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Foreword

:2021(E)

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Electron tomography, in transmission electron microscope (TEM), has impact on nanotechnology
and nanomaterial metrology like that of computer tomography in medicine. For example, industries

using nan

otechnologies have requirements to verify materials, processes and products. Quantitative

measurement at the nanoscale, including three-dimensional (3D) image reconstruction of nano-objects
using TEM, responds to this need.

TEM, a two- dlmensmnal (2D) imaging instrument, can prov1de 2D projection 1mages of materlals at
00

the nanos
collected
document]
3D image
be detern

microscopy

The meth|
rod-shape
of objects
distributi
objects in

Nt su1table tilt 1ncrements the 3D shape, size and volume parameters can be determinedThis
describes sample preparation, instrumentation setup, data acquisition and processing ffor
reconstruction of nano-objects using TEM, from which dimensional parameter values ¢an
ined and interpreted. Variation in methodology for use with scanning transmission electfon
(STEM) is included in an informative annex.

pod described herein is limited to samples dispersed on or within an electron-transpargent
d support. This method is particularly useful when the detailed shape.of a limited number
such as nanoparticles, is sought. For example, when 2D measurements yield a non-unifofm
bn of objects, 3D image reconstruction can be used applied to stidy a small number of the
more detail. A variant of sample preparation is described that\allows 3D reconstruction| to

be used i conjunction with 2D TEM analysis of a sample area of intérest, such as an area contain|ng

outliers.

Potential
include v
specific a

applications for 3D image reconstruction of nano-gbjects using TEM are broad and might
hlidation of metrological artefacts, such as polystyrene latex nanoparticles, and site-
halysis of interfaces buried within devices, and{measurement of individual objects such|as

nanoparticles. The method might also be utilized to obtain detailed shape of non-symmetric nano-

objects su

Other apy
nanoscale
way.

ch as nanorods and nanocrystals.

lications include calibration for a variety of nanoscale characterization tools, particularly
characterization instruments and attefacts, to ensure that they are applied in a consistgnt

Case studiies are provided in informative annexes, including variations of sample preparation, data

acquisitio
acquisitio
to the one
revisions
extractior
tested on

Figure 1 g
Informati

figure are

h, alignment and recongtruction methods. It is noted that placing of alternative data
h, alignment and reconstnuction methods in annexes does not imply that a method is inferjior
described in the maifybody of the document. Conversely, such might be the subject of futiire
pf this document. However, the process, from sample preparation on a rod-shaped support to
of measurands;‘has been tested in accordance with the steps described in this document gnd
samples deserpibed in the annexes.

ummarizes'the procedure steps in this document. Normative aspects are highlighted in red.
Ve aspects are highlighted in blue and appear in annexes. Additional annexes not listed in this
als¢ included.

Vi
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NPs/ carbon Rod shaped 1) Prepare sample
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—={ Report generated

Normative Informdtive

Figure,1 — Procedure steps
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Nanotechnologies — 3D image reconstruction of rod-
supported nano-objects using transmission electron
microscopy
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Thf following documents are referred to in the text in such a waythdt some or all of the
stitutes requirements of this document. For dated references; only the edition cited applies. For

is document provides guidance for sample preparation, data acquisition by transmissio
croscopy, data processing, and three-dimensional image reconstruction to measure size
rameters of nano-objects on rod-shaped supports. The method is applicable to samples dis
within an electron-transparent rod-shaped support.

Normative references

Hated references, the latest edition of the referenced document‘@including any amendment

/IEC Guide 99:2007, International vocabulary of metirology — Basic and general con
ociated terms (VIM)

/TR 945-2:2011, Microstructure of cast irons — Part 2: Graphite classification by image ana

/TS 10797:2012, Nanotechnologies — Chakacterization of single-wall carbon nanoty
nsmission electron microscopy

21363, Nanotechnologies — Measurements of particle size and shape distributions by tr(
ctron microscopy

/TS 24597:2011, Microbeam analysis — Scanning electron microscopy — Methods of evalua
jrpness

26824:2013, Particle chardcterization of particulate systems — Vocabulary
/TS 80004-1:2015,Nanotechnologies — Vocabulary — Part 1: Core terms
/TS 80004-2:2015, Nanotechnologies — Vocabulary — Part 2: Nano-objects
/TS 8000%»6:2021, Nanotechnologies — Vocabulary — Part 6: Nano-object characterizatio

/TS 80004-8:2020, Nanotechnologies — Vocabulary — Part 8: Nanomanufacturing processe

h electron
hnd shape
persed on

ir content
5) applies.

cepts and
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bes using

Insmission

fing image

3

Terms and definmitions

For the purposes of this document, the terms and definitions given in ISO/IEC Guide 99:2007,
ISO/TR 945-2:2011, ISO/TS 10797:2012, ISO/TS 24597:2011, ISO 26824:2013, ISO/TS 80004-1:2015,
ISO/TS 80004-2:2015, ISO/TS 80004-6:2021, ISO/TS 80004-8:2020 and the following apply.

ISO and [EC maintain terminological databases for use in standardization at the following addresses:

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

© IS0 2021 - All rights reserved
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3.1 Nanotechnology-related terms

3.1.1
nanoscale
length range approximately from 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from larger sizes are predominantly exhibited in this
length range.

[SOURCE: ISO/TS 80004-1:2015, 2.1]

3.1.2
nanomaterial
material with any external dimension in the nanoscale or having internal structure or surfacesstructiire
in the nanpscale

Note 1 to eptry: This generic term is inclusive of nano-object and nanostructured material.
[SOURCE:|ISO/TS 80004-1:2015, 2.4]

3.1.3
nano-object
discrete pjiece of material with one, two or three external dimensions in the nanoscale

Note 1 to ¢ntry: The second and third external dimensions are orthogonal to the first dimension and to each
other.

[SOURCE:|ISO/TS 80004-1:2015, 2.5]

3.14
nanoparticle
nano-object with all external dimensions in the nanoscale where the lengths of the longest and the
shortest axes of the nano-object do not differ significantly

Note 1 to |entry: If the dimensions differ significantly (typically by more than three times), terms such| as
nanofibre ¢r nanoplate may be preferred to the term nanoparticle.

[SOURCE:|ISO/TS 80004-2:2015, 4.4, modified — the abbreviation "NP" has been deleted".]

3.2 Instrument-related terms

3.21
scanning|electron microscopy
SEM
method that examines and analyses the physical information (such as secondary electron, backscattered
electron, gbsorbed.electron and X-ray radiation) obtained by generating electron beams and scannjng
the surfage of the sample in order to determine the structure, composition and topography of the
sample

[SOURCE: ISO/TS 80004-6:2021, 4.5.5]

3.2.2

scanning transmission electron microscopy

STEM

method that produces magnified images or diffraction patterns of the sample by a finely focused
electron beam, scanned over the surface and which passes through the sample and interacts with it

Note 1 to entry: Typically uses an electron beam with a diameter of less than 1 nm.
Note 2 to entry: Provides high-resolution imaging of the inner microstructure and the surface of a thin sample

(or small particles), as well as the possibility of chemical and structural characterization of micrometre and sub-
micrometre domains through evaluation of the X-ray spectra and the electron diffraction pattern.

2 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

ISO/TS 22292:2021(E)

[SOURCE: ISO/TS 80004-6:2013, 4.5.7]

3.2.3

transmission electron microscope

TEM

method that produces magnified images or diffraction patterns of the sample by an electron beam
which passes through the sample and interacts with it

[SOURCE: ISO/TS 80004-6:2021, 4.5.6]

3.24

fo¢used ion beam instrument
FIBI

indtrument and method that allows to fabricate objects at nanoscale using a focused}ion b¢am (FIB),
typically Gallium, and observe the fabricated area using an SEM column located in the same ifnstrument
chamber

Note 1 to entry: For FIB lithography, refer to ISO/TS 80004-8:2020, 7.1.9.
Nofe 2 to entry: For FIB focused ion-beam deposition refer to ISO/TS 80004-8:2020, 7.2.12.

3.2.5

dujal beam instrument
DRI
indtrument combining the instruments used in the SEM (3.231¥and FIB (3.2.4) methods

3.3 Measurement-related terms

3.31
Feret diameter
didtance between two parallel tangents on opposite sides of the image of a particle

[SOURCE: ISO 26824:2013, 8.6]

3.3.2
maximum Feret diameter
mdximum value of Feret diamgter of an object, whatever its orientation

[SQURCE: ISO/TR 945-2:2011, 2.1]

3.3.3
minimum Feret diameter
mipnimum value’ofFeret diameter of an object whatever its orientation

[SOURCE: 180 21363:2020, 3.4.5]

3.34
pixel
smallest non-divisible Image-forming unit on a digitized TEM Image

[SOURCE: ISO/TS 24597:2011, 3.1, modified — the abbreviation "TEM" has been changed to "SEM".]

