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We present a new approach to quantify the mass and 3D shape of nanoparticles on supports, using sizeselected nanoclusters as mass standards in scanning transmission electron microscope. Through quantitative image intensity analysis, we show that the integrated high angle annular dark field intensities of
size-selected gold clusters soft-landed on graphite display a monotonic dependence on the cluster size as
far as 6500 atoms. We applied this mass standard to study gold nanoparticles prepared by thermal vapor
deposition and by colloidal wet chemistry, and from which we deduced the shapes of these two types of
nanoparticles as expected.
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Since the properties of nanoclusters and nanoparticles
depend critically on their size [1,2], the measurement of
their mass is crucial. For example, knowledge of the mass,
i.e., the number of atoms in the clusters, when coupled with
the measured projected area of the nanoparticles, would
enable us to deduce the 3D shape of the nanoparticles. This
is of particular importance in areas such as environmental
health [3] and catalysis [4,5], because it regulates the
effective surface area of the (typically supported) particles.
However, atom counting is a challenging task for nanoparticles on surfaces, in terms of accuracy, efficiency, and
mass range. Here we show that soft-landed size-selected
atomic clusters can be used as mass standards which enable
surface mass spectrometry by scanning transmission electron microscopy (STEM). For Au clusters on carbon surfaces, we find that the measured relationship between mass
and the high angle annular dark field (HAADF) intensity in
STEM displays a monotonic dependence on cluster size as
far as 6; 500 atoms. This extends the applicable mass
range for STEM-based mass spectrometry by about 3
orders of magnitude [6,7]. The method is demonstrated
by the 3D shape determination of colloidal, evaporated and
size-selected Au nanoparticles.
There are a number of ways that the masses of nanoparticles on surfaces can be measured. Cantilever-based
techniques have recently been demonstrated for mass detection at the zeptogram level (1021 g) [8,9]. Electronmicroscopy-based techniques have a long history [6,7,10–
18]. In Zeitler and Bahr’s early work of 1962, the mass of
nanoparticles has been determined down to 1018 g using
STEM with an accuracy of 10% [17]. The advantage of this
approach is that the mass information obtained can be directly correlated to the structure and properties of the particle studied. The concept of atomic-level mass determination by STEM, as developed by Howie, is a quantitative application of the HAADF-STEM imaging method [18,19].
This requires an accurate knowledge of the electron scattering cross section () as a function of the number of
atoms (N) and the number of electrons in the focused
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electron beam. Ab initio calculation of high angle electron
scattering cross section of nanoparticles is a challenging
task as factors such as multiple electron scattering, thermal
diffuse scattering, and partial coherence of the focused
electron probe have to be taken into account, and their
absolute quantification is still a source of much theoretical
debate [20]. Assuming a linear relationship between  and
N, both the number of atoms in a cluster (to within 2
atoms) and the overall (oblate) shape were deduced for
small clusters of 24 atoms [6,7]. We recently demonstrated
experimentally that such linearity extends to much large
sizes [21]. However, the experimental determination of the
absolute cross section is still extremely challenging, as
electron detectors of high dynamical range are required
[6,22]. This has prevented the application of the STEMbased technique to a wide range of particle sizes, as one
would wish. However, mass information can be obtained
through STEM-based mass measurements if a known mass
standard can be established. In biological applications,
molecules of known molecular weight, such as ferritin,
has been used as a mass standard for comparative measurements [12]. In materials science applications, a suitable standard for nanoparticle mass determination has so
far been lacking.
Our approach is to use size-selected atomic clusters on
supports as a mass standard to establish experimentally the
relationship between atomic scattering cross section and
the number of atoms. This builds upon our recent progress
in atomic cluster beam technology [23–25], where a novel
mass-selection technique based on the time-of-flight principle has been implemented into a radio frequency magnetron sputtering and gas aggregation cluster beam source.
The source allows us to size-select positively charged
particles from single atoms to the 10 nm regime with a
mass resolution of M=M  25 which is independent of
mass. In this study, we use Au as the target material and
graphite as the substrate [26]. The kinetic energy of the
clusters is chosen to be 500 eV, to prevent fragmentation of
the clusters upon landing [27,28].
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Figures 1(a)–1(c) show three representative HAADFSTEM images of clusters with selected mass size of 147,
2057, and 6525 atoms, respectively. The STEM images
were obtained using an FEI Tecnai F20 electron microscope with a field emission gun at an accelerating voltage
of 200 kV. A Fischione 3000 HAADF detector was used to
record images at an inner collection angle of 50 mrad and
outer collection angle of 150 mrad, with an incident probe
size of around 4 Å. The gain and offset of the amplifier
were set in such a way that the detector was working far
below its saturation level, while at the same time single
atom sensitivity could still be achieved (as verified by postacquisition image analysis). Every effort was made to keep
the imaging conditions constant, particularly the emission
current. The emission current was stable throughout each
experimental run to within 1 A. The same specimen,
with Au309 clusters, was used as a check between different
runs. It was found that the change in integrated intensity
induced by emission current was smaller than the statistical
errors. In the images, atomic columns were not resolved
within the clusters, yet single atoms were sometimes detected on the substrate, mostly in the vicinity of the depos-

