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Abstract.

Spectroscopic signals such as EDS and EELS provide an effective way of characterising multi-
element samples such as Pt-Co nanoparticles in STEM. The advantage of spectroscopy over imaging
is the ability to decouple composition and mass-thickness effects for thin samples, into the number of
various types of atoms in a sample. This is currently not possible for multi element samples using
conventional ADF guantification techniques alone. With recent developments in microscope hardware
and software, it is now possible to acquire the ADF, EDS and EELS signals simultaneously and at
high speed. However, the methods of quantifying the signals emitted from the sample vary greatly.
Most approaches use pure-element standards in the form of needles, nanoparticles and wedges to
quantify the spectroscopic signal into either partial scattering cross-sections, zeta-factors or k-factors.
But self-consistency between the different methods has not been verified and the units of the
quantification are not standardised. We present a robust approach for measuring and combining ADF,
EDS and EELS signals using needle and nanoparticle standards in units of the partial scattering cross-
section. The partial scattering cross-section allows an easy interpretation of the signals emitted from
the sample and enables accurate atom-counting of the sample.

e Using known element needle and nanoparticle standards to quantify spectroscopic signals
consistently.

e Using simultaneously acquired signals to independently quantify a sample in the electron
microscope.
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1 Introduction.

To quantify industrially relevant materials such as bimetallic Pt-Co catalyst nanoparticles, a thorough
characterisation of their size, shape and composition is required. Catalyst systems such as Pt-Co are of
particular interest in the fuel cell industry due to their enhanced activity compared to pure element
catalyst counterparts (Koh and Strasser, 2007; Liu et al., 2013; Xin et al., 2012).

Currently, quantitative size and shape information can be routinely obtained from pure element
nanoparticles using quantitative Annular Dark Field (ADF) Scanning Transmission Electron
Microscopy (STEM) (Aarons et al., 2017). Composition information is also visible in ADF imaging
(Liu and Cowley, 1990), but for bimetallic nanoparticle systems, the ADF signal alone is not
sufficient in decoupling the intensity variations caused by composition and thickness changes. To
decouple these effects, a spectroscopic approach such as Energy Dispersive X-ray Spectroscopy
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(EDS) or Electron Energy Loss Spectroscopy (EELS) is required. In both spectroscopic approaches,
the intensity obtained can be interpreted by observation of the strength of the signals at characteristic
excitation energies for a given element. In principle, measured intensities from ADF, EDS and EELS
can all be interpreted in terms of an appropriate partial scattering cross-section (E et al., 2013;
Egerton, 2008; Macarthur et al., 2015; Martinez et al., 2015). Here we present a method for
experimentally determining EDS and EELS cross-sections, and, more importantly, verify their
accuracy by demonstrating consistency of counting atoms in nanoparticles across measurements made
using ADF, EDS and EELS.

The cross-section we measure is described as partial because it depends on factors such as the
collection-angle, collection-efficiency, and the size and shape of the detectors in question.
Additionally, due to detection reliability and counting statistics, sometimes not all ionization edges of
the sample are incorporated in the measurement. Since most of these factors are microscope
dependent, the partial cross-section is an excellent parameter to benchmark detector performance
between microscopes (Macarthur et al., 2015).

Multiple attempts have been made at performing quantification using standards in the past (Cliff and
Lorimer, 1975; Watanabe et al., 1996). However, for small nanoparticles, detector and software
limitations have made this quantification difficult and time consuming. With the recent increase in
EDS collection-efficiency using new silicon drift detectors (Phillips et al., 2014) and improvements to
the Gatan Image Filter (GIF) (Gubbens et al., 2010) it is now possible, with sufficient speed and
counting statistics, to obtain both EDS and EELS signals simultaneously alongside the ADF signal
(Kothleitner et al., 2014). Our aim is, that by collecting signals simultaneously from ADF and
spectroscopic detectors, thickness and composition effects can be decoupled completely for the
highest precision quantification of nanoparticles composition and structure.

The measurement of ADF cross-sections has become well established (Aarons et al., 2017; E et al.,
2013; Jones et al., 2014) and relies on careful detector calibration (Jones et al., 2017) and conversion
to atom counts through simulation matching techniques (Aarons et al., 2017), statistical
decomposition (De Backer et al., 2013; Van Aert et al., 2011) or a hybrid of the two (De wael et al.,
2017).

In contrast, spectroscopic quantification has made use of the following methods: k-factor(EDS)(CIiff
and Lorimer, 1975), { (zeta)-factor(EDS)(Watanabe and Williams, 2006) or a partial scattering cross-
section (EELS and EDS) (Craven et al., 2016; Macarthur et al., 2015). Within these approaches the
most popular quantification techniques are the k-factor approach for EDS and the Hartree Slater
cross-section approach for EELS. These techniques owe their popularity to out-of-the-box
incorporation within commercially available software. As these techniques rely on theoretically
calculated models, they may contain systematic errors of up to 10% in some cases (Watanabe et al.,
2003).

The alternative but more tedious approach is to measure the k-factor and the scattering cross-section
experimentally. Here difficulties emerge due to sample preparation, as the k-factor approach requires
a thin well-characterised binary sample and the cross-section approach requires a pure element sample
thin enough for minimal multiple scattering. In order to tackle the binary sample problem, (Watanabe
et al., 1996) proposed the pure element zeta factor method to quantify the EDS signal. Building upon
this, (Kothleitner et al., 2014) proposed a method to quantify the EDS and EELS signal using a pure
element needle standard. Here the thickness of the needle can be directly measured by physically
tilting the needle by 90°. Here the EDS signal was quantified using a zeta factor and the EELS signal
was quantified using a partial scattering cross-section. The zeta-factor and the partial cross-section
were then linked by a conversion factor for multivariate elemental analysis. However, no attempt was
made at representing the zeta-factor as a scattering cross-section.



To standardise the ADF, EDS and EELS units, (Macarthur et al., 2015) proposed a wedge sample
approach to convert the zeta factor into a EDS partial scattering cross-section. But determining the z-
thickness for a wedge sample is difficult, and may lead to systematic errors in quantification
(Macarthur et al., 2015). While a standard-less simulation matching based technique has been
demonstrated for EDS signals, it is difficult to implement (Chen et al., 2016). In this technique, all
parameters of the microscope must be characterised meticulously for a good agreement with theory,
but even here, some discrepancies remain (Chen et al., 2016; Findlay et al., 2017). Because of the
tedious nature of this technique, standard-based techniques remain popular as the microscope
calibrations required are fewer and easier.

