Measurement Science and

Technology
PAPER « OPEN ACCESS You may also like
Traceable determination of the size of '%ﬁ‘%}iiz‘m%;?{éi”t ‘lm:k “

. . ay bowker, Nazireen Imambaccus,
nanoparticles up to 500 nm by scanning electron Amelia Owens et .
microscopy in transmission mode based on *hinopartcies qenerated b feriokecond

. . laser ablation in water
S| mu Iatlon g{(zggtsael?grlien, Matas Rudzikas, Steffi
To cite this article: Dorothee Hiiser et al 2023 Meas. Sci. Technol. 34 085016 Tt T L

associated with nanoparticle dimensional
measurements by SEM
L Crouzier, A Delvallée, A Allard et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 202.8.112.224 on 13/06/2023 at 12:31


https://doi.org/10.1088/1361-6501/acd078
/article/10.1088/1361-6382/ab719c
/article/10.1088/1361-6382/ab719c
/article/10.1088/2053-1591/aaba56
/article/10.1088/2053-1591/aaba56
/article/10.1088/2053-1591/aaba56
/article/10.1088/2053-1591/aaba56
/article/10.1088/1361-6501/ab1495
/article/10.1088/1361-6501/ab1495
/article/10.1088/1361-6501/ab1495

OPEN ACCESS
I0OP Publishing

Measurement Science and Technology

Meas. Sci. Technol. 34 (2023) 085016 (10pp)

https://doi.org/10.1088/1361-6501/acd078

Traceable determination of the size of
nhanoparticles up to 500 nm by scanning
electron microscopy in transmission
mode based on simulation

Dorothee Hiiser

, Detlef Bergmann and Tobias Klein*

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

E-mail: tobias.klein@ptb.de

Received 19 January 2023, revised 21 April 2023
Accepted for publication 26 April 2023
Published 22 May 2023

Abstract
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The size measurement of nanoparticles contributes to the understanding of their properties and,
thus, to the assessment of the risks they pose to health and the environment. For such
measurements to be comparable and legally recognized, they must be traceable to the SI unit
meter. Recently, interest in traceable measurements of polystyrene particles with sizes up to
500 nm has aroused, e.g. in the aerosol community. To meet this demand, we adapted an
established method to traceably measure nanoparticles with high precision in the transmission
mode of a scanning electron microscope (STEM-in-SEM or TSEM). Since this method was
geared towards smaller particles, we adapted it at two points: New simulations with the program
Geant4SEM allow a more accurate modelling, especially of the inelastical scattering processes.
In addition, the image evaluation procedure was revised to account for the non-linear signal
response at the particle boundary. The measured values obtained in this manner show good
agreement with the values of two international intercomparisons.

Keywords: nanoparticle, nanoparticle size, STEM-in-SEM, TSEM, Monte Carlo simulation,

GeantdSEM, Geant4

(Some figures may appear in colour only in the online journal)

1. Introduction

The field of nanotechnology demands quantitative assess-
ment procedures of the features of nanoparticles. The char-
acterization of mechanical and chemical material properties
in conjunction with geometrical properties such as size and
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shape is relevant in particular for security reasons concern-
ing health care [1], food safety, environmental issues such
as pollution [2], and alike. In 2018, Warheit provided an
overview [3] of projects and activities to understand the
potential hazards associated with exposure to new materials,
whether in medical, cosmetic or industrial applications. In
2017, Rauscher et al have published a survey on the Regu-
latory Aspects of Nanomaterials in the European Union [4].
Diverse research efforts are ongoing [5—8], in particular met-
rological strategies to quantify properties traced to the SI units,
since such measurements are mandatory for measurements
related to the EU definition of nanomaterials [9] and thus
often accomplished by national metrology institutes [10—-12]
which conduct international comparisons to validate their

© 2023 The Author(s). Published by IOP Publishing Ltd
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methods [13—15]. One goal of the metrological determination
of size distributions of nanoparticles is to provide physical
measurement standards to characterize particle measurement
instruments.