FIG. 1. HAADF-STEM images and their intensity analysis.
(a)–(c) Representative images of Au clusters with selected
mass of 147, 2057, and 6525 atoms on graphite supports. The
images were obtained at 900 kX magnification at a resolution of
1024  1024 pixels and they were low-pass filtered. (d) The
HAADF intensity integrated over clusters as a function of
number (N) of Au atoms in the clusters. The error bars were
taken from the standard deviation of distribution measured by
STEM. The inset shows the logarithmic fit of the intensity versus
N, I ¼ 68 862N 0:92315 . The residual of the fit R ¼ 0:99733.
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ited clusters. No rafts of Au atoms were detected. This has
been confirmed by further observations using aberrationcorrected STEM where single atom detection is more
straightforward. Figure 1(d) displays the HAADF intensity
integrated over the clusters as a function of the number of
atoms within the clusters. The image intensity analysis is
performed using SPIP software (version 3.2.0.1, Image
Metrology). Integrated STEM intensities were obtained
after background subtraction. The choice of size over
which the integrated intensity obtained varied with the
size of the particles. This is to ensure that all atoms,
including those single atoms at the vicinity of the particles,
are accounted for in the quantitative intensity analysis. The
intensity is taken from the mean value of the distribution
while the standard deviation is used for estimating of the
error bars. It can be seen that initially the intensity increases rapidly with the number of atoms, and then the rate
slows down. A log-log fit (inset) shows that the data fit well
to the relationship, I ¼ 68 852N 0:92315 , with a fitting residual of R ¼ 0:997 33. This monotonic relation offers a
calibration of the true mass of the nanoparticles.
Although the size selection of the clusters has been studied
up to 30 000 atoms, quantitative intensity analysis has only
been performed for N up to 6500. This is due to that the
source of the error bars in Fig. 1(d) includes not only
microscope stability, substrate uniformity, thickness, and
local structure, but also strong dynamical scattering in
large nanoparticles. The latter results in the increased
uncertainty with the size of clusters. N  6500 can thus
be viewed as the upper limit of this method.
We applied the calibration curve in Fig. 1(d) to study Au
nanoparticles prepared via two different approaches. In the
first case, colloidal Au particles, obtained from Agar
Scientific, were drop cast on to a TEM grid coated with
an amorphous carbon film. In the second case, the sample
was deposited on an amorphous carbon thin film in a
vacuum of 107 mbar through thermal sublimation of
99.99% purity Au. Representative HAADF-STEM images
for the two types of nanoparticles are shown in Figs. 2(a)
and 2(b), respectively. Most of particles are circular in twodimensional (2D) projection, except for a few closely
spaced clusters that seem to be touching. The histograms
of the diameters in 2D projection of both types of nanoparticles are shown in (c) and (d). The difference in the
diameter distributions shown can be related to the ways
that the particles were formed. During the wet chemical
preparation of the gold colloids, a reasonable degree of
size-selection has been achieved by carefully controlling
the reaction time, yielding particles with an average diameter of 5 nm, as specified by the supplier. In the case of
vapor deposited Au atoms, the size distribution is much
broader as the cluster nucleation depends on Au adatom
diffusion as well as the density of surface defects.
The above conventional analysis only provides size
information in 2D projection, where the depth information
along the electron beam direction is missing. In the case of
the HAADF-STEM imaging mode this information is in-
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FIG. 2. HAADF-STEM images taken from Au nanoparticles
deposited on a Cu TEM grid coated with amorphous carbon thin
film. (a) The nanoparticles were prepared by wet chemistry
method. (b) The nanoparticles were prepared by thermally
evaporating Au onto the TEM grid held at room temperature
under high vacuum condition. The corresponding size distribution is shown in (c) and (d), respectively.

