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Silicon nitride membranes can be used for windows of environmental chambers for in situ electron
microscopy. We report that aberration corrected scanning transmission electron microscopy (STEM)
achieved atomic resolution on gold nanoparticles placed on both sides of a 50-nm-thick silicon
nitride membrane at 200 keV electron beam energy. Spatial frequencies of 1/1.2 A were visible for
a beam semi-angle of 26.5 mrad. Imaging though a 100-nm-thick membrane was also tested. The
achieved imaging contrast was evaluated using Monte Carlo simulations of the STEM imaging of
a sample of with a representative geometry and composition. © 2011 American Institute of Physics.

[doi:10.1063/1.3561758]

The introduction of aberration correctors for scanning
transmission electron microscopy (STEM) has made it pos-
sible to achieve subangstrom probe sizes."” Now that these
ultimate resolution values have been achieved, the field of in
situ electron microscopy of materials at gaseous and liquid
environments is gaining prominence in material science and
biological research.”™ In situ TEM with atomic resolution on
specimens in gaseous environments has already been dem-
onstrated for subambient pressuress’4 using differentially
pumped systems. Ambient pressures and higher were
achieved by the use of environmental chambers fully en-
closed by thin windows of silicon nitride (SiN).%® To achieve
high pressures the window should be as small and thick as
possible while for high-resolution electron microscopy the
windows should be as thin as possible, i.e., to avoid beam
blurring in the window. So far, atomic resolution was dem-
onstrated for SiN window thicknesses of ~10 nm.*’ How-
ever, for the design of in situ systems it is important to be
able to use SiN windows of 30 nm and thicker, % Since these
can be manufactured in commercial processes without holes,
and allow much larger window sizes in combination with
high pressures than the ultrathin windows,'" with advantages
also for the alignment of two windows forming an environ-
mental chamber.'” An important question is thus if atomic
resolution imaging can still be achieved for SiN membranes
thicker than 30 nm. In this letter, we show aberration cor-
rected STEM imaging of gold nanoparticles with atomic res-
olution through SiN membranes of 50, a standard thickness
for membranes spanning hundreds of micrometers.

The samples were prepared by depositing gold nanopar-
ticles on both sides of 50-nm-thick SiN membranes on sili-
con microchips (SPI); windows of 100 nm thickness were
also tested. Gold nanoparticles (Ted Pella) of sizes 2, 5, 10,
and 30 nm in saline water solution were mixed together and
diluted with ethanol. A second water/ethanol solution con-
taining gold nanoparticles of a size of 1.4 nm (Nanoprobes)
was also prepared. Each solution was mixed for about 2 min
in an ultrasonic bath. The nanoparticle solutions were then
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applied from ~0.2 ul droplets to both sides of the SiN
membranes and dried in air (~3 min). The silicon micro-
chips were then cleaned with ethanol. Finally the microchips
were plasma cleaned for ~30 s on each side to avoid con-
tamination during STEM imaging. Plasma cleaning possibly
led to the breaking of a few nanoparticles into fragments, and
in some cases, individual gold atoms.

The samples were imaged with a 200 kV aberration cor-
rected STEM/TEM (JEOL, 2200 FS) adjusted at an electron
beam opening semiangle of «=26.5 mrad and a probe cur-
rent of 30 pA. The geometry of the experiment is shown in
Fig. 1. The corrector was aligned on the same day of and
prior to the imaging. The SiN membranes were preirradiated
with a dose of ~8X10* e7/nm?. This procedure called
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FIG. 1. Schematic representation of STEM of gold nanoparticles on the top
and at the bottom of a SiN membrane of thickness 7. The electron beam
direction is downward.
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FIG. 2. Aberration corrected STEM of gold nanoparticles on a 50-nm-thick
SiN membrane. (a) Image of gold nanoparticles on the top of the SiN mem-
brane. (b) FFT of the image in (a). (c) Magnified image of the area selected
by the rectangle in (a) showing single atoms; examples are indicated by the
arrows. (d) Image of gold nanoparticles at the bottom of the SiN membrane.
(e) FFT of image (d). (f) Selection (rectangle) from (d).

“beam shower” was performed by scanning the sample at the
eucentric height with a defocused beam at a magnification of
50,000X, with the purpose to avoid contamination during
subsequent imaging at high magniﬁcation;13 this procedure
does not damage the specimen. It was also observed that
gold nanoparticles of samples that were subjected to a beam
shower showed stronger adherence to the support mem-
branes, i.e., did not move during imaging. The high angle
annular dark field (HAADF) detector was used to collect the
signals. All images were recorded at a magnification of
10,000,000 (pixel size of 0.028 nm), an image size of 512
X512 pixels, and a pixel dwell time of 32 us. The actual
thickness of the SiN membrane was measured by determin-
ing the vertical positions at which the gold particles were at
focus at the top and at the bottom of the membrane, respec-
tively, in a three-dimensional focal series. This measurement
was repeated for ten different positions on SiN membrane,
yielding a thickness of 45.7+3.9 nm (the error being the
standard deviation).