To meet this demand we have developed a traceable meas-
urement method for nanoparticles with sizes up to 200 nm
already some time ago based on scanning electron micro-
scopy in transmission mode (STEM-in-SEM or TESM) and
an automated image analysis using the results of Monte Carlo
simulations [10]. Its high accuracy could be demonstrated by
participating in two international intercomparisons [13, 15].
The method is also used to provide the traceability for the
measurements of the working group ‘Aerosol and Particle
Measurements’ of the German metrology institute PTB [16]
which aims to make aerosol measurements more comparable
[17], especially for the automotive industry [18], e.g. by per-
forming type approval tests for particle number counters. To
this end, a calibration facility for reference particle number
counters has been developed, which involves a differential
mobility analyser (DMA) to measure the counting efficiency
and linearity related to electrical mobility diameters. The
traceability route for DMAs is described in ISO 15900:2020,
which demands for size measurement of reference nano-
particles with uncertainties below 5% [19].

Thus, there is a demand for traceable size measurements
of larger polystyrene particles, which are particularly pop-
ular in the aerosol community. Larger polystyrene particles
pose a number of challenges compared to metal or smal-
ler polystyrene particles, which will be discussed in the
course of this paper. Eventually, these challenges can be over-
come by enhanced Monte Carlo simulations that take into
account individual inelastic scattering events and by a revised
image analysis routine tailored to the properties of large latex
particles.

In the next section, the measurement method and instru-
mentation, which remains the same as detailed in [10] and
[20], is summarized and the aspect of calibrating the scanning
field of the SEM, i.e. its pixel size, is pointed out. Section 3
explains the physical model used for the new Monte Carlo
simulation. In section 4 the modified version of the image ana-
lysis routine, that is used to determine the diameter of spherical
nanoparticles, is presented. Finally, the results of the proposed
method are presented and discussed in section 5.

2. Measurement method

The signal of the bright field detector of a scanning electron
microscope operated in transmission mode was used to image
the nanoparticles [10]. The present work addresses spherical
nanoparticles, in particular polystyrene particles, in the size
range of 200 nm—500 nm, which have not been considered
before. They are produced ‘bottom up’ by wet chemical syn-
thesis, and are usually delivered in liquid suspension. The
samples were prepared by depositing the particles on typical
TEM grids, which consist of a thin carbon film supported by a
nickel or copper grid, a process that is described in more detail
in section 2.3 of [10].

A Zeiss LEO Supra 35VP scanning electron microscope
was operated in the transmission mode with an electron beam
energy of 30keV. The beam spot size (Airy disk diameter) was
estimated to be approximately in the range of 3 nm—6 nm (full
width at half maximum, FWHM) at its focal plane. The diver-
gence was estimated to be a half-cone angle of approximately
5.3 mrad.

The transmission detector consists of five solid-state elec-
tron detectors, four of which are used as dark field detectors.
The bright field detector is mounted beneath a square aperture
with an edge length of 140 um corresponding to an average
aperture of 16mrad if the distance between the sample and
the bright field detector is adjusted to 5Smm. This distance was
used for all measurements presented in this article.

To realize traceability, the lateral scales defining the pixel
size for each planar axis and their deviations from scan linear-
ity have been characterized by measuring calibrated grids as
physical measurement standards. Klein ez al [10, 21] describe
the details of the measurement process and the contributions to
the overall measurement uncertainty. Edge distortions of the
scanning system were avoided by omitting sufficiently large
regions at the turning points. The physical measurement stand-
ards were calibrated at PTB using a laser diffractometer sim-
ilar to the procedure described in [22].

The gray-scale values stored as tif images are proportional
to the transmission yield values and do not need to be calib-
rated for the subsequent processing method.

3. Monte Carlo simulation using Geant4SEM

In 2018, Walker et al [23] investigated and compared vari-
ous simulation programs. They revealed that the transmission
signal obtained by Monte Carlo programs using the so-called
continuous slowing down approximation (CSDA) for inelastic
scattering resembles a model without any inelastic processes.
In CSDA, the energy loss of the primary electrons is determ-
ined for a given path, but the angular deflection due to inelastic
scattering processes is neglected. The Monte Carlo software
which we have used up to now, MCSEM, also utilizes this
rather simple inelastic model [10]. Therefore, we implemented
a more realistic model for electron scattering using the power-
ful open-source Monte Carlo framework GEANT4 [24], which
already has been used for similar purposes [25].

GEANT4 has been developed by a large consortium origin-
ating from high-energy physics, and has thus been designed to
simulate high-energy projectile particles propagating through
large or even huge macroscopic components of material. Con-
sequently, modelling discrete scattering events would con-
sume too much computation time and is thus avoided by
so-called condensed history approaches [26]. Although some
recent work to overcome this shortcoming has been carried
out in the framework of the Geant4-DNA project [27], we
decided to go for a home-made solution called Geant4SEM
implementing discrete single scattering processes.