3.3.5
measurand
quantity intended to be measured

[SOURCE: ISO/IEC Guide 99: 2007, 2.3]
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4 Sample considerations

4.1 General

Clause 4 discusses physical properties of the sample rod. For methods that can be applied to prepare
the sample rod, see Annexes A, E and F.

4.2 Choice of sample rod diameter

Sample ro

a) Thes
Cross
NOTE

b) Thes

c) Thes
energ
than !

d) Samp
effect
19]vAR

e) Thee
resolt
from

f) Toen
of foc
NOTE

NOTE 3

described

5

5.1 Mig

511 G

This clausg

250 nin sample rod diameter.

Instjument factors

hmple shall be rod-shaped with cross section shape no more that 50 % different from cite
section (1:1,5 ratio of axis length for elliptical sample rod cross section);

1  Rectangular cross-section that does not exceed the 1:1,5 aspect ratio is acceptable:
hmple rod shall be made of low atomic number material such as carbon;

hmple rod diameter shall be less than one inelastic mean free path for the incident elect
y in the TEM chosen. For example, at 300 keV incident electron energy a carbon rod with 1
P50 nm diameter shall be utilized;

e rod diameter that exceeds twice the inelastic mean free path shall be avoided to reduce

[fect of geometrical broadening of the electron beam shall be kept at a small fraction of desi
ition of the final 3D reconstructed volume. The geometrical broadening can be estima
nstrument convergence semi-angle and collection semi-angle [1];

bure adequate image resolution, the sample\rod diameter shall not exceed two times the dej
s [15],

2 Typical imaging conditions in conventional TEM mode at 300 keV electron energy allow for ab

The choice of imaging parameters for TEM and STEM tomography, depth focus, and rod diamete
n detail in Reference [15].

roscope setup

bneral

on
£SS

he

of plural electron scattering in the sample rod and the as$o¢iated loss of spatial resolutionl>]

ed
ed

bth

put

e‘provides guidance on conventional parallel beam transmission electron microscope (TE

M)

instrumentation set up for data acquisition. For scanning TEM (STEM) instrumentation set up, see
Annex B.

The critical set up parameters for TEM data acquisition are:

a)
b)
<)
d)
e)

4

acceleration voltage (see 5.1.2);

convergence semi-angle (see 5.1.3);

collec

tion angle (see 5.1.4);

microscope magnification (see 5.1.5);

numb

er of pixels of the detector (see 5.1.6);
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f)

image acquisition time (see 5.1.7).

5.1.2 Acceleration voltage

The acceleration voltage shall be selected as described in A.2.4 d) on sample thickness. Typically, 300 kV
or 200 KV should be used.

Using the maximum voltage available on a particular TEM is preferred. Using the maximum available
voltage means maximum allowable sample rod diameter and maximum depth of focus. For example,
using 300 kV rather than 200 kV allows for 250 nm diameter carbon rod rather than 200 nm diameter

rogtat206kv-

5.1

.3 Convergence semi-angle

The convergence semi-angle shall be selected so that the illumination at the saniplée plane i

ov
ap

NO

br the imaged area of the sample. Furthermore, the illumination uniformityhas to be sug
barent sample focus does not visibly change over the observed area.

TE The illumination uniformity can be verified by performing an intensity profile across the

di
an

onally from corner to corner of the image). The uniformity of the defecus' value is typically no
it can be verified by performing a fast Fourier transform (FFT) of stb-areas of the image. For

2048 x 2048 image can be divided into 256 x 256 pixels regions of interest. The image composed
value of FFT can be compared among the various regions of interest to ensure that the FFT does n

mu
an

5.1

In

an
an
thg
ob

ch from region to region. An FFT that has same numbers of circtilar rings over an arbitrary sub-fiel
indication that illumination is sufficiently uniform.

4 Collection angle

fonventional TEM mode the collection angle isselected by the objective aperture size. The
ble is determined as the square root of the.stim of squares of the convergence angle and 4d
ble of the objective aperture. In practise the convergence angle in TEM mode is much sm

acceptance angle of the objective aperture. Therefore, the collection angle is determin
ective aperture acceptance angle alone.

Th

main criteria for collection angle is the avoidance of diffraction contrast while maxin

contrast in the image. The contrast increases with decreasing collection angle,[21[19] but at

ti
co
the

5.1

Mi
thd
de
sm

e, the diffraction contrast)increases with decreasing collection angle. The presence of ¢
trast could make the data unsuitable for 3D reconstruction.[2l[10] The number of counts cd
detector decreases with decreasing collection angle leading to increase in acquisition tim

.5 Microscape'magnification

croscopemdagnification and detector pixel size are critical parameters to ensure correct s3

objectfor 3D reconstruction. The higher the desired number sampling, the lower the ef]
fectofypoint spread function. At the same time high sampling, i.e. high microscope magnifi
all pixel size, decreases the field of view that can be acquired without region stitching by s

s uniform
h that the

image (e.g.

a concern
example, a
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bt vary too
d of view is
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current density and acquisition time. Typically, the magnification is chosen so that the desired projected
image resolution is sampled by 5 pixels or morel1ll,

EXAMPLE If a desired projected image resolution is 1 nm, the pixel size is chosen to be about 0,2 nm. A 2 048
pixel x 2 048 pixel camera can then cover a 410 nm x 410 nm field of view that is adequate for most practical
purposes. For example, a camera with physical 5 um x 5 um pixel size and 0,2 nm pixel size at the sample plane
requires microscope magnification 25,000x. Typically, a somewhat higher magnification, for example, 30,000x%,
can be chosen to slightly oversample the object.

5.1.6 Number of pixels of the detector

The highest number of pixels on the camera should be used to achieve optimum image resolution and
field of view. For example, it is advisable to use binning 1 for a 2 048 pixel x 2 048 pixel camera so that

© IS0 2021 - All rights reserved 5
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there are 2 048 pixel x 2 048 pixel in the images. Number of pixels, their size, the field of view and the
image resolution are related. See 5.1.5 for an example of magnification estimate.

If the point spread function of the camera is poor, it can be necessary to combine camera pixels (bin
the pixels). In such case, the necessary magnification should be estimated for the combined pixel size.
Combining (binning) the camera pixels results in a corresponding decrease of the field of view as
compared to binning 1 images. For example, a 1 000 nm?2 x 1 000 nm? field of view with 0,5 nm per pixel
obtainable with 1 000 pixel x 1 000 pixel? camera would be reduced to 500 nm x 500 nm if the camera
is binned by 2 while maintaining sampling 0,5 nm per pixel.

5.1.7 Irhage acquisition time

Image acquisition time shall be chosen such that enough signal to noise ratio is obtained in the projected
images tolallow for projected image alignment and for reconstruction. The acquisition time-eeds to|be
chosen sufh that the sample drift is less than the pixel size at the sample plane. If the numbet of counts
per pixel |s too low at the drift limited acquisition time, either the microscope beam)current can|be
increased|or multiple images at each tilt can be acquired. Typically, about 100 electrons per pixel of the
detector dre sufficient for alignment and reconstruction[12l,

5.2 Midroscope calibration

To ensure| correct microscope calibration, the microscope shall be calibrated under the same imagjng
condition$ as used for the tomography data acquisition. The calibration shall be performed either
immediately before or immediately after the data acquisition. Identical conditions in this case refers
to using the same lens currents, the objective lens and the intermediate and projector lens system
currents, ps used for the tomography data acquisition. The calibration of the TEM instrument shall|be
performed as described in ISO 21363.

NOTE Calibrating before or after collection of projected images is equivalent as long as the lens settings pre
not changed between calibration and collection of projected images.

For precige size measurement by using TEM, the same condition of TEM lens and specimen height
between a measurement specimen and a.calibration specimen is important. An internal referefce
length foil TEM instruments must be calibrated using calibration standards. All size measuremepts
should be|done with the same lens and specimen height conditions of calibration. Focusing conditjon
of the len$ can affect the size measurement. A Scherzer defocus condition is generally used. The zg¢ro
defocus is|defined using Fresnel fringe at first, then focusing goes to Scherzer defocus. Specimen height
should be|at the eucentric position. It is important to obtain images at eucentric height and the same
defocus cgndition at magnifications as used explicitly for the instrument’s calibration.