Recently, (Zanaga et al., 2016) proposed a method to quantify the EDS signal in zeta-factors using
tomography and nanoparticles as a known standard. But no verification was made to check the
accuracy of the quantification against established methods using wedge or needle standards. In the
same year, (Craven et al., 2016) proposed a method of determining EELS partial cross-sections using
experimentally measured electron mean free paths, but no comparison to EDS cross-sections was
made.

In this paper we aim to validate and verify the accuracy of measured partial scattering cross-sections
using both needle and nanoparticle standards. Not only does this increase the accuracy of the
guantification, but also allows for quantification of samples where the known element standard is
difficult to synthesise. For example, to quantify the Co concentration in Pt-Co nanoparticles a pure Co
standard is required. However, synthesising a pure Co nanoparticle standard is difficult due to Co
readily oxidising when exposed to air. Alternatively, ion-milling a bulk material Co needle is much
easier and a single atom Co partial cross-section can be measured. Thus, the accuracy between needle
and nanoparticle known element standards needs to be verified.

Additionally, representing the ADF, EDS and EELS signals as partial scattering cross-sections
simplifies quantification and allows for benchmarking of different microscopes. Here we benchmark
the measured EDS cross-section on two JEOL ARM 200CF microscopes, one with a single EDS
detector and the other with a double EDS detector.

We also show how the EDS and EELS signals can be linked through a constant when the
spectroscopic signal is represented in partial scattering cross-section. Then with the measured partial
cross-sections, the concentration within a sample can be quantified using independent, but
simultaneously acquired, signals. As an example, an on-axis nanoparticle was atom counted using
ADF and EDS cross-sections and for the first time. The validity of the two methods was verified for a
~5nm nanoparticle and future acquisition and analysis approaches are proposed utilising multiframe
spectroscopy.

2 Materials and Methods.

2.1 Calibration standards and acquisition methods.

In the method presented here, the key to measuring a spectroscopic cross-section is having a sample
with varying thickness. A fraction of the scattered intensity from the sample and electron probe
interaction is recorded as a function of various sample thicknesses. From this, a single atom partial
scattering cross-section can be calculated (Craven et al., 2016; Macarthur et al., 2015). Here we used
nanoparticles of varying size and atom probe needle samples for comparison and cross-section
measurements.

The pure element Pt nanoparticles used for the partial cross-section measurement were a
commercially produced oxygen reduction reaction catalyst from Johnson Matthey. The nanoparticles
were supported on carbon black and have a median size range of 3.25nm. The same batch of
nanoparticles were used in a previous study atom counting study, (Aarons et al., 2017), where one of
the findings linked the number of atoms in the nanoparticles to the nanoparticle diameter to
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demonstrate the accuracy of ADF-based atom counting. A Pt EELS partial cross-section was not
measured for the Pt nanoparticles due to difficulties in obtaining sufficient signal from the available
edges for small samples. Additionally, Co EELS partial cross-sections from nanoparticles were also
omitted from the study due to the difficulty in synthesising pure element Co nanoparticles due to
oxidation.

The carbon-supported Pt nanoparticle sample was crushed using mortar and pestle, drop-cast on a
carbon grid, and mounted onto a JEOL Be double-tilt holder for the partial cross-section
measurements. For the single EDS detector microscope, the holder was tilted towards the EDS
detector by 20° in the +x direction. The EDS detector in this microscope is placed at right angles (on
the right-hand side) with respect to the sample holder. Whereas, for the double EDS detector
microscope, the holder was tilted by 15° in in the +x and +y directions, as the second detector is front
placed. Nanoparticles from the centre of the copper grid were chosen for analysis to minimise
shadowing. Additionally, the Be holder varied for the single and double EDS systems. For the single
EDS detector microscope, the holder has a machine-thinned side for optimal X-ray collection at 20°
+x tilt. Whereas, the Be holder on the double EDS detector microscope is machined even more thinly
on both the front and the side for optimal X-ray collection.

As an alternative, to measuring both the Pt and Co spectroscopic EDS and EELS partial cross-
sections, a needle calibration standard was prepared using a Zeiss Nvision 40 dual-beam Focused lon
Beam (FIB) instrument. The Pt and Co needle standards were prepared by electropolishing wire and
then finally sharpened using FIB (Miller and Russell, 2007). The needles were mounted onto a
Fischione 2050 tomography holder for the experiment. With this approach both Pt and Co cross
sections can be measured with sufficient EDS and EELS signals. The maximum thickness of the
needle can be measured by tilting the needle by 90°. However, to measure the entire needle surface
thickness, an accurate measurement of the mean free path (1) is required. Using a method proposed by
(Craven et al., 2016) the mean free path was measured and compared to the Malis and lakoubovskii
parameterisations (lakoubovskii et al., 2008; Malis et al., 1988).

Table 1 summarises the signals obtained using the two calibration standards. The spectroscopic partial
cross-sections were obtained using methods described here and building upon work from (Craven et
al., 2016; Macarthur et al., 2015). For Pt, the La, L, Ma+MP and their total partial cross-sections
were measured. Whereas for Co, the Ko, KB and their total partial cross-sections were measured.

The Pt EDS partial cross-section measurements between the needle and nanoparticle methods were
compared for consistency. Then, atom counts from the measured Pt EDS partial cross-section were
compared to an independent ADF quantification for an on-axis pure Pt nanoparticle. The ADF
quantification was performed using Voronoi integration and simulation matching (Jones et al., 2014).
In this approach, the intensity around an atomic column is integrated by segmenting the atomic
columns into ‘Voronoi’ cells based on the distance between neighbouring atomic columns (Rosenauer
et al., 2011). The integrated intensity from the Voronoi cell is converted into a scattering cross-section
and the number of atoms in each atomic column are obtained by simulation matching. Similarly, the
EDS quantification also used Voronoi integration, but the atom counts were obtained by dividing the
total cross-section of a given column by the single atom Pt partial cross-section.

Nanoparticle Needle

Pt Co Pt Co
Partial EDS v v v
Cross- EELS v v

section (o)
Table 1 summary of the spectroscopic calibration standards and the partial cross-sections obtained.