The simulation of the electron microscope uses a beam
width of 5Snm (FWHM), a divergence angle of the beam
of 5.3mrad and a primary electron energy of 30keV. The
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detection system was simulated with a distance of Smm
between the nanoparticles and the sensitive rectangular detec-
tion area of 140 um x 140 pum.

The nanoparticles are modelled as homogeneous solids
with discrete point-like scatter centres, which are randomly
distributed, neglecting any molecular or crystalline structures
(jellium model). The trajectory of a probe electron is built as a
sequence of straight path segments and vertices, where the ver-
tices represent the positions of the scatter events. The specific
length s of a path is calculated as a function of a uniformly
distributed random number R € [0,1) and the mean free
path A

s=—Mlog(R). (1)
In each step, the potential elastic and inelastic path lengths for
each chemical element present in the compound are determ-
ined using independent random numbers R. Subsequently,
the scattering event with the shortest individual path length
is chosen and modelled, and the differential cross-section of
the actual interaction type is used to determine the change in
propagation direction as well as the energy loss Ejos of the
probe electron in the case of inelastic scattering.

The (double) differential cross-sections represent the prob-
ability density distributions p

do

o) )

elastic: p(0) x

do

™ Ao dq(0) 3)

inelastic: p(Ejoss,q(0))
with the solid angle dQ2 = sin(0)dfd¢p, and 0 = arccos(ej, -
€out), Where e is the unity vector of the momentum directions
of the probe electron, and ¢ is the magnitude of the momentum
transfer. Therefore, 6 denotes the polar angle of the out-
going momentum with respect to the incoming momentum.
The angle ¢ € [0,27) is the uniformly distributed azimuth
angle. Probability density distributions are normalized:
Jp()dx=1.

The total and differential cross-sections of the elastic scat-
tering processes were evaluated using ELSEPA [28] with
finite-sized muffin tin radii to account for solids in contrast to
free atoms. The mean free path of elastic interactions depends
on the total cross-section and density of the atomic nuc-
lei of a chemical element. Polysterene is modelled as CgHg
with muffin tin radii ryt = 0.077nm for carbon and ryt =
0.037nm for hydrogen. For the simulation, the value of the
density p of polystyrene is set to p = 1.05 -2

cm3*

3.1 Model of inelastic scattering

The probability distribution of the energy loss Ejy is the mar-
ginal distribution p(Ejoss) = [ p(Eloss»q(0)) dg. The energy
loss is determined according to a uniformly distributed ran-
dom number R € [0,1) with

Eioss = P ' (R) )

where PE1 is the inverse function of Pr and Pg is the cumulat-
ive function of p(Ejess). Accordingly, in the case of inelastic
scattering for a given Ej, the polar angle 6 is determined by
dicing a random number R € [0,1)

0 =P, (R) (5)

where Py is the cumulative function of p(6), resp.
p(E10s57Q(9))-

The model of inelastic scattering is far more detailed than
the continuous slowing-down approximation, treating single
scatter events with appropriate angular deflections. However,
it is still considerably simplified compared to the full dielec-
tric function theory approaches and ab initio density func-
tional theory for calculating excitations. It phenomenologic-
ally considers excitations as oscillators. Plasmon oscillations
are expressed as in equation (7) in [29], and excitations of shell
electrons are modelled as oscillators with characteristic reson-
ances at energies E; with peak widths ~; that are related to their
relaxation times, approximating equation (1a) of [30].

The mean free path Aj is the inverse of the scatter
rate 7: Ajpel = i The rate of inelastic scattering events is
determined by

Elo»,max

do
dEloss

dEloss~ (6)

Eloss,min
The energy loss is determined using its probability density

distribution p(Ej,ss ), which is proportional to the differential
cross-section:

do i do
q-
with
¢+ =2 (VEin £ VEiin — Eioss) ®)

and with the double differential cross-section being modelled
as

do 1 -

dq dE]oss B

Ai Eloss Yi,q
maygEy; 2

05king (E%q — EIZOSS) + (Eioss i)
)

where ag is the Bohr radius and A; are weights for relative peak
heights. The peak widths +; , and resonance energies E; , are
modelled as