For most microscopes the)selection of identical conditions is achieved by selecting the same nomihal
magnification and sarhéfocus value of the objective lens current as used for the tilt series acquisitipn.
The sample focusing‘shall be achieved by utilizing the mechanical Z height of the stage. Focusing|by
changing the imagiiig lens in a TEM or probe forming lens in STEM should be limited to a range no m¢re
than *1 ym to‘prevent magnification change or image rotation. The lens currents must be same for
microscof e callbratlon as for data collectlon Callbratlon should be performed at the eucentrlc hei ’ht

known dimensions shall be used. An example of such sample is avallable from several suppllers[13]

The pixel size obtained using the above calibration procedure shall be used to calibrate the
reconstructed 3D volume.

See Annex D for recommended microscope and data collection parameters to record. See Annex H for
an example of uncertainty budget.
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Image capture (data acquisition)

General

This clause covers image capture to obtain projected images in 2D.

NOTE

collection of projected images for electron tomography reconstruction.

ISO 21363 provides extensive information on collection of projected images, that is also applicable to

6.2__Procedure

ThL procedure is as follows.

a) | The data shall be collected in a transmission electron microscope (TEM) in~corventional TEM
mode. Alternatively, a scanning TEM (STEM) mode can be used, see Annex.B) The TEM shall be
operated at incident energy between 100 kV and 400 kV. The microscope can have thermdl electron
source (LaBy), field assisted thermal electron source (Schottky electron source) or a field emission
electron source. The point resolution of the microscope shall be 0,3<nm or less. The information
limit of the microscope shall be 0,2 nm or less.

b) | The microscope shall allow sample to be tilted over -90°%to™+90° around at least] one axis
perpendicular to the incident beam. The microscope vacuurpressure near the sampl¢ chamber
shall be 1 x 1077 torr or less.

c) | Data acquisition shall be bright field TEM. Other methods such as scanning TEM (STHM) bright
field (BF-STEM), annular dark field (ADF-STEM), and high angle annular dark field HAADF-STEM
are acceptable if they provide contrast that is_predominantly monotonic with sample|thickness
regardless of tilt angle. See Annexes B and C for’examples.

d)| The sample shall be mounted as depicted:if“Figure 2 with the sample long axis perpendicfilar to the
electron beam and parallel with the tilt axis of the sample stage.

1 A
3

Key

1 sample stage clamp 4  carbon rod with nanoparticles

2 tilt axis = sample holder axis A SEM image of sample tip with sample rod

3  sample tip with carbon rod

Figure 2 — Sample rod at the tip of a TEM holder
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f)

g)

h)

k)

The electron beam convergence angle and collection angle, as determined by objective aperture
shall be selected such that the contribution of diffraction contrast is small. Typically, ~100 mrad
collection angle is sufficiently large at 300 kV to avoid artefacts arising from diffraction contrast.
Typically, the smallest effect of diffraction contrast can be achieved by using no objective aperture.

The image contrast of nanoparticles shall be maximized while keeping the diffraction contrast t
minimum.

Oa

Eucentric height shall be adjusted by minimizing the sample lateral movement when the sample

is tilted over the entire -90° to +90° tilt. Sample focusing using objective lens excitation shall

be

limited to *1 um range to prevent change in magnification and sample rotation. Sample focusing

The njicroscope magnification shall be set up to acquire about 5 pixels per desired résolution in
reconstructed volume. For example (0,2 x 0,2) nm? image pixel size shall be useddfor1 nm intend

greysgale levels. The camera output can provide more than 16-bit'dynamic range. The data sho
be sayed with at least 16-bit dynamic range.

nat

ge
11d

The field of view should include sufficient number of nanodparticles, as shown in Figure 3 to enstire

a majimum number of well-separated particles. The number achievable will vary from sample
sample and also will vary for deposited vs embedded particles. To obtain sufficient total numbef
nanofarticles, multiple fields of view along the rod-axis can be collected. For example, two field{
view, pbout 500 nm each, can be obtained with 21000 nm long sample rod.

NOTE|2 ISO 21363 provides guidance on the niimber of nanoparticles needed for statistical analysis.

to
of
of

© ISO 2021 - All rights reserved


https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

ISO/TS 22292:2021(E)

Key $

1 | carbonrod A‘\Q)
2 | vacuum \O

3 | clustered nanoparticles not suitable f alysis
4

well separated nanoparticles suit@or analysis

Figure 3 — Experiment@)jected TEM image showing 20 nanoparticles visible within the
field of view

1) | Projected 1ma%@1all be acquired in 3° or less increments from -90° to +90° stage tilt. Here 0°
Correspond It value where the sample rod is not tilted and corresponds to sample| exchange
position 1?~ st microscopes.

mple, the positive tilt angles can be marked by underscore “XXXXXXXX_zzz.tiff"| while the
tlve tilt angles can be marked by a hyphen “r such as “XXXXXXXX 222 t1ff" Here “X¥XXXXXX”

CIra g a lln an lfl aalla D l NaYalwabs Ca besaved
as uncompressed tlff or in Gatan D1g1tal Mlcrograph format When Gatan Dlgltal Mlcrograph
file format is used, the file name extension can reflect that by using a “.dm3” or “.dm4” filename
extension.

Sugges é%@r file naming: file names should indicate the nominal tilt at which they were|acquired.
Fo

NOTE 3  Stack data formats, such as MRC and various binary formats can be used.
Use of data formats with publicly available documentation of the format are recommended.

m) The images acquisition time shall be selected such that about 100 electrons per pixel are collected
in each image of the tilt series.

n) The procedure for individual image acquisition described in ISO 21363 shall be used.
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7 Data alighment and volume reconstruction

7.1 General

This clause covers steps to obtain a 3D reconstruction from collected 2D projected images. One needs
to use a 3D reconstruction algorithm implemented in software. Filtered back projection (FPB) is
described here.

NOTE Alternative reconstruction algorithms, such as simultaneous iterative reconstruction technique
(SIRT), are described in Annex G.

7.2 Procedure

The procedure is as follows:

a) Asuitiable tomography reconstruction software package shall be utilized.
NOTE[l  See AnnexC.

b) The images within the tilt series shall be aligned to eliminate lateral RMS displacement amang
imaggs in the tilt series to less than 1 pixel over the entire tilt range, =90° to +90°. The alignment
can b performed manually or using an automated procedure. The manoparticles themselves ¢an
be utilized as fiducial markers for image alignment.

c) Using|the aligned image tilt series, the 3D volume shall be rec€onstructed using standard filtefed
back projection (FBP) algorithm. A linear ramp filter shalkbe'used for the back-projection step. The
reconstruction shall be performed for example using a suitable package as listed in Annex C.

d) The rgconstructed volume shall be saved as a cube of faw data with X, Y, Z axis and reconstructed
intengity in all three dimensions. For example, a teconstructed volume shall be saved as a volume
of 500 volume pixels x 400 volume pixels x 300-volume pixels, 16 bit per pixel.

NOTE[2 16 bit = 2 byte / pixel results in 0,25-GB uncompressed file for a 500 volume x 500 volume x 300
volumie.

NOTE[3  The use of bit depth higherthan 16 bit is acceptable.

8 Recdnstructed volume evaluation and data analysis

8.1 General
Clause 8 describes hewtto extract data from the reconstructed 3D data cube.

The partifles selected for analysis shall not be clustered and they shall be visibly separated frpm
adjacent particles:

Reliable Sap:\rnfinn of pnrh'r]pc imp]ipc p::lrfir‘]p centre cnpqrnfinn of about 7,'§x their radius in casd of

spherical particlesl14l. When the particles are non-spherical, the distance between particles larger than
the 2,5x radius of the sphere fully enclosing the particles is recommended.

8.2 Identification of nanoparticles and 3D volume
The steps for identification of nanoparticles in the reconstructed 3D volume are as follows.

a) The first step toward extracting particle characteristics is the identification of the particles and
their boundaries. This is achieved by suitable software.[12] All processing shall be performed on the
3D volume. This document does not make use of 2D projections of the 3D volume.

NOTE1 Figure 4 shows the workflow diagram for the steps outlined in 8.2. An open source TomoMi
software can be used to perform the nanoparticle extractionl15],
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The reconstructed 3D data volume shall be loaded in a suitable software. A 3D median filter with
3 pixel x 3 pixel x 3 pixel is applied to the reconstructed volume.

A small cube-shaped box of the volume is selected around each nanoparticle selected for analysis.
The nanoparticle selection is performed manually. The box around the nanoparticle should be about
40 % larger than the nanoparticle itself. Multiple nanoparticles are selected for a reconstructed 3D
data set. Each box with nanoparticle is assigned an identifier number (ID#).

A cube shaped volume about 50 pixel x 50 pixel x 50 pixel should be selected around a spherical

d)

f)
g)

h)

Th

nanoparticle with a 30-pixel diameter.