Figure 2(a) shows the STEM HAADF image of gold
nanoparticles on top of a SiN membrane, with respect to the
beam direction from the top to bottom. Figure 2(d) shows an
image of gold nanoparticles at the bottom of the SiN mem-
brane. The lattice fringes of the gold nanoparticles are visible
in both images. The fast Fourier transforms (FFTs) of these
images show intensity spots out to spatial frequencies of
1/1.2 A [Figs. 2(b) and 2(e)]. This spatial frequency is con-
sistent with the theoretical resolution limit of the aberration
corrected STEM, which was calculated from the diameter dsq
that contains 59% of the probe current incident on the speci-
men. The value of dso=1 A, for a=26.5 mrad, for a 200
keV electron probe corrected for spherical aberrations up to
third order, and with Cc=0.75 mm, dE=2 eV, and C5
=5 mm." Figures 2(c) and 2(f) show enlarged sections of

FIG. 3. The effect of beam broadening. (a) STEM image of gold nanopar-
ticles on top of a 100-nm-thick SiN membrane. The FFT is shown in the
inset. (b) Image recorded at the bottom of the SiN membrane in (a), with the
FFT shown in the inset. (c) Magnified image of the area selected by the
rectangle in (a) showing four single atoms indicated by the arrows. (d)
Monte Carlo simulations of gold nanoparticles with diameters of 0.3, 0.4,
0.5, and 0.6 nm placed in a 2 X2 matrix at the bottom of a SiN membrane
of 50 nm. (e) Same as in (d), but then for a membrane thickness of 100 nm.

their respective original images showing single gold atoms
for both sides of the SiN membrane. Hence, for a SiN mem-
brane of 50 nm thickness, atomic resolution was achieved
irrespective of whether the gold nanoparticles were on the
top or bottom of the membrane. Imaging at «=17.3 mrad
and 41 mrad (data not shown) showed a similar spatial res-
olution.

For comparison we have also imaged gold nanoparticles
on a 100-nm-thick SiN membrane. Figure 3(a) shows gold
nanoparticles on top of the SiN membrane, lattice fringes are
clearly visible in the image. The FFT of Fig. 3(a) exhibited
intensity spots out to a spatial frequency of 1/1.3 A. Single
gold atoms can still be discerned in the left upper corner of
the image and are shown magnified in Fig. 3(c). The STEM
image of a gold nanoparticle on the bottom of a 100-nm-
thick SiN membrane is shown in Fig. 3(b). The correspond-
ing FFT includes spatial frequencies up to 1/1.6 A. Figure
3(b) shows lattice fringes in at least three different directions
while five different orientations are visible in the FFT. The
resolution obtained on gold nanoparticles at the bottom of
the 100-nm-thick SiN was also verified for two other nano-
particles. The FFTs of these images included spatial frequen-
cies of maximal 1/2.0 A with different directions than for
Fig. 3(b), thus ruling out a preferential nanoparticle/fringe
orientation. To ensure that this reduction in resolution was
not due to incorrect stigmation, a focal series was recorded.
The focal series showed particles going in and out of focus in
a spherical shape rather than cigar shape, thus confirming
correct stigmator settings. Therefore, the average resolution
was 1.9 A for STEM imaging at the bottom of a 100-nm-
thick SiN membrane, a reduction of 0.6 A with respect to
imaging at the top of the window.

The observation of a reduced resolution for imaging at
the bottom of a 100-nm-thick SiN membrane compared to
imaging at the top can be explained by electron beam scat-
tering. Nanoparticles at the top were imaged with an unper-
turbed electron probe while nanoparticles at the bottom were
imaged with an electron probe that had already interacted
with the membrane, causing a skirt of scattered electrons
around the unscattered electron probe. Scattering led to a
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decrease in the contrast, and in addition, a broadening of the
focused electron probe. The broadening due to elastic scat-
tering though a material of thickness 7 can be expressed as
width of an intensity distribution across a sharp edge, where
the int]e;jnsity goes from 25% to 75% of the total intensity,

X25-755
12
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W/ E(1+EI2E,)
Eo=m0C2; E=Ue, (2)

with electron accelerating voltage U (in volt), atomic number
Z, the rest mass of the electron, the speed of light ¢, and the
electron charge e. The chemical composition of the SiN win-
dow approximately equals that of SizN,, with p=3.2
X 106 g/m3, W=3/7X28+4/7X14=20.0 g/mol, and Z
=/(3/7X142+4/7X72)=10.6. The calculation gives
Xy5.75=3 A and 8 A, for T=50 nm and 100 nm, respec-
tively. Previous experimental data recorded under conditions
not compatible with atomic resolution using a noncorrected
STEM showed a resolution of 0.4 nm on gold nanoparticles
below a 50-nm-thick SiN membrane.® The calculated num-
bers and previous data seem too pessimistic considering the
present experimental data.

To provide a more realistic calculation of the beam blur-
ring we have simulated the imaging of gold nanoparticles at
the bottom of a SiN membrane with Monte Carlo methods in
a modified version of the software CASINO with electron scat-
tering models for the energy range of the STEM
implemented.16 Figures 3(d) and 3(e) show simulated STEM
images of gold nanoparticles of different sizes for SiN thick-
ness of 50 and 100 nm, simulated with the same parameters
as used in the experiment. For the 50 nm membrane the
nanoparticle with a diameter of 0.3 nm (which is the smallest
atomic diameter of the gold particle in the SiN membrane) is
still visible in the noise at the left upper corner while it
vanished in the noise for the thicker membrane. This result is
consistent with the experimental findings.

Our results show that spatial frequencies of 1/1.2 A, and
individual gold atoms are visible when imaging gold nano-
particles positioned on both sides of a 50-nm-thick SiN
membrane, using an aberration corrected STEM at 200 keV.
Dedicated environmental chambers may be designed for in
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situ STEM imaging of samples containing gold atoms, for
example, to examine the behavior of gold catalysts,17 or the
growth of nanomaterials at the solid—gas interface.'® Win-
dows of 30 nm thickness and with dimensions as large as 0.1
mm withstand a pressure difference over 1 atm.'® Membrane
devices can be combined with technology for rapid heating.7
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