Yig =i +coq+c1q? (10)
and
Eig=E +cq+aq, (11)

respectively.
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Table 1. Parameters of equations (10) and (11) for polystyrene.
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o
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Table 2. Parameters of equation (9) for polystyrene with three * °
resonances (n = 3). °

i E; (eV) Yi eV) A; \

1 7 1.5 3

22 9 260
3 300 100 50 % »
The angle 6 between the directions of a probe electron S by Sl @

before and after an inelastic scattering process is derived from SHE

the double differential cross-section, as shown in equation (9),
using

q = \/4Ekin — 2E|osg - 4\/ Ekin \% Ekin - Eloss COS(0)~ (12)

The parameters for polystyrene, with three resonances
(n=3), were obtained by fitting them in a way that data from
literature could be approximately reproduced: figures 2, 3, 6,
and table I of [31], as well as figure 1 in [32], and in particular
the K-shell excitation at E5 = 300eV in figure 1 of [33]. The
values of all the parameters are listed in tables 1 and 2.

The simulation was performed using the tracking and
stepping engine of GEANT4. The electron scattering model
was implemented in two different concrete classes for elastic
and inelastic scattering which were derived from the abstract
GEANT4 class G4VDiscreteProcess to realize single scat-
tering events. The nanoparticle and the bright field trans-
mission detector were included as a derived class from the
abstract GEANT4 class G4VUserDetectorConstruction.
The probe electron beam was simulated with a con-
crete class derived from the abstract GEANT4 class
G4VUserPrimaryGeneratorAction.

4. Image analysis

A large number of particles is required to obtain statistically
reliable results. We have developed a software that automat-
ically analyses bright-field STEM-in-SEM images to process
several thousand particles as detailed in section 4 of [10].
Figure 1 shows an example of a micrograph of a sample of
spherical polystyrene nanoparticles with a nominal size of
500 nm. Several hundred micrographs were acquired to col-
lect sufficient particles for statistical analysis.

The software was written in MATLAB [34], incorporating
routines from ImagelJ [35]. The micrographs are preprocessed
before an individual analysis of each particle is performed. A
global threshold value according to Otsu [36] is used to provi-
sionally segment the background and foreground pixels. After-
wards, ‘objects” which could potentially be particles are loc-
ated and subsequently individually treated to determine their
size, as described in the following subsections. After this treat-
ment, artifacts originating e.g. from inhomogeneous carbon

Figure 1. One of several hundred STEM-in-SEM bright field
micrographs of a sample of spherical polystyrene nanoparticles with
a nominal size of 500 nm.

films or drying residues are distinguished from particles based
on their size and circularity.

4.1. Thresholding

While Gontard et al [37] used a regular grid of sub-images
with local thresholds per sub-image and noise reduction, we
process each particle with its individual gray value threshold
at the boundary gpg dependent not only on the specific micro-
scope settings but also on the size of the particle and its
material [10].

Sta — S

gha = (g1 —g0) + (13)
S —So
N—_——

=il

Spa 1s the simulated transmission yield at the particle bound-
ary, Sy is the simulated transmission yield on the support film,
and Sy is the simulated transmission yield on the pole of the
particle, that is the minimum intensity at the centre of the
particle because the images are bright-field signals. Accord-
ingly, g; and gy are the gray values of the support film and
at the centre of the particle, respectively. The ratio #. is the
relative threshold.

The principal idea of our procedure to determine the dia-
meter of spherical nanoparticles is to be independent of any
calibration of the gray-scale of the bright field detector signal
and to be independent of the knowledge of the characteristics
of the support film. This works out because the ratio of the gray
value differences in the measurement is equal to the ratio of the
simulated differences in the transmission yield. Equation (13)
can be rewritten as follows, illustrating this clearly

Spd — So &bd — &0
fel = - . (14)
l S —So 81— 8o

The size of each particle is determined by counting the
number of pixels m below a certain threshold g, = gpq- The
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Figure 2. Using the threshold value at the particle boundary

(Stnr = Sba) is valid if the transmission yield signal is linear in the
vicinity of the boundary as is shown here for a polystyrene particle
of dpg = 16nm.