.3 Thresholding for measurand extraction

e method for local thresholding for detection of nanoparticle boundaries is as follows:

The software shall perform local thresholding limited to the box with each selected nanoparticle.
The thresholding is defined in 8.3. The nanoparticle boundary is thus identified by its bofindary.

The software shall identify the minimum and maximum Feret diameter. The -minimum Feret
diameter F,;, is obtained by finding the minimum distance connecting the-ranoparticle internal
boundary in 3D. The maximum Feret diameter F, ., is obtained by finding thte maximui internal
distance connecting the nanoparticle boundary in 3D.

NOTE2 The F,;, and F,,,, obtained in 3D in general do not agree with\F,;, and F, ., obtain¢d from 2D

projections, as described in ISO 21363.
F

The software shall calculate the Feret diameter ratio as F, max / Fmins

rat —

The software shall extract the nanoparticle volume JA by counting the voxels encloged inside
nanoparticle internal boundary;

The software shall export a CSV file with the following columns:

ID# F._ i, Fopyay Frap Volumell2l,

min * max * rat

a) | Avolume containing an individual nanoparticle shall be selected, see 8.2 c).

b) | A three-dimensional medial filter with 3 pixel diameter shall be applied to the volume ¢ontaining
an individual nanopanticle. All voxels, including those of the nanoparticle itself, shall be ihcluded in
the threshold estimate.

c) | The 3D volume.-obtained in b) shall be binarized (grayscale pixel values converted tp 0 and 1
values.) by applying threshold T obtained as:

T = (Bmin,NP - Bback)Xt + Bback

wheré

t is the parameter that optimizes variations among reconstruction methods such as FBP
and SIRT; t = 0,5 shall be used for volume reconstructed by FBP, see Reference [16] and 8.3,
Note 1;

B hin,npiS the minimum brightness within the nanoparticle;

Bpack is the brightness of the sample background outside the nanoparticle.

© IS0 2021 - All rights reserved 11
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For nanoparticles that appear dark relative to the 3D volume background, as applicable to bright field
TEM data.

T = (Bmax,NP - Bback)Xt + Bback

where B p is the maximum brightness within the nanoparticle.

min,N

For nanoparticles that appear bright relative to the 3D volume background, as applicable to annular
dark field scanning TEM images.

he

threshold|value T shall be assigned 1 (white).

The brightness of background shall be taken as the value of the highest number of background voxel§ in
a histogram of the entire volume including the single nanoparticle, see 8.2 c) and a) above, Thetefore, the
brightnes of background is obtained from all pixels in the volume including pixels of thenanoparticle
itself.

NOTE 1 |Interlaboratory comparison (ILC) data discussed in the annexes were processed using value t = {),5.
See Annex¢s E and F.

NOTE 2  |See Figures 4 and 5.

| Image alignment |

:

| FBP reconstruction |

Y

3D datalead

INowo,

Apply 3 x 33 median filter

Assighi box with NPs

Extract measurands

|
|
|
Apply local threshold |
|
|
|

Export measurands to CSV

|
|
|
|
[\, Extract NP boundary in 3D
[
|
i

l

Measurands
analyzed and
report generated in
external SW

Figure 4 — Flow chart diagram for volume segmentation and extraction of measurands
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F
1 max

F min

Ke

NO

b)

.1 Extracting parameters for eachhwell-separated nano-object

=

y
F i, and F,,,, obtained in 3D

Fi, and F,,,, obtained from 2D projection

TE The concept can be also applied to objects that have non=circular 2D projection.

Expression of results

mary size and shape parameters-may include the following:

Minimum Feret diameter Fjj; .

NOTE1 In this document, parameter evaluation uses the binary 3D volume rather than 3
discussed in ISO 21363,

Maximum Feret diameter F, ..

NOTE 2  InitHis document, parameter evaluation uses the binary 3D volume rather than 3
discussedin-ISO 21363.

Feref¥atio F,.,. = F. .1/ Fin:

NOTE 3  Figure 5 illustrates the difference of F, ,, and F_;, obtained between 2D and 3D.

d)

depicted objectwoutd rave o = - I 3D the same objecttamiave F 7 T

Nano-object volume.

Figure 5 — Concept of 3D segmentation and the difference as compared to 2D segmentation

2D image

2D image

In 2D, the

Nano-object volume is the volume of an individual nano-object in nm?3 and is obtained by summing
the pixels with digital 0 that belong to a particular particle for all binary image slices in which
the particle is detected. The number of the pixels where a particle is detected is then multiplied
by the pixel area in square nanometers and by the slice thickness in nanometers. The process is
repeated for each binary image slice in which a particular particle is detected to obtain particle
volume in each slice where it is detected. The volume values for each slice are then summed to
obtain the entire particle volume. The process is repeated for all well separated particles present in

the reconstructed volume.

© IS0 2021 - All rights reserved

13


https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

ISO/TS 22292:2021(E)

NOTE4  The method described in this document makes no assumption on object symmetry. The measurands
described in 9.1 can be equally applied to nearly spherical nanoparticles as they can be applied to highly non-
symmetrical objects such as rods, prisms and platelets.

9.2 Measurement uncertainty

The relevant documents on measurement uncertainty include but are notlimited to ISO/IEC 17025:2005,
Clause 5, ISO/IEC Guide 98-3 (GUM:1995) and ISO/IEC Guide 99 (VIM). Also, ISO 19749:2021, 10.3.1 as
applicable to assessment of measurement uncertainty, e.g. formulae provided and information on
statistical error and number of samples for size measurements in ISO 19749:2021, 6.6.

NOTE1 |ISO 21363 provides detailed information on measurement uncertainty and sources of error, in|2D
TEM analypis. The information in ISO 21363:2020, 9.4, is relevant to reconstruction imaging in 3D.

NOTE 2  |Theerrors specific to 3D reconstruction and measurement of minimum and maximum Eeret diamdter

and nanoparticle volume are discussed in Reference [15]. Annexes E, F and H in this document destribe particylar
applicatior] examples and provide insight on the sources of errors and their magnitude for a given application

9.3 Sources of errors

The sources of error of the measurand arise from each step of the process;

a) sample that is not representative of the object of interest (9.3.1);
b) acquisition of 2D projected image acquisition (9.3.2);

c) instrument calibration (9.3.3);

d) aligninent of the projected images (9.3.4);

e) reconstruction of the 3D volume (9.3.5);

f) discré¢te representation of the objects (nanoparticles) in 3D (9.3.6);

g) interpretation of the obtained measurands, see 9.3.7;

h) limitdd number of observed objects (nanoparticles) (9.3.8).

9.3.1 Efror arising from sample that is not representative of the object of interest

The methjod described in this,document requires a subset of the studied objects (nanoparticles)| to
be selectdd for detailed afalysis in 3D. A systematic error can arise if the selected nanoparticles are
not repregentative of the large volume population. A sample preparation method shown in Annex A
can redude the likelihood that a subset that is not representative of the large volume is selected. The
sample ngnoparti€les are repeatedly deposited onto a flat carbon film the same way as used for 2D
TEM analysis, s€€ 150 21363. The sample deposited onto thin carbon film can be examined by 2D TEM
analysis ($eedSO 21363) prior to extracting the desired area of the sample for 3D analysis.

NOTE1 ‘“The3Danalysiscan be appiied for exampie to outiiers [dentified by 2D TEM analysis of large number
of nanoparticles. An area of the sample containing large concentration of outliers can be selected based on a 2D
TEM analysis (see ISO 21363) of the sample.

ISO 21363 shall be consulted to ensure use of representative sample for the 2D sample preparation.

NOTE 2  Preparation of sample that is representative of the investigated nanomaterial is discussed in
1SO 21363:2020, 5.2.

9.3.2 Acquisition of 2D projected images

The same concepts apply as described in ISO 21363:2020, Clause 7. Furthermore, the image acquisition
dose should be kept low to avoid radiation damage of the sample during image acquisition. About
100 electrons per pixel per each projected image provides sufficient signal to noise ratio for image
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alignment and 3D volume reconstruction.[13] See Figure 6 illustrating the error in measured and
anticipated volume of a spherical particle. A model of a spherical particle was generated in a computer.
Sixty projected images in 3-degree tilt increment were generated and Gaussian shot noise added to
each of the projected images correspond to number of electrons per pixel indicated on the x abscissa.
The difference between the computer-generated sphere and the reconstructed sphere aspect ratio and
volume is plotted on the y abscissa.l12] The plot suggests that FBP reconstruction of projected images
with about 100 electrons per pixel provides reasonable estimate of Feret diameter ratio and volume of
the particle. The SIRT reconstruction method may tolerate lower signal to noise ratio, but systematically
overestimates aspect ratio, see Annex G.