6

4

2
0

0

5

10

N 1/3
10

8

Diameter (nm)

cluded in the image intensity. Using the I-N relationship
shown in Fig. 1(d), we calibrate the number of Au atoms
(N) in both types of nanoparticles against those in the sizeselected Au clusters. The results allow us to plot, in Fig. 3,
the 2D projection diameter D of the particles as a function
of N 1=3 . Those particles touching each other have been
excluded from this analysis. The linear relationship between D and N 1=3 for all three samples implies that the
shape of nanoparticles is three-dimensional rather than
planar, as otherwise linearity should be found for D versus
N 1=2 . It is also most interesting to see the distinctive trends
in the Au nanoparticle shapes formed by the different
methods of preparation. The solid and dashed lines display
the D  N 1=3 relations derived from a simple spherical
geometric model, Ds ¼ N 1=3 , and from a hemispherical
model, Dh ¼ ð2NÞ1=3 . Here,  ¼ 0:41 nm, representing
the effective diameter of Au atoms, is obtained from fitting
to the experimental data. This value is slightly larger than
twice of the Wigner-Seitz radius, R ¼ 0:17 nm, for Au
[29]. It is the most striking that the data from the thermally
evaporated Au nanoparticles are consistent with the hemispherical model, while the data from the colloidal Au
nanoparticles agree with the spherical model, as one would
expect. This latter result suggests that the organic ligands
on the particles surface not only prevent aggregation of the
nanoparticles in solution, but also help in maintaining their
pseudospherical shapes even when they are dried on the
substrate. For the size-selected Au clusters, preformed in
the gas phase and deposited on the surface, the result
implies that the soft-landing has successfully preserved
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FIG. 3 (color). Relationship between particle diameter and
N 1=3 for Au nanoparticles prepared by three different methods.
(a) Colloidal nanoparticles, (b) nanoparticles by thermal evaporation, and (c) size-selected clusters preformed in gas phase and
soft landed on the surface. Spherical cluster approximation (the
blue solid line) and hemispherical cluster approximation (the red
dashed line) are shown to allow comparison of overall particle
geometry. Schematics of growth mechanism of Au nanoparticles
are also shown in the insets.

the pseudospherical shape of the clusters on the surface.
This also indicates that the graphite is a nonwetting support
for Au particles at the nanoscale, which is consistent with
the morphology of Au clusters found on amorphous carbon
films using high resolution TEM [30].
The above two cases have demonstrated that the highly
size-selected clusters provide an excellent mass standard.
They allow us to obtain a true calibration curve for the par-
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ticle mass-HAADF intensity relationship over a large mass
range, thus allowing the full realization of the potential of
the HAADF-STEM technique for surface mass spectrometry. Previously, all measurements have been based on the
assumption of the linearity of the mass-intensity relationship. Here we demonstrate for the first time that the experimentally measured monotonic mass-intensity relationship
allows extension of the applicable mass range for STEMbased mass spectrometry up to about 6500 atoms for Au,
which is about 3 orders of magnitude wider than previously
reported [6,7]. In addition, we are working on the soft
landing of very small clusters so that the calibration curve
can be extended towards the single atom level. The availability of such a wide range of size-selected clusters also
provides a real possibility of independent determination of
the electron scattering cross sections of nanoparticles [21],
which is vital for physical understanding of the critical
issues involved in electron scattering. In our approach, the
mass resolution depends on the resolution of the
mass selection of clusters. For the Birmingham cluster
source, M=M is 25 over the size range studied [23–
25]. This can be readily improved to 100 or better with
some modification of the existing system. The better stability, higher signal-to-noise ratio, and lower background
offered by the new generation aberration-corrected electron microscope is expected to further reduce the statistical
errors in HAADF intensity measurements.
For the characterization of the 3D morphology of nanoparticles, STEM electron tomography is a very powerful
technique and has been successfully employed for embedded and stable nanoparticles [31]. The main limitation
of the technique is the time required to take full tomographs. This excludes many electron beam sensitive
samples from analysis. Our method employs a ‘‘singleshot’’-type approach to a three-dimensional measurement
problem. Gold was used as a model system in the present
study, but the principle should be applicable for nanoparticles of other compositions, such as the platinum group
metals commonly used in catalysis, although the extension
to light elements will depend on the ability of separating
signals from particles and from the substrate. It is envisaged that HAADF-STEM-based mass spectrometry would
be very useful in the metrology of nanoparticles where
knowledge of the particle mass and structure is desirable.
For example, industrial catalyst particles often have complex morphologies rather than commonly assumed near
spherical shapes. The complexity of the structure at the
atomic level would directly affect the performance of the
catalyst [5]. Furthermore, direct comparison of the measurements against the size-selected clusters of a known
structure will allow more realistic modeling of nanoparticles with complex structures, thus enhancing the power to
predict the physical properties associated with the structures. The ease of transport of mass-selected clusters deposited on standard carbon coated TEM grids suggests that
they are ideal calibration standards for sharing between
different laboratories.
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