subscript ‘thr’ denotes ‘threshold’ and ‘bd’ denotes ‘bound-
ary’. Each pixel has a rectangular area a = py py, which is the
product of the pixel sizes px and py in the x- and y-direction,
respectively, which were calibrated using the two-dimensional
grid standard mentioned previously. The bright-field image
delivers a projection of the sphere, that is a circular disk with
varying gray values. We approximate the area of the projec-
tion of one particle i by the total area A; of all the pixels
with gray values below the threshold gy, ; assigned to the ith
particle. The indices i are the identifying enumeration indices
for the particles i = 1,...,N where N is the number of meas-
ured particles. With m; being the number of pixels with gray
values below gy, ; the area is

A i = am,;. (]5)
The diameter of the single particle under consideration, which
is assumed to be spherical, is derived from area A; as

AA
di =242

s

(16)

In case of particles like silver or gold with relative yields
tel = % in the range of 0.5-0.7, the threshold value is
chosen to be the boundary gray value g = gnq and is cal-
culated iteratively because it depends on the size of the
particle [10]. The final size of the particle is subsequently
determined in a linearly interpolated image to achieve sub-
pixel accuracy. This approach is valid if the signal profile in
the vicinity of at least two pixels around g4 is linear, as shown
in figure 2.

However, polystyrene is a low-density and low-atomic-
number material, and thus the transmission yield rises rapidly
at the vicinity of the particle’s boundary and reaches values
close to one. Figure 3 shows that the slope of the transmis-
sion yield changes drastically within a pixel, and thus, the
prerequisite of a linear variation of gray values along neigh-
bouring pixels is no longer fulfilled. This especially affects the

1.04

0.9
Spa——*

|
Q
o
g

0.7

0.6

transmission yield
gray value

0.5 1

0.4

0.3 1

0.2 A

135 140 145 150 155 160
xin nm

Figure 3. For this polystyrene particle with d,q = 300nm, using
Sinr = Sba Would lead to an overestimation of its size due to the
linear interpolation (red) between pixels (blue) with finite pixel
resolution despite the curvature of the yield curve (black) at the
particle boundary.

measurement of larger particles, for which larger pixel sizes
are chosen, making the interpolation prone to errors.

To overcome these problems, a fixed relative threshold 7
is chosen to determine a preliminary value that is subsequently
adjusted to obtain the final particle size.

This approach also solves another issue, which is par-
ticularly pronounced for large particles. Surfactants that are
needed to stabilize the suspension of particles in liquid tend
to concentrate in the cavity underneath the spherical particles
during sample preparation and drying. Thus, the larger the
particle, the more surfactant, and the lighter the particles the
greater its impact, especially close to the particle’s boundary,
which hinders the distinction of background and foreground
pixels.

4.2. Determination of diameter based on simulation

For the polystyrene particles, we chose a relative threshold of
te1 = 0.6, and consequently, a threshold gray value of

gir = 0.6(g1 — g0) + 8o (17)

which leads to smaller particle areas, requiring a subsequent
adjustment of the size with the aid of the simulated yield
values. The simulation effort is comparable to that of the
established approach, and the analysis effort for thousands of
particles is even smaller because the iteration over the size is
no longer needed. After a size is determined by applying g, to
obtain a preliminary area and thus a preliminary diameter, the
size adjustment is looked up from tabulated values obtained
by simulation.
The diameter di derived from the area covered by the
pixels below
Sthr = 0.6 (S — So) + So (18)

is compared with the ‘real’ diameter of the sphere dpq. The
differences A = dyq — d,e are tabulated as a function of d,q.
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Figure 4. The transmission yield along the meridian of a
polystyrene sphere with dpg = 300nm is shown as an example. At
the constant threshold Sy = 0.6 (S| — So) + So a diameter

do.6 = 2x0.6 = 294.3nm is determined to be tabulated together with
the adjustment term A = dpg — do.¢ = 5.7nm.

Figure 4 shows the idea behind the method to determine the
diameter d; for a fixed predefined relative threshold of f, =
0.6. Each entry pair (do.,A) of the lookup table is obtained
by simulating the transmission yield function S which defines
the transmission yield dependent on the lateral position x, with
the origin x =0 at the pole

S:x— S(x) (19)

and a segment along the meridian of a sphere of specified dia-
meter dpq, that lies in the vicinity of the 60%.

During simulation, the support film is neglected such that
S =1 which is equivalent to the common assumption of a
homogenous support film. The simulated transmission yield
value of a sphere centred at x = 0 at the pole is Sy = S(0).