Experimental data was acquired on a JEOL ARM 200CF microscope operated at 200kV acceleration
voltage with a probe size of ~0.8-1 A. For the EDS partial cross-section benchmark test, EDS partial
cross-sections were measured using nanoparticle standards on a single, and double EDS detector
system. The acquisition parameters for the different samples are listed in Table 2, where the probe
convergence o, EELS collection angle B and ADF detector collection angles were directly measured,
with 99% accuracy, using a method from (Jones et al., 2017). Additionally, ray tracing and projector
lens optimisation was performed, with the help of JEOL, using a method proposed by (Craven et al.,
2017). This ensures that the effect of chromatic aberrations from the electrons entering the GIF are
minimised.

The probe current was calibrated using the EELS drift tube for each spot size and microscope
indicated emission. For the Pt and Co needle in Table 2, the needle experiments were performed at
various beam currents ranging from 74 — 412pA. As both microscopes in this experiment were
equipped with cold field emission guns, the probe current in such systems would gradually decay
during the experiment. For the microscopes used in this experiment, the current decayed by about 1%
- 2% every 15 minutes. Thus, the beam current was constantly monitored by noting the indicated
emission throughout the experiment day.

Experiment Approximate Pixel EELS collection Probe ADF det_ector
Sample probe current dose dwell time  angle f (mrad) convergence collection
(pA) (eA?) g angle o (mrad)  angle (mrad)
Pt Needle 74 - 412 2.9-4.7x107 0.02s 37.94 22.48 40.96-90.52
Co Needle 74 - 397 2.9-45x107 0.02s 37.94 22.48 40.96-90.52
Pt off-axis NP 3
1 EDS detector 186 3.7 x 10 0.001s N/A 22.48 50.39-242.03
Pt off-axis NP 6
2 EDS detectors 67 1.34x10 0.001s N/A 22 50-240
Pt on-axis NP 85 8.47 x 10* 50us N/A 22.48 50.39-242.03

Table 2 summary of acquisition parameters used during the experiment. NP = nanopatrticle.

2.2 Spectroscopic quantification theory.

In the same way that the ADF scattering cross-section can be calculated from the image intensity (E et
al., 2013; Retsky, 1974), it is possible to calculate an EDS (Macarthur et al., 2015) and EELS
(Egerton, 2011; Hofer, 1991) partial scattering cross-section. The scattering cross-section has been
shown to be robust to several parameters such as tilt, defocus, field of view, source size and
astigmatism(E et al., 2013).

For thin samples such as nanoparticles, where absorption, fluorescence, multiple scattering and
channelling (Nellist, 2011) can be neglected, the EDS partial scattering cross-section for a single atom
of element x is given by (Macarthur et al., 2015):
g EDS ='Ix_e
Tn,t

Where n, is the volumetric number density of the elemental species being detected, t is the sample
thickness, 1, is the raw x-ray counts detected from the sample, i is the probe current, 7 is the exposure
time and e is the electronic charge. Here we have assumed that the sample in projection can be
regarded as homogeneous on the scale of the illuminating probe. For atomic-resolution studies, an
integration of the counts over a Voronoi cell in the EDX map gives a partial cross-section for that
column, by analogy with the approach for ADF cross-sections (E et al., 2013). For comparison, the
popularly used {-factor method defined by (Watanabe et al., 2003) is:

pt
JEEDS =—X (D, 2
L



Where I, is the raw x-ray counts, p is the sample density in kg/m?, ¢ is the sample thickness, C, is the
weight fraction of element x. And D, is the total number of electrons the sample is exposed to during
the experiment, expressed by equation 3.

D, = it/e 3

In equation 2, the definition of sample density in the zeta-factor approach is in kg/m® which makes
absolute quantification of nanoparticles, in terms of “number of atoms”, cumbersome. Nonetheless,
partial cross-section is very similar to the {-factor and can be equated to it using equation 4. Where M
is the molar mass (in kg/mol) and N_A is Avogadro’s constant.

EDS _ M 4

ox NA gx

Similarly, the EELS partial cross-section can be obtained by normalisation of the core-edge intensity
by the zero-loss peak I,, which is approximated as the total incoming electron beam. In the single
scattering case, the EELS partial cross-section for element x is given by (Egerton, 2011):

EELS _ I 5

o
x Iyn,t

The first attempt at linking EDS and EELS signals was by (Kothleitner et al., 2014), where the zeta
factor and the EELS cross-section were linked to their respective measured intensities as follows:

EELS ;-1
SEBLS _ (Ix , [re ) A,
X

Io IEPS ) Na

IO IEELS

N

EELS A

Ox " X (Ar % ire—l) ~ JEDS 6
X

Once again, this expression is rather cumbersome to deal with, as a number density conversion from
kg/m3to atoms/m? is required. This can be simplified by representing the EDS signal in scattering
cross-section notation resulting in:

EELS =1
O.EELS — Ix X ire O.EDS 7
x I IEDS x
0 X

For thin samples, if I, and it /e are represented by the same total number of electrons interacting with
the sample (derived from the full beam current), I, and it/e cancel out. Thus, an obvious relationship
between the scattering cross-section and the measured intensity is obtained:

O',EELS 3 IS'ELS 8

O'fDS - IJI?‘DS

The choice of I is discussed in more detail in the discussion section of the paper. For thin samples
<10nm, equation 8 allows for an easy switch between the EDS and EELS signal intensities using a

linear relationship which is a ratio of their partial scattering cross-sections.



By combining spectroscopic data in this manner, processing of multivariate datasets becomes much
easier and increases data throughput when analysis several nanoparticles. In the case of bimetallic Pt-
Co nanoparticles, signals can be collected simultaneously for a hybrid elemental map depending on
the difficulty of processing a spectroscopic edge in either method. For example, high energy EELS
edges such as the Pt M5 - M4 have low signal to background ratio, making it difficult to process. This
element could alternatively be quantified using EDS, where the Pt L and M signals are easier to
acquire. Whereas, the Co L3 edges could be quantified using EELS because of easier acquisition and
well defined white lines.

2.3 Experimental Quantification procedure.

Figure 1 summarises the quantification procedure that was used for the needle and nanoparticle
standards with the general workflow for each technique. The needle method determined the partial
cross-section from the sample thickness whereas, the nanoparticle method determines the partial
cross-section from the number of atoms. The key to get both methods to converge to obtain similar
results is in determining the thickness and number of atoms accurately. Each processing step is
discussed in more detail in the upcoming subsections.

