated, such that any backside 
etching nonuniformity could be eliminated.

Protective foil (Nitto SWT 10) was applied on the backside of the 
wafer to etch the front-side oxide in BHF (Figure 2h). After stripping 
the foil, thick photoresist (AZ 9260) was spin-coated on the front side 
to avoid contamination and damaging of the free-standing membranes 
during the lamination and dicing procedure. Now, protective foil (Nitto 
SWT 10) was laminated on both sides of the wafer. Aligning and dicing 
was done at the backside. The size of each sample was 2.0 × 2.6 mm2. 
After removing the dicing foil, samples were cleaned in 100% HNO3 
followed by a timed 1% HF etching to remove the 13 nm sharpening 
layer from the backside of the nanowire features and any oxide from the 
Poly-Si on the front side. The final step was 1 min etching in 25% TMAH 
at 70 °C to remove the remaining LPCVD Poly-Si layer from the wafer. 
This step was intentionally done with a 50% over-etch. The samples 
were used in trapping experiments in the state in which they were after 
this etching step, without additional surface modification.

Au Nanoparticle Trapping by Pyramidal Cages Embedded in a 
Membrane: Three different types of nanoparticles were used in the 
trapping experiments: nanoparticles of size 25 nm (NANO partz, 
stabilized suspension in deionized (DI) water, carboxylic acid capping, 
concentration 3.8 ± 0.2 × 1011 per milliliter), size 150 nm (Sigma-Aldrich, 
stabilized suspension in citrate buffer, concentration 1.9 ± 0.2 × 109 per 
milliliter), and size 200 nm (Sigma-Aldrich, stabilized suspension in 
citrate buffer, 3.8 ± 0.2 × 109 per milliliter). The size distribution of these 
particle suspensions was verified by DLS (Particle Analyzer Zetatrac UIT 
Autotitrator); see Figure S1 in the Supporting Information, and was 
found to be 30 ± 10 nm, 160 ± 40 nm, and 210 ± 40 nm, respectively. For 
each measurement ≈6 to 10 × 107 particles were taken by dilution of the 
stock solutions as mentioned above. The trapping protocol consisted of 
the following steps: first, the bottom side of the sample (the side with 
pyramid exit holes) was immersed in a small volume of DI water on the 
hotplate, next 2 µL of the diluted solution was dispensed on the top 

side. With evaporation of the solution under a cover by heating up to 
50 °C, surface tension forces derived the nanoparticle suspension into 
the trapping cages. After this, the experimental solution was replaced 
by DI water in a washing step and the sample was dried on a hotplate 
at 50 °C.

Electron Microscopy: The sample was studied using a Philips 
CM300ST-FEG TEM, operating at 300 kV acceleration voltage. The 
SEM (Zeiss Merlin with field emission gun) images were taken at an 
accelerating voltage between 1.5 and 20 kV to match the requirements 
of diverse modes, e.g., secondary electron detection, energy selective 
backscattered detection and scanning transmission electron microscopy 
(STEM). Cr coating of devices, to enhance SEM contrast, was performed 
with an Emultech sputtering system, with which a 2 nm thin layer was 
deposited on both sides of the sample.

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