Position x is evaluated by the inverse function of the
transmission yield distributions along the positive part of the
meridian in the vicinity of 60%:

Yol = S (Sr) = ST (a(1—S0) +S0).  (20)

The discrete positions of the simulated pairs of values
(S7!(Sir),Xre1) are interpolated using a cubic spline. As an
example, figure 5 shows the inverse function of equation (20)
in the vicinity of the 60% being interpolated by a cubic spline
to determine xp6 =S~ (Si), with Sp=0.0756 such that
Sir = 0.6303 and finally xo = 147.15nm = S~1(0.6303),
i.e. the preliminary diameter is dye = dpg = 2-147.15nm =
294.3nm.

The lookup table contains the values of d;¢] = 2x; and the
corresponding A. It is used to adjust the value d, of each
particle to obtain the sphere diameter dpg. The resolution of
the table is chosen in a way that allows for linear interpolation
between the sampling points.

0.4 0.5 0.6 0.7 0.8 0.9 1.0
transmission yield

Figure 5. Inverse function of the transmission yield distribution
along the positive part of the meridian of a polystyrene sphere in the
vicinity of the constant threshold of 60%.

5. Results and discussion

Polysterene particles of nominally 500 nm, 300nm and
200 nm, called PSL500, PSL300 and PSL200, respectively,
were measured and evaluated using the revised method
described previously. Table 3 shows the measurement results,
together with the reference values and E, values, which will
be introduced shortly. Figure 6 depicts the deviation from the
reference value in comparison to the uncertainty while the size
distributions of all three samples are shown in figure 7.

The sample PSL500 with polystyrene particles of a nominal
size of 500 nm was produced by Thermo Fisher Scientific as
‘nanosphere size standard 3500A’. The manufacturer states a
mean diameter of 510nm £ 7nm, [38] in accordance with our
result of 512 nm. The histogram in figure 7 reveals the pres-
ence of a few particles that are considerably smaller, which
holds for all the samples.

The samples PSL300 and PSL200 were chosen because
they have already been measured in the framework of two
interlaboratory comparisons and thus reliable information
regarding their properties is available. The sample PSL300
was investigated during the APMP.L-S5 Supplementary Com-
parison on Nanoparticle Size, where it has been named P5
[15]. It was manufactured by the JSR Cooperation. The sample
PSL200 was produced by Thermo Fisher Scientific (at that
time Duke Scientific) as ‘nanosphere size standard 3200A’.
It was chosen as one sample in the pilot study which was car-
ried out by the consortium of the European project ‘“Traceable
measurement of nanoparticle size’ [13].

In the two interlaboratory comparisons, nanoparticles were
studied by a large number of metrology institutes using
ensemble methods such as dynamic light scattering, differ-
ential mobility analysis, and small-angle x-ray scattering, as
well as methods for analysing single particles (from approxim-
ately one hundred to some thousands in the case of STEM-in-
SEM): besides STEM-in-SEM, traditional scanning electron
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Table 3. Measurement results for polystyrene particles with sizes between 200 nm and 500 nm using the revised method show good
agreement with reference values and small E, values.

Reference values Revised method Established method
d; (nm) U; (nm) Reference d (nm) U (nm) Pixel size (nm) E, dest (Nm) E,
510 7 [38] 512 12 23.0 0.13 not evaluated
305.73 1.18 [15] 306.9 7.2 19.1 0.16 not reported
197.68 4.54 [13] 197.0 4.1 4.5 0.11 201.0 0.37
20
10 +
S } I ......... ®
I0q e T e
: [
—10 A A4
=20 T T T
PSL200 PSL300 PSL500

Figure 6. Deviation from reference diameter d; in comparison to the uncertainties of both the reference diameter and the measurement

result.
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Figure 7. Size distributions of PSL200 (a), PSL300 (b) and PSL500 (c).
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microscopy using the secondary electron signal (SEM), trans-
mission electron microscopy (TEM), and atomic force micro-
scopy have been used.

The international comparisons confirmed a good consist-
ency of the results achieved with our established method for
particles with sizes up to 200nm. Although we also took
STEM-in-SEM micrographs of PSL.300, we did not report any
value because of the apparent issues discussed in this paper,
which had not been resolved at that time.