Needle ‘ ‘ Nanoparticle
sample sample

| |
v

Microscope data acquisition

— —

Measuring A Measuring the
experlmentally particle d|ameter
Estlmatmg the
Determmlng number of atoms
th|ckness from A P di N
rom |arne er )
PCA
denoising

multiple

Deconvolving 1
scattering

background subtraction and spectrum ‘

integration
[
y . v
o from areal o from number of
density atoms

Figure 1 the spectroscopic data acquisition workflow for the needle and nanoparticle standards, from
microscope acquisition and data analysis to partial cross-section measurements.

2.3.1 Background subtraction and Integration parameters.

Table 3 shows the spectral integration and background-subtraction windows that were used, these
windows were applied consistently throughout both the needle and nanoparticle analyses. Ensuring
consistency between the partial cross-section calculations also allowed for benchmark comparison
between microscopes.



For the EDS quantification a two-window background subtraction was used. For integrating the EDS
signal, the integral limits were defined conventionally as 1.2x full width half maximum of the peak.
For the EELS background subtraction, an inverse power-law subtraction was used. Modelling the
signal peaks and correlating the fitting coefficients to the peak integral was also considered, but this
would mean that the partial cross-section obtained would be defined with a new fitting reference.
Additionally, the time taken to fit a model over several spectra using the currently established
algorithm in Hyperspy is computationally intensive for a large spectrum image. Future
implementations within Hyperspy, such as Smart Adaptive Multi-Dimensional Fitting (SAMFire)
(Ostasevicius et al., 2016), aim to rectify this.

The choice of using a narrow 30eV EELS Co integration window in Table 3 was determined with Pt-
Co nanoparticle experimental conditions in mind, which will be explored in a future study. To sample
composition variation across the nanoparticle accurately, the EELS spectra should be recorded at low
enough doses without causing significant structural damage to the nanoparticle. Sometimes in this
situation, a smaller integration window is more favourable due to low signal to noise (SNR)
(Kothleitner and Hofer, 1998). For example, a narrow 30eV Co signal integration window provides
better SNR compared to a larger integration window. The larger integration window in this instance
would worsen the SNR as the post edge signal is weak.

Background Integration Theoretical peak
windows(keV) windows(keV) /edge maxima(keV)
EDS | Co Ka 6.51-6.65, 7.21-7.35 6.65-7.21 6.93
Co KB 7.21-7.36, 7.94-8.09 7.40-7.86 7.65
Pt Lo 9.08-9.15, 9.65-9.72 9.15-9.65 9.44
PtLp 10.64-10.71,11.43-11.50 10.71-11.43 11.07
Pt Mo +Mp 1.77-1.85, 2.40-2.49 1.85-2.24 2.05,2.12
EELS | CoL3&L2 60eV width before peak  30eV width 779V, 794eV
Pt M5 -M4 150eV width before peak  300eV width 2122eV, 2202eV
Table 3 The integration and background subtraction windows for the EDS and EELS partial cross-
sections.

2.3.2 Needle quantification.

For the data acquisition step in Figure 1, an appropriate 0° tilt for the needle was determined and the
spectroscopic data was recorded. Care was taken to ensure that the needle was tilted away from a
major zone axis by observing the Kikuchi lines. To measure the thickness across the needle, the mean
free path must be determined accurately. For further details on how this is performed, the reader
should refer to the publication by (Craven et al., 2016). The advantage of this approach is that a pixel-
wise thickness determination can be obtained for the sample. The following paragraph summarises
this procedure for context.

A low loss Spectrum Image (SI) of the needle was recorded and the maximum ¢/ was plotted as a
function of axial position from a determined 0° needle tilt, Figure 2a. The needle was then tilted by
90° so that the maximum thickness (t) could be determined by image thresholding, Figure 2b.
Following subsequent alignment of the 0° and 90° needle tips, the t/A profile followed the absolute
thickness profile very closely for most axial positions except at the tip due to oxidation, Figure 2c.
Points where the t/A was less than 1 and followed the absolute thickness profile closely were used for
the A calculation. The A was obtained from the gradient of a linear plot of ¢t2 against (t/1)? Figure 2d.
The thickness was then determined by multiplying A to the t/A map.



a) 0° tilt ADF image and the corresponding b) 90° tilt ADF image and the corresponding
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Figure 2 a) 0° tilt ADF image with a corresponding t/A map, with the maximum t/A annotated by the
blue line, for a Co needle, b) 90° ADF image of the needle with a thresholded mask that was used to
determine the absolute thickness of the needle, c) plot of absolute thickness against maximum t/A for
each axial position; and d) plot of t2 against (t/A)? with a linear fit from which the mean free path
was measured.

The data for the spectroscopic partial cross-section measurements was recorded using a combination
of spectrum images (SI) and linescans across the needle. Spectrum images were recorded with a step
size of ~2nm, whereas the linescans were recorded with a ~0.5A step size. The EELS partial cross-
section was measured from the Sl so that a broad range of thicknesses could be covered from the
needle. The EDS partial cross-section was measured using finely sampled linescans with a ~0.5A step
size. Due to the low X-ray yield, finely sampled linescans ensured that the spectrum could be binned
appropriately while sufficiently sampling the sample morphological changes across the needle as the
probe scanned the specimen.

It is also possible to collect a finely sampled SI map of the needle but due to the large field of view,
the file size (hundreds of gigabytes) and time (several hours) required to record this data cube is not
justified. In contrast, line scans and less finely sampled SI maps have a smaller file size and require
less time to record. Acquiring spectra in this way also mitigates any afterglow effects that would
affect the EELS dark reference correction and the partial cross-section measurements. Additionally,
the EELS “bleed through” effect was addressed using a similar method proposed by (Bobynko et al.,
2015).

The low-loss and the high-loss EELS spectra were binned, aligned and denoised using Hyperspy (de
la Pena et al., 2017). Principal Component Analysis (PCA) was used for denoising and the processed
spectra were checked to ensure that there were no artefacts from missing components. A comparison
of the raw and denoised spectra for a selected pixel is shown in Figure 3. Since only the thin regions
of the needle were analysed, deconvolution was not necessary. For the EDS fractionation in equation



1, the probe current was measured using the EELS drift tube and for the EELS fractionation the zero-
loss peak intensity in equation 5 was scaled using a CCD linearity test. The Pt and Co number
densities were calculated geometrically using lattice parameters from (Davey, 1925) and (Owen and
Jones, 1954) for Pt and Co respectively. The spectroscopic partial cross-sections were then calculated
using the measured beam current, ZLP, number density and the sample thickness as shown by the
flow chart, Figure 1.
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Figure 3 Comparison of the EELS spectra before and after PCA denoising from a ~30nm thickness
region of the Co needle.