YT Te Y22* l
1,18 15 L‘ e
®
1,16 e 'y 10
1,14 ®SIRtt=05 H 5
ESIRtt=0,7
A AFBPt=0,5 | —lm
1,12 Ofmg N
A
1,1 SHa A
mm | ®SIRc£H0,7
1,08 ' -10 mSIRE£40,5 [
A A L A AFBP ¢=[0,5
1,06 -15 .
0 200 400 600 800 1000 0 200 400 600 800 | 1000
a) Effect of reconstruction method and b). Error in measured of volume as fupction of
threshold on measured aspect ratio irradiation dose
Key

X | count per pixel
Y1| aspectratio
Y2| error of volume (%)

NOTE The x-abscissa indicates thejhumber of electrons i.e. number of counts per pixel in each of the 60
prajected images collected over 0-degree to 180-degree tilt range. Threshold value calculated using|t = 0,5, see
8.3 is plotted for both FBP and:SIRT reconstruction methods. Additionally, threshold value calculated using
t=[0,7 in 8.3, is also investigatéd for SIRT. a) Measured aspect ratio and b) error in measured volume hs function
of frradiation dose. Dose exceeding about 100 electrons per pixel does not improve precision of the mgasurement
buf can result in additional radiation damage.

Figure 6 — Error arising from limited signal to noise ratio

Bepm-induced nanoparticle movement can lead to images that are impossible to align. Beam current
depsitytat-the sample that does not lead to beam induced movement of the nanoparticlefs shall be
us¢disl,

Sample rod azimuthal tilt within typical values encountered in TEM tomography has limited effect on
the quality of reconstructed volumell1],

NOTE 2  The sampling of objects in projected images intended for electron tomography is lower than that used
for 2D TEM analysis. See 9.3.6.

NOTE3 Beam-induced nanoparticle movement can be detected by comparing the images acquired at 0-degree

sample tilt (start of acquisition) and 180-degree sample tilt (end of acquisition). The beam-induced nanoparticle
movement can be also detected by inability to obtain correct image alignment.
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9.3.3 Instrument calibration

The instrument calibration process for 3D TEM is same as in ISO 21363:2020, 6.2 and 6.3. Therefore,
the same error estimate as in ISO 21363 applies.

9.3.4 Alignment of the projected images

The alignment of the projected images prior to 3D volume reconstruction can be a major source error.
However, using fiducial markers[] or the nanoparticles themselves in-lieu of fiducial markers can
reduce the alignment error to below 1-pixel value.

9.3.5 R

The erro
reconstry
methods
method, S
ratio of Fe

936 D

bconstruction of the 3D volume

" arising from 3D volume reconstruction strongly depends on the methaod’ Used

ction. Here we described limitations applicable to filtered back projection)Alternat
ire discussed in the annexes. See Figure 6 for an illustration of the effect gfjréconstruct
ignal to noise ratio and threshold for nanoparticle segmentation on measured volume 4
ret diametersl1l,

screte representation of the objects (nanoparticles) in 3D

for
ive
on
nd

A nanopalrticle is an object that has continuous boundaries down/to-atomic scale. However, in a

computer
illustrate
obtained

diameter
in Figure

effect of d
and Table
of discret

The desir
investigat]

NOTE 1
of shape ey

NOTE 2
possible to|

a nanoparticle is represented by discrete pixels in threedimensions. Figure 7 and Tabl

p 1

the error arising from discrete representation of a nanoparticle. The values in Table 1 w
py comparing a sphere (aspect ratio F, .,/ F,,;, = 1. with known volume obtained from
n pixels) to discretized version of the sphere. The F};;, and F,,, were obtained as indica
1. The volume was obtained by counting voxels thiat are inside the discretized sphere.[12] T
iscretization does not include the above effect of reconstruction and thresholding. Figur
1 indicate that a nanoparticle should be sampled by about 30 pixels or more to reduce eff]

zation on measured Feret diameter ratio.

bd resolution of the reconstructed 3Dlwolume should be about 1/30 of the size of the small
ed nanoparticles.

Routine resolution of 3D reconstruction in a TEM is approximately (1 nm)3, implying that the precis

Detection of nanoparticles sampled by fewer than 5 pixels can be possible. However, it is not alw
measure shape of.such nanoparticles.

bre
its
ed
he
b 7
ect

est

ion

aluation of nanoparticles less.than ~30 nm in diameter could be limited by the intrinsic resolution of
the method.

hy's
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a) Discretized shape b) Original shape

Figure 7 — Effect of discretization of a continuous nanoparticle

Table 1 — Effect of discretization of a continuous nanoparticle

2021(E)

Sphere original Maximum Feret Minimum Feret Aspect ratio Errpr of
diameter diameter diameter volpme
pixel 0
8 8 7,0 T)15 41
16 16 15,2 1,05 1,7
32 32 31,1 1,03 g,5
64 64 63,6 1,01 g1

s
3
e

The summary measurands describing a nanoparticle; such as Feret diameter ratio and vol

.7 Interpretation of the obtained measurands

ume, may

allpw for statistical evaluation and sample comparison even for a small number of nanjoparticles

typically evaluated by electron tomography, see 9.3.8. However, the description of the nanoy

thd
Vig

NO[TE

im
def

9.3

The finite (limited).%aumber of particles analysed results in error arising from limited

stg
m4
an
50
an
dis

measurands may not fully convey the nanoparticle shape and the shape relevancy to its g
ual inspection of the reconstructed 3D:shape of the nanoparticles is recommended.

In some applications, such asicatalysis, a small fraction of nanoparticles can have a dispj
bact for that application. The 3D reconstruction of outliers identified by 2D TEM (see ISO 2134
ailed study of the outliers.

.8 Limited number of observed objects (nanoparticles)

tistics. Figure 8-illustrates the effect of limited number of analysed particles on minj
ximum Feretdiameter, see a) and b), as well as on Feret ratio, see c). A set of 507 nanopar
hlysed. Consequently, a subset of the 507 nanoparticles with sample size from 10 nanop
/ nanoparticles was processed. The size of the subset is indicated on x abscissa of Figu

article by
roperties.

oportional
3) enables

counting
mum and
ticles was
hrticles to
re 8 a), b)
ion of the

1 c). The measured value of the mean is indicated by red circle and the standard deviat

rapdomly selected from the 507-nanoparticle data set.

tribution is indicated by the size of the error bar for each subset size that is number of nanloparticles

Log-normal distribution is assumed for the symbols (mean) and error bars (standard deviation). For
comparison, mean and standard deviation of the entire set of 507 nanoparticles is indicated in blue
solid (mean) and dashed red (standard deviation) under the assumption that the sample size and Feret
ratio obey normal distribution.
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c) Effect{oflimited numb @ﬁanoparticles ond) Effect of limited number of nanoparticleson

Feret rati volume
Key %9
X  # of particles in@?é’ in subset T log-normal distribution
Y1 subsefof NP %n Feret diameter y and o (nm) ¢ normal distribution

Y2 subset @P : max. Feret diameter y and o (nm) _all NPs mean, normal distribution

1AL

S . 1 ' P e
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NOTE1 The x abscissa indicates the number of randomly selected nanoparticles in a subset. The red symbols
indicate sample mean for the corresponding subset size. The error bar indicates the standard deviation for the
corresponding subset size. Log-normal nanoparticle size. The solid blue line indicates the mean of the entire 410
nanoparticle set assuming that the nanoparticle size obeys normal distribution. The dashed red lines indicate
the standard deviation of the entire set of 410 samples assuming normal distribution of nanoparticle sizes.

NOTE 2  The figure shows the results under the assumption that the particle size obeys lognormal distribution
(in blue) or normal distribution (in red).

a) The effect of limited number of analysed nanoparticles on minimum Feret diameter, F,;,;
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b) The effect of limited number of analysed nanoparticles on measured maximum Feret diameter, F, . ;
c) The effect of limited number of analysed nanoparticles on measured Feret ratio, F;
d) The effect of limited number of analysed nanoparticles on measured particle volume, V.

Figure 8 — Effect of limited number of analysed nanoparticles on measured minimum and
maximum Feret diameter, Feret diameter ratio and volume

1Q Test report

The test report shall include:

a) | Lab identification (location);

b)| Analyst name and contact information;

c) | Identification of the nanomaterial analysed;

d)| Date the data was collected and date the data was processed;

e) | Sample preparation;

f) | Data acquisition parameters (instrument parameters, see"Table D.1);
g)| Data analysis method/software;

h) | Sample property evaluation (example provided in Table 2);

i) | Reconstructed volume raw data (e.g. 500Zvolume pixel x 400 volume pixel x 300 volyume pixel,
signed 16 bit per pixel little endian encoding is recommended;

NOTE For example, TomoMi software is designed to load signed 16-bit little-endian 3D data $ets.

j) | The particle minimum and maximum Feret diameters evaluated in all three dimension§ along all
possible directions.