The data contributed by the large number of metrology
institutes and the various measurement and analysis methods
for the international comparisons were compared using -tests
that are formulated as E,-tests. The #-test compares the mean
values d; and d, of two samples by weighting their difference
with the Pythagorean sum +/5] + 5 of the standard deviations
of the means s, and s,. To avoid issues with the question of
the number of degrees of freedom to determine a common
quantile 7 (in metrology referred to as expansion factor k), the
test quantity is redefined such that the quantile # is included
in the standard deviations of the means. The standard devi-
ation of the mean s; of each of n participating laboratories
l=1,...,nis replaced by the expanded uncertainty U; = fs;.
For an interlaboratory test, sample 1 is each of the participants’
results / = 1,...,n and sample 2 is a reference r with d;, d,, U,
and U,.

The hypothesis that d; and d, agree is accepted if

|al_gir‘<t :|31—er\
\/ 8]+ 8¢ VU + U;

Furthermore, in the absence of a reference value that is
superior to any other value of the participating laboratories,
Cox [39] has modified the test quantity by using the weighted
sum of all values d; under test as the reference d., dependent
on all d; and all uncertainties U; = tu;. The uncertainty of the
reference U, = tu, is obtained by summing the inverse (even-
tually expanded) uncertainties

= E, < 1. 1)

(22)

Ere

n
c_ir = ZW}ZI’[ with w; =
=1

(23)

2

u

The test quantity [39] then changes to

E — |al_ar|
VI TR

The test quantity for the newly evaluated results is inde-
pendent of d. of the reference, such that the E, used to assess
the new results is that of equation (21).

The E, values shown in table 3 were calculated using the
original reference values of the intercomparisons that were
unaffected by our new results. Nevertheless, the achieved E,
values are unexpectedly small, with values in the order of 0.1.
This indicates a very good agreement between the measure-
ment results of the revised method and the original reference

< 1. Q4)

values also in the cases of larger particles that could not be
correctly measured using the established method. On the other
hand, even for the smallest sample PSL.200, the agreement is
better (and thus the E, value is smaller) compared to result of
the established method.

A re-evaluation of the micrographs of the smaller particles
with sizes down to 30nm used in the intercomparisons
with the revised method revealed only slight changes in
the results, which are thus compliant with both the results
of the established method and the reference values of the
intercomparisons.

Such small E, values, as listed in table 3, generally raise
the question whether the corresponding uncertainties could
have been overestimated. However, while the uncertainties of
approximately 2.5% effortlessly satisfy the requirement for
DMA calibration as defined by ISO 15900:2020 [19] and dis-
cussed in the Introduction, they lie in the same range as those
of the established method. The smaller E, values result from
better agreement with the reference value and not from sig-
nificantly enlarged uncertainties. In addition, the uncertainties
for the large particles are hardly larger than half a pixel size,
so their further reduction seems questionable.

Although this method has been developed for reference
materials which typically have smooth surfaces, we expect that
it will also be advantageous for the measurement of particles
from environmental samples, which often have rough surface
structures due to attached organic and chemical substances. On
the one hand, the TSEM signal is less disturbed by these sub-
stances compared to secondary electron signals. On the other
hand, the evaluation of the particle size at a fixed threshold
‘inside’ the particle makes the method robust to disturbances
at the particle boundary.

6. Conclusion and outlook

By introducing two enhancements to our established method
for highly accurate, traceable size measurement of nano-
particles, its applicability could be extended to larger particles
with sizes of up to 500 nm, which are of low density, such
as polystyrene. On the one hand, the Monte Carlo simula-
tion of the image formation process has been complemented
with a model for individual inelastic scattering events includ-
ing angular deflection. On the other hand, the image analysis
process has been revised in order to address particles with non-
linear signal profiles close to their boundary. To this end, a pre-
liminary size is determined at the linear portion of the signal
profile, followed by an adjustment of the size based on the sim-
ulation results. The measurement results of the revised method
agree with reference values from two intercomparisons, while
at the same time expanding the applicability to larger particles
and providing even more accurate results in the intermediate
size range.

While we only tested the revised method for particles
with sizes up to 500 nm, we are confident that it will also
work for even larger particles as long as the larger pixel
sizes will be considered, e.g. in the determination of meas-
urement uncertainty. We anticipate that the revised method,
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especially the enhanced simulations, may also lead to accurate
thickness measurements, which have been shown to depend
on the choice of the physical model used in the simulation
[40]. Since STEM-in-SEM measurements of spherical nan-
oparticles spanning the size range of up to 500 nm are now
possible, the next step would be traceable measurements of
non-spherical nanoparticles.
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