2.3.3 Nanoparticle quantification.

For the nanoparticle partial cross-section calibration, spectrum images for the particles were taken. An
area on the specimen grid containing up to 12 non-overlapping nanoparticles was selected and the Sl
was taken in a burst of 4 sequential frames so that particle drift could be observed (Jones et al., 2018).

To measure the nanoparticle diameter and number of atoms, the ADF image in each frame was
thresholded and segmented using a watershed transform, Figure 4. The diameter was estimated by
equating the segment area of the nanoparticle to the area of a circle and averaged across the frames.
The number of atoms for each nanoparticle was determined by estimating the diameter of the
nanoparticles as a sphere with an fcc lattice. This approximation was validated in a previous study on
the same nanoparticles were the number of atoms were found to increase with ~r3, with a number
density pre-factor matching bulk Pt (Aarons et al., 2017).

The EDS intensities within each mask were summed as the collective nanoparticle intensity and
normalised by the intensity of the incident electron beam (i.e. I, /ite~1). Then fractional intensity was
multiplied by the pixel area to obtain a total nanoparticle cross-section in units of barns. From this, the
single-atom partial EDS cross-section was obtained by dividing the total partial cross-section by the
number of atoms in the nanoparticle. This method is analogous to the method used by (E et al., 2013)
where the sum of the measured ADF intensity is multiplied by the pixel area to obtain a scattering
cross-section.
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Figure 4 (left) size selected non-channelling Pt nanoparticles used for the partial cross-section
measurements, (centre) the thresholded and segmented imaged that was used to mask the EDS
spectrum and (right) the raw Pt EDS signal from each nanoparticle before binning.

2.3.4 On-axis ADF and EDS nanoparticle quantification.

For the final test of verifying the EDS partial cross-section obtained from standards, an on-axis Pt
nanoparticle was atom counted using both EDS and ADF quantification techniques. In the ADF
quantification approach, data was collected using multiframe acquisition and non-rigid aligned (Jones
et al., 2015). To measure the ADF collection angles accurately and precisely, a recently developed
calibration technique was employed (Jones et al., 2017). The column peak intensities from the aligned
data were Voronoi integrated and quantified using simulation matching (Jones et al., 2014; Rosenauer
et al., 2009). The ADF image simulations were performed using the uSTEM software (Allen et al.,
2014).

Similarly, the EDS signal was collected using a multi-pass approach (Jones et al., 2018), where the
column peaks and Voronoi integration areas were obtained from the simultaneously acquired ADF
image. The integrated EDS intensity was subsequently converted into atom counts using the single
atom Pt partial cross-section calibration. Due to this, channelling was not considered and would
contribute to the error by overestimating the number of atoms in the on-axis EDS quantification and is
discussed later in the results section.

3 Results and discussion

Table 4 compares the measured experimental mean free path with the Malis and the lakoubovskii
parametrisations. For the convergence and collection angles used, the data shows good agreement
with the Malis parameterisation, which is surprising. Analysis performed by (Craven et al., 2016) for
high convergence and collection angles in modern aberration corrected STEMSs also leans towards
similar conclusions. This measurement shows that determining an accurate mean free path is key to
obtaining an accurate partial cross-section measurement as choosing the wrong parameterisation could
lead to errors of up to 20%. However, it is still not clear as to which parameterization to use
universally as it has been shown to depend on the collection angle and element in question (Zhang et
al., 2012).

The number density of the needles was derived by assuming a fcc structure for both elements with
their respective lattice parameters from (Davey, 1925) and (Owen and Jones, 1954). However, Co is
also well known to have hcp structure (Owen and Jones, 1954), this was also calculated, and the
number density does not change significantly (90.28 atoms/nm?®) compared to the fcc structure shown
in Table 4. Both Co and Pt number density values agree well with previous calculations by
(Macarthur et al., 2015).
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Pt Co
Density(atoms/nm®) | 66.41  90.16
Malis mean free path(nm) | 5953 81.40
lakoubovskii mean free path(nm) | 88.40  109.10

Experimental mean free path(nm) \ 5757 8155
Table 4 the calculated and measured mean free path parameters for both Pt and Co needles. The mean
free path agrees with at least one of the calculated parameterisations.

Once the number density and the mean free path is determined accurately, the thickness per binned
pixel can be plotted against a “fraction of the incident beam”, i.e. I,/ite™! for EDS and I,/I, for
EELS, using equations 1 and 5 respectively, Figure 5. This quantity represents the fraction of the
incident beam that is scattered and gives rise to the detected spectroscopic signal. By representing the
detected spectroscopic signal in terms of its fraction of the incident beam, a direct comparison of the
signal efficiency can be made between EELS and EDS signals.

The I, EELS fractionation in Figure 5 was defined by the zero-loss peak from the low-loss spectrum.
Fractionating the data in this manner and obtaining the partial cross-section has shown good
agreement with calculated Hartree-Slater cross-sections in previous work by (Craven et al., 2016)
Data points from the thinner regions of the needle ~<5nm — 10nm were removed from the analysis
because these regions would be dominated by oxide layers. Additionally, thicker regions of the needle
which are more susceptible to errors from deconvolution and absorption effects were also removed.
Only the most linear part of the dataset, from the thin regions, was used for the EELS partial cross-
section measurement.
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Figure 5 the EELS and EDS signals plotted in fractionalised intensity as a function of either the

needle thickness or nanoparticle number. Normalising the spectroscopic intensity as fractional

intensity allows for an easy visual comparison between the EELS and EDS signals for selected
integration windows.

Various other “partial” cross-sections can also be defined using different definitions of I,, Figure 6.
For sufficiently thin samples, <10nm, the full incoming beam, i.e. a ZLP in vacuum, can also be used.
Fractionating the core-loss edge using a ZLP in vacuum for thin samples has two main advantages for
nanoparticle quantification: 1), it does not require processing of the bleed through effect, thus a low-
loss spectrum is not required and 2) it simplifies the processing of multivariate datasets as shown by
equation 7, thus increasing throughput for numerous datasets.