The evaluation of Feret'diameter only along X, Y and Z axis or in slice images along only thfee planes
can lead to incorreet\measurement of Feret diameter. The Feret diameter shall be evalujted along
all possible directiens in 3D.

k) | Non-sphericitfy)of the particle taken as the ratio of the minimum and maximum Feretl diameter
evaluated fall three dimensions.

1) | Nanaoparticle volume in cubic nm.

m)| LoOecation of original projected images, 16-bit uncompressed TIFF or Digital Micrograph format
(DM3). When raw data are used, 16-bit signed little endian is recommended. Three-dimensional
data stack formats such as MRC and various binary formats can be used.

n) Note any differences from the described protocol.
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Table 2 — Nanoparticle measurement results

Date data col- YYYY-MM-DD Date data YYYY-MM-DD
lected processed
Particle # | Minimum Feret | Maximum Feret Aspect ratio Volume Surface area
diameter F ., diameter F_;;;, |R=F.x/ Frmin nm3 nm?2
nm nm

[¢.1dd rows
as need-
ed]
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Annex A
(informative)

Sample preparation

:2021(E)

A.f—General

Thijis annex describes the steps that can be taken to process a sample from bulk to a form t}
exgamined by electron tomography. In all methods described here, the resulting sample, i$ rod

NO[TE Rod composition has little effect on the measured results. It is important fer the contrast
befween studied material and sample rod to be high. Additionally, it is important that the compos
support rod is uniform to avoid spurious contrast for the rod affecting the 3D results[12].
Rogd-shaped sample preparation steps are described for:

a) | nanoparticles suspended in liquid;

b) | nanocomposites and nanoparticles embedded in a matrix:

A.p Nanoparticles suspended in liquid

A.2.1 General

Thiis subclause provides information on how to-prepare samples from nano-objects (e.g. nan
napocubes, nanorods) suspended in a liquid (e.g. water or alcohol) by deposition onto a c3
saple rod. It is applicable to nano-object suspensions for which the nano-objects readily
catboneous sample rod.

A.2.2 Carbon rod fabrication-in a FIB

A darbonrod 100 nm to 250 nm in diameter can be prepared by FIB induced deposition from c:
précursor.

NOTE1  The carbonrods can be mass produced by lithography methods.

NOTE 2  The rod*diameter is determined by the incident electron energy, intended electron ener
nafjure of the sample, such as particle size and atomic number. See 4.2 and Reference [15].

The carbonr'rod for nanoparticle deposition can be fabricated under the example conditions
hete. The rod is fabricated using a Gallium ion beam. Focused electron beam in a scannin

hat can be
-shaped.

difference
tion of the

bparticles,
\rboneous
adhere to

\rboneous

oy and the

described
b electron

mifroscope (SEM) or other types of focused ion beam may be also used, but the deposition r4

te may be

low.

The carbon rod shall be fabricated as follows:

a) A square carbon area about 3 um x 3 pum is deposited onto the sample by scanning the Ga ion
beam on the substrate in the presence of a suitable carbon precursor, such as phenanthrene or
naphthalene. The acceleration energy of the Ga ions is between 10 kV and 40 kV. A beam with sub

10 nm diameter should be used.

b) After a suitable thickness of carbon is deposited the flow of carbon precursor is terminated and
beam is blanked. The carbon film thickness shall be same or larger than the desired length of the

carbon rod.

© IS0 2021 - All rights reserved
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c¢) The deposited carbon 3 pm x 3 um area is then fabricated by milling probe into a rod of desired

diameter. See 4.2 discussing the choice of rod diameter.

NOTE3  An example set of parameters: deposited area 3 pm x 3 um, Ga ion probe current 0,07 nA and 40
ion beam acceleration used in a dual beam instrument.

A.2.3 Suspension deposited onto prefabricated rod

The procedure is as follows:

a)

b)

d)

The sample preparation is shown in Figure A.1.

22

kv

The nano-object suspension concentration can be adjusted by evaporating the liguid component

of thg suspension or diluting the liquid component to obtain a sufficient number of nano-obje
depodited onto a rod. The number of nanoparticles to be deposited depends on the rod diame
the sife of nanoparticles and the desired statistic of the measured parameters.

NOTE[l  For example, the native volume of NIST reference material 8012[12] containing30.hm diame
Au napoparticles was decreased by evaporating 90 % of the solvent by heating vial with,the suspens
to 50 PC on a hot plate in laboratory air. The suspension with increased concentration/ivas then used
subsequent steps of sample preparation described below. The concentration shouldbé.adjusted based on
evaludtion of number of nanoparticles present on a rod using SEM imaging[121.

A 5 ul drop of the concentrated suspension shall be deposited on the’carboneous rod usin
micrdpipette. Excess suspension shall be removed by using the samemticropipette after 1 s to 3

The dample should be allowed to dry overnight in laboratofy)air. The drying time has to
adjusted depending on parameters such as the nature of the selvent, the laboratory humidity 4
tempégrature. Alternatively, a desiccator or a vacuum oveny'can be also utilized to decrease
drying time if the nanoparticles are not damaged by an elevated temperature or fast drying.

NOTE[2  The objective of this step is to ensure that the solvent is removed, and nanoparticles are
attachled to the carbon rod. Inspection in an SEM or@dn an optical microscope may be used to assess
presetce of a solvent.

After|drying, the sample rod with depesited nano-objects can be examined in an SEM. T

cts
er,

ter
ion

an

Vi Uy

be
nd
he

vell
the

he

depodition of suspension followed by SEM-6r TEM inspection can be repeated on the same rod until

enough nano-objects are present on the carboneous rod. The number of nanoparticles attached
the rdd depends on many parameters; such as their surface treatment and the nature of the solveg
Therdfore, the number of deposition steps and the concentration of nanoparticles in the solv
must pe determined by observation of the sample in a TEM or SEM.

The deposition and dryifig-Cycle can be repeated 3 times to 10 times. The number of cycles sh
be defided iterativelyafter examining the number of nanoparticles already present on the rod.
estimpte the numbér of nanoparticles already present on the rod the sample shall be examined
2D THM or SEM imaging.

to
nt.
PNt

all
To

by
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NOTE 2  Alternative sample preparation methods ake described in References [1] and [9].

A.2.4 Suspension deposited onto silicon wafer

Th
na
as

Th
a)

b)

©lI
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1 2 4 5
3

T\ VR

N N

— —~
7

carbon rod prepared in FIB
nanoparticles deposited

liquid suspension of liquid nanoparticles
samples prepared for TEM

TEM observation

dry

carbon rod

TE1 The above described method was published in Reference [17];

Figure A:1 — Sample preparation

fis section provides infornfation on how to prepare samples of nano-objects (e.g. nangparticles,
hocubes, nanorods and panocrystals) suspended in a liquid (e.g. water or alcohol) by depodition onto
jlicon wafer. A rod-shaped sample is then fabricated by a FIB.

ke rod can be fabricated as follows.

A suspensionof the nano-object sample in a suitable liquid can be deposited using a pipette onto
a silicon Wyafer. Care must be taken to ensure the concentration of nano-objects in the sjispension
is suchithat the deposit on the wafer has sufficient number of nano-objects within|{~100 nm
diameter. At the same time, the concentration of the nano-objects in the suspensions [should be
stich' that the nano-objects are well separated. The number of nano-objects can be estimgated using
seanning electron microscope images. The number of nano-objects per area, can he linspected
by SEM to estimate the number and separation of the nano-objects on the substrate and the
suitability of the deposited sample for sample rod fabrication. If the number of objects per area
is too low, a subsequent deposition can be applied or a new suspension with higher concentration
of nanoparticles can be prepared and deposited. If the number of objects per unit area is too high,
the concentration of nanoparticles in the suspension can be decreased and suspension should be
applied to a new silicon wafer.

The wafer with the sample drop is allowed to dry overnight. The drying time should be adjusted
depending on parameters such as the nature of the solvent, the laboratory humidity and
temperature. Alternatively, a desiccator or a vacuum oven can be also utilized to decrease the
drying time if the nanoparticles are not damaged by an elevated temperature or fast drying. The
sample can be prepared in multiple steps, for example by depositing a drop of the nano-objects
suspension, then depositing a separation layer to ensure nano-objects are well separated, and then
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depositing another drop of nano-object suspension. The liquid component of the suspension can be
such that it embeds the nano-objects upon drying. For example, nanoparticles in epoxy resin can be
prepared in this manner.

c) After a sufficient amount of nano-object suspension is deposited onto a silicon wafer and has
dried, a protective layer should be deposited to cover the nano-objects on the silicon wafer. For
example, an electron beam or a FIB-beam induced deposition of carbon can be utilized to create
such protective layer. Alternatively, a carbon layer deposited by sputtering in vacuum or electron
beam or thermal evaporation can be used as a protective layer.