However, as the sample thickness increases, the elastic scattering intercepted by the EELS aperture
increases. In this situation, it is more favourable to use the zero-loss peak from the low-loss spectrum
as a first order compensation for the elastic scattering intercepted by the aperture.
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Figure 6 Fractional intensity (1/1,) from a Co L3 edge plotted as a function of thickness with
different definitions of I, that can be used in equations 5 and 7.

It is also possible to pick out background fitting and thickness systematic errors in Figures 5 and 6.
The plots should extrapolate to zero fractional intensity at lower thicknesses or number of atoms. This
can be seen for all the plots hence the edge intensity integration and thickness determination were
processed correctly.

A systematic error from the mean free path determination would also get washed out during the
subsequent composition analysis (Craven et al., 2016) if the elemental quantification is done using the
same mean free path and oxide removal process. In this situation, the gradient of the plot can still be
used the determine a partial scattering cross-section, with an offset. Thus, the main EELS error
contribution arises from the background modelling and integration, especially for very high energy
loss edges such as Pt. This is where EDS acquisition would be more favourable to quantify the Pt
composition within a nanoparticle sample. Finally, by using the slopes in Figure 5, the measured A,
and number density in Table 4, the needle EDS and EELS partial cross-sections were calculated. The
calculated values are summarised in Table 5, where the needle and nanoparticle Pt EDS partial cross-
sections for the L-lines agree quite well and the M lines differ by more than 30%. The discrepancy in
the M-line quantification may be explained from the difficulty in the M line detection, which is more
sensitive to absorption effects, which could cause significant errors in its quantification (Labar and
Salter, 1991).

Absorption effects due to the EDS signal acquisition and detector geometry were also considered, by
measuring the EDS partial cross-section from the right and left halves of the needle. This seemed to
have little impact on the overall M line partial cross-section. We did not expect this to be ~30% and
we are not sure what the cause of this is. This discrepancy reaffirms the need to cross-check cross-
sections measured using multiple standards, which are then used to quantify materials with different
stoichiometries. However, the characteristic K and L lines agree well between the two samples and
can be used for quantification.

As stated previously, the conversion of EDS partial cross-sections into units of barns, allows for an
easier comparison with the simultaneously acquired EELS and ADF signals. For example, a direct
comparison of the EDS signal shows that the EDS partial cross-section is 2 orders of magnitude
smaller than the EELS and 6 orders of magnitude smaller than the collected ADF signal (typically Mb
range) (Figure 8 and Table 5). For the two EDS detectors system, the Pt EDS partial cross-section is
slightly more than double. The EDS partial cross-section gives a direct comparison of the efficiency
between the two microscopes, which cannot be obtained from just measuring the solid angle. Here the
stated nominal solid angles from JEOL would be up to 0.89Sr for a single EDS detector and 1.25Sr
for a double EDS detector. It should also be noted that the microscope fitted with the double EDS
detectors uses the current state of the art detector offered by JEOL and hence this comparison is not
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completely identical. The microscopes equipped with the double EDS system have an updated design
compared to the single EDS detector system. Furthermore, as mentioned before, the Be holders
between the microscopes were different and therefore would also contribute towards the partial cross-
section measurements.

When the measured EELS partial cross-sections are compared to the Hartree Slater and hydrogenic
models (Leapman et al., 1980), using the quantification tool in Digital Micrograph, they show good
agreement with one another. A similar study conducted by (Craven et al., 2016) also shows very good
agreement between measured and calculated EELS partial cross-sections. However, the aim here is
not to obtain a perfect match between the measured and calculated partial cross-sections especially in
the case for the high energy Pt edge. For a more thorough comparison the measured partial cross-
section should be compared to a multislice (Allen et al., 2014) and DFT simulation (Tait et al., 2016).

A key point that should be noted when correlating the ADF, EDS and EELS signals is that if any of
the microscope settings, such as detector placements (ADF, EDS or EELS) or post specimen optics
(ADF and EELS) change drastically, the cross-sections in Table 5 would have to be remeasured.
However, the calibration experiment is easy and software automation using Hyperspy (de la Pena et
al., 2017), AtoMap (Nord et al., 2017), Absolute Integrator (Jones et al., 2014) and StatSTEM (De
Backer et al., 2016) can in principle make this type of analysis routine.

Pt EDS partial cross-section with a single EDS detector
2 EDS lines La LB La+Lp Moa+Mp L+M
% Needle 5.55b 3.58b 9.13b 11.47b 20.60b
3 Nanoparticles 5.69b 3.05b 8.74b 16.67b 25.41b
§ Pt EDS partial cross-section with double EDS detectors
S EDS lines Lo LB Lo+ Lp Mo+MpB L+M
= Nanoparticles 13.68b 7.73b 21.41b 36.61b 58.02b
§ Co EDS partial cross-section with a single EDS detector
K EDS lines Ko KB Ko + KB
w Needle 5.88b 0.76b 6.64b
Pt EELS partial cross-section
2 EELS edges M5, M4 (300eV window)
S ,, | Needle Measured: 1.02kb Calculated Hartree Slater: 1.26kb
S5 Calculated Hydrogenic:  ---
s o Co EELs partial cross-section
@ “ | EELS edges L3, L2 (30eV window)
0 Needle Measured: 1.43kb Calculated Hartree Slater: 0.88kb
Calculated Hydrogenic: 0.80kb

Table 5 Summary of the EDS and EELS single atom partial cross-sections (in barns) obtained from
the needle and nanoparticle calibration standards. The standard % errors are provided in Table 6 in the
error analysis section.

The measured EDS cross-sections can now be used to provide a method for counting of the number of
atoms in a nanoparticle as an alternative method to using ADF intensities. Although the lower cross-
section will lead to lower precision, EDS does offer the potential of element specificity. Here the L +
M line partial cross-sections from the nanoparticle standards were used to quantify an on-axis
nanoparticle. Even though the needle and nanoparticle M lines have a discrepancy, the M line should
be consistent between nanoparticles and can be exploited to increase the total x-ray count. Combining
x-ray lines in this manner should be done with care, but it is necessary for thin samples to increase
counting statistics. Finally, the nanoparticle EDS atom counts were compared to the atom counts
obtained from the ADF quantification, Figure 7. The images in Figure 7 serve a dual purpose, the
ADF images show the damage caused by the electron beam before and after ADF + EDS acquisition
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using the settings listed in Table 2. The column peaks are then overlaid with atom numbers from the
ADF quantification on the left image and the EDS quantification on the right image. The total number
of atoms between the two quantification technigques are within 10% agreement with one another. It
should also be noted that the EDS quantification does not take channelling into account and is
therefore expected to overestimate the number of atoms slightly (Allen et al., 2012; MacArthur et al.,
2017). If channelling were considered, then the EDS partial cross-section would vary monotonically
by atomic column thickness in a similar manner to the ADF cross-section, Figure 8.

Additionally, the edge atoms in the EDS quantification seem to have been overestimated significantly
when compared to their ADF quantified counterparts. This may be attributed to the sequential multi-
pass scan where the nanoparticle may have rotated and restructured over the acquisition period. The
error bar on the EDS partial cross-section is also significantly higher than the ADF one. From

Poisson-limited (v/N) counting statistics this error can be up to +3 atoms (Macarthur et al., 2015) for
the EDS quantification plus the errors arising from a non-channelling approximation. For the EDS
quantification nanoparticle in Figure 7, the error in each atomic column ranges between 2 and 3 atoms
depending on the integrated EDS intensity per Voronoi cell. None the less, the total EDS
quantification is accurate within 10% for nanoparticles between 2nm and 5nm, but the atom counting
precision on a column by column basis is quite poor as observed in Figure 7. To improve upon this in
the future, we aim to employ a multiframe S| acquisition routine, recently developed at the University
of Oxford (Jones et al., 2018).

Figure 7 A comparison between the ADF(left) and the EDS(right) atom counts for an on-axis pure Pt
nanoparticle for each atomic column, obtained from voronoi integration. The Left and right images
also display the before and after effects of a Sl acquisition at ~85pA beam current and a 50us X 60

frames pixel dwell time.
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Figure 8 the uSTEM simulation library used to quantify the on-axis ADF nanoparticle. The scattering
cross-section (in mega-barns, Mb) per atomic column varies monotonically with column thickness
due to channelling.

4 Error analysis

4.1 EDS partial cross-section error propagation for a single measurement

The error analysis performed here is very similar to the {-factor method proposed by (Watanabe and
Williams, 2006). Here the error for a function f, with n uncorrelated variables (i.e. f =f (p1, p2 ..., pn))
and deviation d can be given as

For the needle samples, in the case of the EDS partial cross-section, the major error contributors from
equation 1 would be the number density (n), thickness (t) and the measured intensity (). The minor
errors would be attributed to: the probe current to calculate the dose, giving a relative error of ~0.5%
and the pixel dwell time (t) with a negligible contribution (Macarthur et al., 2015). Therefore, the
error (Aceps) from a single EDS partial cross-section (ceps) can be derived similarly from(Watanabe
and Williams, 2006) using equations 1 and 9 as:

Am\? /AR /AN
dozs = ows |(5) +(T) +(T) 10

Where An, At, and A, indicate errors in n, t, and I respectively. Here the error in n can be negligible if
the analysis is performed from the bulk area of the needle to negate surface-oxide effects and the
sample stoichiometry is well known. The Al term can have a /I error if the signal obeys a Poisson
distribution (Thompson, 2001; Watanabe and Williams, 2006). The At term can be derived from the
variance of several mean free path measurements.

The errors from equation 10 can be visualised by plotting their error bars and the corresponding
partial cross-section as a function of thickness and nominal intensity, Figure 9. Both the Pt and Co
errors bars decrease as the thickness of the sample increases up to a certain thickness, after which the

portion of the error contribution from +/I decreases.
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Figure 9 The single measurement error in the Pt and Co total EDS partial cross-sections as a function
of thickness and nominal intensity (0.001s pixel dwell time, ~74pA beam current) from the line scans
in Figure 5.

Similarly, for the nanoparticles, the EDS partial cross-section error bars reduce with increasing
number of atoms, Figure 10. The largest contributions to the error originate from counting statistics.

After a certain nanoparticle size, >2000 atoms at the given dose, the /I error becomes more
consistent. At larger thicknesses, an increasing portion of the error is dominated by systematic errors
such as the magnification calibration. The pixel area errors can vary by up to £4% (Macarthur et al.,
2015) and depends on the magnification calibration. The error in the number of atoms determined for
a nanoparticle depends on the thresholding mask resulting in a +5% deviation.
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Figure 10, Single measurement error in the Pt tot EDS partial cross-section as a function of number of
atoms and nominal intensity for a single EDS detector (0.001s pixel dwell time, ~186pA beam

current).

Since the dominant error propagator for nanoparticles is the counting statistics, the percentage error
from this can be plotted as a function of thickness. Figure 11 shows this representation for a selected
dose of ~74pA from the Pt and Co needle total partial cross-section measurements. The error is
clearly dose dependent and therefore limited by counting statistics. However, one should take sample
damage into consideration as well. A delicate balance between dose and sample damage is required to
achieve enough counting statistics without altering the sample.
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Figure 11 Percentage error from counting statistics for the needle samples as a function of thickness
and nominal intensity.

4.2 Error propagation for EDS several measurements

There are several sources of error to consider for a single scattering partial cross-section
measurement. To improve the statistical accuracy, several EDS measurements need to be taken.
Alternatively, as shown by the previous section, the dose could also be increased. For several
measurements the error in the partial cross-section determination o can be expressed as the standard
error SE for n measurements with standard deviation s, equation 11.

SE = — 11

The error measurements in Figure 9 and Figure 10, show that the individual error remains consistent
after a certain sample thickness. This value depends on the dose of course and the largest contributor
to this error is the counting statistics. However, since each error is similar, the above equation can be
used to evaluate the total error in the process. If the error varies significantly with thickness for a
given dose, then a weighted variance approach must be used (Galassi, 2009). This weighting was not
implemented in this case as Figure 9 and Figure 10 show that the error remains consistent after a
certain thickness value. Therefore, using equation 11, the average standard errors for the EDS partial
cross-section was calculated from several measured line scans.

4.3 EELS error propagation

In the EELS partial cross-section calculation there are many possible sources of major error
contributors. As the EELS signal is not dominated by counting statistics errors at the given
‘nanoparticle conditions’ dose here, it is not possible to provide the same treatment as the EDS error
propagation. The major sources of error in EELS are systematic and the upper bounds of these can be
guantified. Thickness, number density and magnification error contributions can be treated in the
same manner as the EDS propagation show previously.

Error contributions from the chromatic aberration and collection angle determination are also
negligible if the subsequent composition analysis is performed under the same microscope conditions.
This error is effectively minimised by optimising the post specimen optics using a method proposed
by (Craven et al., 2017) and directly measuring the collection angle proposed by (Jones et al., 2017).