When-the B-induced carbon depositi sa-ion-beam current should be as low as
possible. The electron beam ind n can be utilized for an initial carbon tayer
depodition

d) Folloying the protective layer deposition, a focused ion beam can be used to fabricated rod-shaped

sample containing the deposited nano-objects. The diameter of the rod-shaped sample shall|be
bre than 1 inelastic mean free path for the electron energy used for imaging in the TEM. For
example, for low atomic number objects the maximum rod diameter is about-200 nm at 200 [kV
incidgnt electron energy in the TEM. The rod diameter can be increased with increasing incident
energly and can be decreased with decreasing incident electron energy in the TEM for nano-objerts
and embedding materials that contain high atomic number elements.

e) The fabricated sample rod can be transferred to the TEM sample‘holder using standard pluck put
FIB sgmple preparation methods.

A set of fiiducial markers can be fabricated on the protectiverlayer section of the sample rod. $ee
Figure A.4 that shows nanoparticles deposited on a silicon wafer!13],

a) Projected TEM image of TiOx nanoparticles b) Slice image extracted from the reconstruct-
within a sample rod for electron tomography ed volume of the same sample

Key

1 carbon protective layer with fiducial markers
2 TiOx nanoparticles

3 silicon substrate

NOTE1 The sample was prepared by depositing suspension onto a Si wafer followed by carbon deposition in
Figure A.1, a).
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NOTE 2  The nanoparticles overlap in a) but can be identified in b).

Figure A.2 — FIB sample preparation from nanoparticles dropped in Si, including fabrication of

A.

A.

Thlis subclause is applicable to preparation of samples of nano-objects embedded in am

fiducial markers

3 Nanocomposites and nanoparticles embedded in matrix

3.1 General

atrix. The

mdtrix and the embedded nano-objects must be sufficiently stable under electronand fgcused ion

be

Thie methods described are:

a)

b)

Thle method is described as:

d)

f)

g)

h)

©lI

.3.2 Multilayer sample deposited onto carbon coated TEM sample support grid

hm irradiation.

multilayer samples of nano-objects deposited onto a carbon coated TEM-sample support grid, as an
alternative to samples described in A.2 (A.3.1);

an example for catalyst nanoparticles embedded in a support matérial such as carbon blagk (A.3.2);

nanoparticles embedded in a polymer matrix (A.3.2).

A suspension of nano-objects, such as nanoparticles, can be deposited onto a carbon-cqated TEM
grid. The suspension should be dropped onte the carbon grid using a micropipette.

A thin carbon film can be vacuum evaperated or sputtered in a vacuum deposition systein onto the
TEM sample grid with carbon film.and' with the deposited nano-objects.

The areal concentration of nano-pbjects that are present on the carbon film can be inspefted using
an SEM. SEM images can be acquired in either secondary electron or transmitted electroh modes.

Steps a) to c) can be repeated until desired areal density of nano-objects is achieved. The overall
thickness of the multilayer nano-object / carbon film sample should not exceed 30{ nm. For
example, 10 layers.of 30 nm diameter gold nanoparticles separated by 5 nm thick cdrbon film
deposited onto-aTEM sample support grid with a 10 nm carbon film may result in a sgmple that
contains 20 sranoparticles to 50 nanoparticles within an area 1,000 nm long, 300 nm|wide and
300 nm thick."Note that the number of nano-objects per unit area may not be uniform across the
sample,-Quly limited number of areas with desired areal density of nano-objects may exipt.

Area,with desired areal density of nano-objects is identified using electron beam in a ¢lual beam
(FIB/SEM) instrument or using ion beam in a FIB instrument.

The area that is deemed to contain desired areal number of nano-objects is cut by FIB on three
sides leaving only one side connected to the rest of the sample. The sample is oriented such that the
remaining (fourth) side can be cut off without interference with the FIB microsampling needle, see
Figure A.3.

The FIB microsampling probe should be placed onto the area of interest and the microsampling
probe should be bonded to the carbon composite film with nano-objects. The remaining side of the
sampled area should be cut off and the sample can be transferred onto a TEM support stub.

The sample can be cut and polished by FIB to dimensions that should not exceed rod diameter
described in 4.2 in the direction perpendicular to the tilt axis.

S0 2021 - All rights reserved 25


https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

ISO/TS 22292:2021(E)

a) Carbon multilayer embedded Au NPs on a TEM grid

\II\-III\l_I'\ . P s e [
5.00um 35000 5.0kV 5.0mm x7 S )1 f2017 11:18 5.00um

10.0um

d] Placement onto@lple needle e) Example TEM image

NOTE1 |Figure A.3, @ows a TEM grid square with carbon film-supported multilayer of 30 nm |Au
nanopartidles embed in sputtered carbon layers. Ten layers Au and carbon each were deposited in fhe
example sjown. Th romaniplator needle is attached to the desired area of the carbon film. The sample is fcut
by FIB Ga Beam s the sample can be extracted.

NOTE 2 IE'ESY;eS A.3,b), ¢) and d), the sample area attached to micromanipulator in a) is placed onto a TEM
support pin transferinto a TEM

NOTE3  Figure A.3, e) shows an example image extracted from TEM tilt series showing Au nanoparticles
(dark) embedded in carbon film (brighter) sample rod with rectangular cross section. The sample is surrounded
by vacuum (bright areas around the sample)[21l,

Figure A.3 — Microsampling images from a sample of nanoparticle-carbon multilayer
deposited on a TEM grid
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A.3.3 Catalyst nanoparticles embedded in a support material and nano-objects
embedded in a polymer matrix

Sample can be prepared by established microsampling method. A bulk sample can be placed in a focused
ion beam and a desired area of the sample can be cut out and placed onto microsampling probe. The
sample can be transferred from the microsampling probe onto a TEM holder by established method of
choice. The sample can be polished by ion beam in FIB so that it does not exceed the rod diameter in the
direction perpendicular to the tilt axis as described below.

NOTE1 See Reference [10] for example.

NOTE 2  lon beam in FIB can result in organic material shrinkage. Extremely low beam current can|reduce the
beam induced shrinkage.
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Annex B
(informative)

STEM set up

B.1 Gemerat

This subdlause provides guidance on STEM instrumentation set up for data acquisition. Wihile the
parametefs that are adjusted are often the same as for TEM, preferred parameter values mright difffer
between TEM and STEM modes.

The critical set up parameters for STEM data acquisition are:

a) acceldration voltage (B.2);

b) convergence semi-angle of the incident probe (B.3);
c) colleqgtion semi-angle of the detectors (B.4);

d) pixel flwell time (B.5);

e) number of pixels and pixel size (B.6).

B.2 Acqeleration voltage
The accel¢ration voltage should be selected as described in 4.2 on sample thickness. Typically, 300 [kV
or 200 kV|should be used.

B.3 Convergence semi-angle of the incident probe

The convgrgence semi-angle alpha~of the probe should be chosen so that the geometrical prabe
broadenirjg within the sample thickness is less than the desired resolution.[13] For example, to collpct
data from|a diameter rod D = 100 nm at a desired resolution p = 1 nm the probe convergence semi—ar}fle

must not ¢xceed alpha = arcsin (D / p) = arcsin (1 nm / 100 nm) = 10 milli radians. To reduce the effpct
of limited|accuracy of foclsing of the sample, it is typically desirable to reduce the probe convergence
angle further.13] An apgrture placed above the probe forming objective lens can be used to limit the
convergerjce semi-angle. Alternatively, the optics of the condenser lens system can be adjusted to obthin
small conyergence‘seémi-angle at the sample plane.

The prob¢ should be positioned on an amorphous region of the sample at the same sample height
along the|beam path as the sample (such as at the tip of the sample rod). The probe stigmatism gnd
focus is then adjusted for example using the Ronchigram method.[®l An additional consideration for
probe convergence angle is that the convergence angle can be selected such that the effect of the probe
forming objective lens aberrations is minimized. The selected angle limiting aperture size should be
such that only flat region of the Ronchigram is included [©],

NOTE1 For most modern instruments for the convergence angles of interest for electron tomography the lens
aberrations are excluded by the requirement for limited geometrical probe broadening.

NOTE 2  Alignment methods other than Ronchigram are acceptable providing that adequate image quality is
obtained.
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B.4 Collection semi-angle of the detectors

The collection semi-angle theta should be selected such that the effect of diffraction contrast is
minimized while collection efficiency is maximized. In practise, the collection angle theta is adjusted by
changing the excitation of the lens directly above the signal collecting detector.