The error that is difficult to quantify is the CCD gain and dark reference, for this a more detailed
study is required. Here independent dark and gain references should be taken and compared to the
automated Gatan routines. The error from the gain reference should cancel out in the subsequent
fractionation and is expected to be negligible. The error arising from the dark reference correction is
much more difficult to quantify as this would depend on several acquisition parameter such as the
total Sl time, and experiment mode used. This will be explored in a future study using the methods
proposed by (Jones et al., 2016).

Surface oxidation and contamination could also potentially contribute to the error, however, these can
be effectively minimised during the data processing stage (Craven et al., 2016). The largest source of
error in the EELS partial cross-section arises from modelling the EELS background and its
subtraction from the SI. In this case an inverse power law background was fit before the element edge.
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The error arising from this could vary between 1%-10% or greater depending on the signal to noise
ratio and the edge/onset windows chosen (Liu and Brown, 1987). This is difficult to generalise if one
wants to quantify samples such as nanoparticles, where the signal is very low.

A straightforward approach to calculate the overall error for the EELS partial cross-section could be
calculated by checking the linearity of the data and its residuals with respect to the line of best fit and
its confidence intervals Figure 12. From the standard error of the residuals gives an error of 0.002%
for Co and 0.001% for Pt. This error is mostly negligible and therefore the main contribution to the
partial cross-section measurement arises from the thickness, number density and magnification.
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Figure 12 EELS fractional intensity plots from Figure 5 with their residuals and r-squared values. The
green data points show the fractional intensity as a function of thickness, and the orange data points
show the corresponding residuals.

4.4 Percentage error summary

The standard errors for the EDS and EELS partial cross-sections are tabulated in percentage, Table 6.
The tabulated % errors give a good illustration of how the partial cross-section measurements vary
between different detectors, sample types, and different beam currents given in Table 2. For instance,
in the single EDS detector system, the relative Pt La and L errors for the needle samples are lower
than the nanoparticles due to several measurements adding to the confidence limit of the line fit in
Figure 5.

None-the-less the EDS nanoparticle % errors show good agreement compared to the needle samples.
The nanoparticle % errors are derived from an average of counting statistics, whereas the needle
errors were obtained from a standard error of linescans. However, due to absorption effects the error
in characterising the Pt Ma+M§p increases for the needle. In comparison the nanoparticle Pt Ma+M§p
errors for the nanoparticles are much lower.

The largest contributor to the EDS error originates from the electron fluence which affects the signal
to noise ratio. For the double EDS detectors, a current of ~67pA was used resulting in a higher
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relative error due to counting statistics, whereas the single EDS detector measurements had a probe
current of ~186pA. This once again highlights the importance of balancing total sample dose against
sample damage to obtain reliable quantitative measurements.

For the EELS errors the largest contributors are systematic, this includes: the determination of sample
thickness, number density and magnification. The upper bounds of these errors are quoted in the table.
There can also be an additional error contribution (up to 10%) from the modelling of the background
and this error is edge dependent. Higher energy edges would be affected more compared to lower
energy edges. Additionally, the signal to noise ratio would also contribute to the background model,
especially for nanoparticles where the sample thickness and dose used is lower.

Pt EDS relative % error with a single EDS detector
= EDS lines La LB La+Lp MotMp L+M
= Needle 3% 4% 3.4% 8% 6%
s Nanoparticles 4% 6% 5% 3% 3%
§ g Pt EDS relative % error with double EDS detectors
= 5 | EDS lines Lo LB La+LB Ma+tMp L+M
= Nanoparticles 5% 19% 8% 9% 8%
J‘)' Co EDS relative % error with a single EDS detector
Q EDS lines Ka Kp Ka + KB
Needle 12% 13% 12%
. Pt EELS relative % error
§ » | EELS edges M5, M4 (300eV window)
5 S | Needle Measured: 4% Calculated Hartree Slater: ---
.;_g E Calculated Hydrogenic: ---
S 5 Co EELSs relative % error
» S | EELS edges L3, L2 (30eV window)
m “ | Needle Measured: 3.5% Calculated Hartree Slater: ---
Calculated Hydrogenic: ---

Table 6, The % standard errors in the EDS and EELS partial cross-sections

5 Conclusions

A method of measuring and combining EDS and EELS signals using standard needle and nanoparticle
standards is presented. The approach describes the intensity measured by the detector in terms of a
partial scattering cross-section. These cross-sections are partial cross-sections that depend on several
microscope parameters such as spectrum integration-window, detector efficiency, collection-angle
and size. By representing the scattering cross-sections in ‘barns’ allows for an easier benchmarking
between different microscopes, which is otherwise not fully realised using the solid angle benchmark.

The spectroscopic partial cross-sections from the needle and nanoparticle standards agree well and
both methods could be used as calibration standards provided that the number density of the samples
is determined accurately. Error analysis of the individual partial cross-section measurements shows
that counting statistics could lead to an error of up to 20% when determining absolute number of
atoms. This can be reduced by increasing the dose, however sample damage would also increase. A
balance between dose and sample damage is required and would by useful to investigate in another
study. This means that for quantifying on axis nanoparticles in the future with the current hardware
the error per column count can range from 2 atoms up to 5 atoms.

When comparing the measured EELS partial cross-sections to the HS cross-sections the agreement
between the Hartree-Slater cross-sections and the measured EELS cross-sections is within 20-40%
depending on the integration windows used and the edge shape (white-lines). It is reassuring that the
EELS cross-section calculations using Digital Micrograph provide reasonable values that can be used
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for guantification. The reliability of the measured EDS partial cross-sections was verified with an
independent ADF quantification. In this comparison, a pure on-axis Pt nanoparticle was atom-counted
using both EDS and ADF quantification and the total number of atoms agreed well. The precision in
using EDS to count the number of atoms in an individual column was very poor however due to
counting statistics. The resolution and SNR can be improved further using multiframe acquisition. In
the future this will most likely be the routine approach to quantify spectroscopic signals.

By unifying the ADF, EDS and EELS signals in terms of scattering partial cross-section it is possible
to directly compare and switch between the different acquisition modes seamlessly. This method will
pave the way for measuring number of atoms for catalyst nanoparticles by exploiting detector
efficiencies to atom count bimetallic nanoparticles with high throughput in a future study.
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