B.5 Pixel dwell time and pixel size

The data should be collected with pixel dwell time selected such that the effect of sample drift over the
en tire lmagn :\r‘nnlmhnh is less than the desired resolution. If the c1rrh:1| to-noise ratio is 1 wer than
degired for data reconstruction, multiple images may be collected at each tilt.[12] Collecting multiple
impges at each tilt may be beneficial in 3D imaging of objects where the measurand estinrate dlepends on
signal to noise ratio of the collected data. An extrapolation to noise free data set can be-then| obtained.
[12] An alternative to adjusting the pixel dwell time is the adjustment of the microscepe beam|current.

B.p Number of pixels

The requirements on pixel size and image size in number of pixels afe)the same as for copventional
TEM. See 5.1.6.
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Annex C
(normative)

Tomography reconstruction and visualization software packages

C.1 Valjdationm of reconstruction software packages and algortthimms ]
C.1.1 General

There ar¢ many software packages for reconstruction of the 3D volume from the-projected 2D
images. Spme of the packages include provision for 2D image alignment, while others’assume that
already aligned 2D projected images are provided as an input for the reconstruction'process. Varigus
reconstruction methods, filters and other parameters may be implemented.

This anngx provides information on how to evaluate differences arising from-the use of a particullar
software package as compared to FBP with linear ramp filter as implemented in the normative asppct
of the docment.

NOTE In-house software by Dr. Hayashida, TEMography.com and IMOB./have been applied in this documeént.
For other methods, see C.2.

C.1.2 V3lidation of a reconstruction software package

The validption of a software package should be done‘at least once before it is put to use for [3D
reconstruiction of nano-objects. The following steps should be taken.

a) A 3D polume with an ideal sphere should bé generated in a computer. Sphere diameters listed in
Table|1 should be used.

b) A set|of 60 projected 2D images with”3-degree tilt step over the 0 to 180 tilt range should|be
generpted. Noise should not be added to the images.

c) Alignment of the 2D projecteéd images should be verified, but lateral displacement of compulter
generpted 2D projected images is expected to be negligible.

d) The t¢sted software paekage should be used to reconstruct the 3D volume.
e) The reconstructed«wolume should be compared to the original computer-generated volume.
f) The efrors shewld be compared to those in Table 1.

g) The errors should be noted in the measurement protocol and suitability of the software packjge
determined.

NOTE1 Aslisted in C.2, the TomoMi software does not provide alignment or reconstruction capabilities. It is
solely intended to extract measurands from the reconstructed 3D volume.

NOTE 2  Itis often convenient to save 3D data cube after reconstruction as 16-bit signed little-endian encoding.
TomoMj, as listed in C.2, is tested to read signed 16-bit little endian data.

To generate 3D reconstructed volume suitable for measurand extraction by TomoMi, software packages
for tomography reconstruction and visualization include, but are not limited to, those listed in C.2.
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C.2 List of reconstruction software packages

C.2.1 Data acquisition packages

Data acquisition packages include, but are not limited to the following:

a)
b)

‘)

TEMography.com: http://temography.com/;
Hitachi EMIP;

SerialEM: http://bio3d.colorado.edu/SerialEM/:

d)

NO

C.7

Alignment, reconstruction and interpretation packages include, but are natlimited to the foll

a)
b)
‘)
d)
e)

)

g)
h)
i)
NO

Amira-Avizo: https://www.fei.com/software/avizo/?LangType=2052.

TE Package a) has been extensively used to reconstruct data for this document.

.2 Alignment, reconstruction and interpretation packages

IMOD: https://bio3d.colorado.edu/imod/;

Image]: https://imagej.nih.gov/ij/ ... general image proceSsing tool;
TEMography.com: http://temography.com/;

Inspect3D: https://www.thermofisher.com/us/éti/home/electron-microsco roducts

-em-3d-vis/inspect-3d-software.html

Tomo]: https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-8-288;

owing:

/software

Matlab TIGRE: https://www.mathworks.com/matlabcentral/fileexchange/58042-tigre

-tomographic-iterative-gpu-based-recenstruction-toolbox;

Matlab tomobox: https://www.mathworks.com/matlabcentral/fileexchange/28496-tom

bbox;

Hitachi EMIP;

TOMViz: https://tomvizorg/.

TE Field experienece\with packages a) and d) have been positive.

©lI

S0 2021 - All rights reserved

31


http://temography.com/
http://bio3d.colorado.edu/SerialEM/
https://www.fei.com/software/avizo/?LangType=2052
https://bio3d.colorado.edu/imod/
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-8-288
https://imagej.nih.gov/ij/
http://temography.com/
https://www.mathworks.com/matlabcentral/fileexchange/58042-tigre-tomographic-iterative-gpu-based-reconstruction-toolbox
https://www.mathworks.com/matlabcentral/fileexchange/58042-tigre-tomographic-iterative-gpu-based-reconstruction-toolbox
https://www.mathworks.com/matlabcentral/fileexchange/28496-tomobox
https://tomviz.org/
https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

ISO/TS 22292:2021(E)

Annex D
(informative)

Microscope data collection parameters

The microscope and data collection parameters in Table D.1 should be recorded in same or similar
format anfi’should be included 1n the test report.

Table D.1 — Microscope and data collection parameters to be recorded

Date data collected YYYY-MM:DD
Date data processed YYYY-MM-DD
S3ample description

Item # |Description Value

1 Mjcroscope manufacturer and model

2 Agceleration voltage used [kV]

3 Objective polepiece type (e.g. high res, cryo) and point resolution of the anicroscope
(elg. 0,2 nm)

Cgllection angle or objective aperture used (e.g. 100 mrad or objective‘aperture #1)

[lJumination probe used (e.g. spot size and alpha - nominal information
is|sufficient)

6 Cdmera pixel size [nm/pix]

7 Cdmera size in pixels (such as 2 048 pixel x 2 048 pixel)

8 Cqmera sensitivity in counts per incident electron [counts/e]

9 Cdmera manufacturer and model (e.g. Gatan, Ultrascan 1000, model 892)

10 Mjcroscope nominal magnification in [kx] (e@©,30 kx)

11 Exposure time for individual images in seconds (e.g. 1s per image)

12 Tilt angle increments in [degrees] (efg. 3°)

13 Tqtal number of images (e.g. 62, 60images at 3° are sufficient, additional images allow
toinspect damage by compariSon of 1st and last images)

14 Tilt range in degrees (e.g.£90°to +90°)

15 Miicroscope calibration method

16 Inhage alignment and software (e.g. manual alignment, IMOD 4.9)

17 V¢lume reconstrtiction method and software

(elg. filtered back projection, linear ramp filter, IMOD 4.9)

18 Mpx. andmin. Feret diameter evaluation method

(elgCmanual in visualized volume using IMOD 4.9 for volume visualization)

19 Nanoparticle volume evaluation method
(e.g. thresholding and volume pixel counting in IMOD 4.9 or slice area sum multiplied
by slice thickness)

20 Number of particles evaluated (e.g. 25)

21 Differences between the protocol and the actual experiment
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Annex E
(informative)

Case study: Metal nanoparticle, ILC results

:2021(E)

E.
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Sample preparation and use
e purpose of ILC is to evaluate repeatability and reproducibility of the normative-Steps
ee instrument manufacturers were used. Three instruments were operated 'at 300 kV
truments were operated at 200 kV. The raw data and reconstructed volume were then se

the statistical analysis of the data.

e investigated samples were gold nanoparticles with 30 nm¢nerinal diameter suspe

in 1,5.

A fotal of 13 different samples or sample regions wereprepared, each nanoparticle examin

twi
30
lal
at

nanoparticles. The samples were examined at<200 kV in three laboratories and at 300

rwo different laboratories A to F. A total of siX different instrument models were used. All

collected in TEM mode. Results from one laboratory had 15° missing wedge data collected at

E.2 ILC example results

Fid
Fe
thg
35
m6
ea

F,

min’
Feret ratio F,, and volume V. The x abscissa identifies the data set (1 to

ure E.1 shows result of one-way analysis of variance for minimum Feret diameter

ret diameter F,,,

dian value, the dashed whiskers indicated the extreme values and the plus sign indicates
th data set.

"ein, see Figure 1. Six laboratories were involved in the ILC. Laboratory A prepared the
hlysed each sample before shipping to participating laboratories B to F. Six instrument md

compile and perform statistical analysis. See SO 21363:2020, 9.2, and Reference [19] for in

hid (Sigma Aldrich 741,973). A carbon rod 200 nm to 350 nm €poss section was prepared
Itilayer composite method, A.3.1. The cross section of the-rdd had a ratio of long to shor]

ice, resulting in 29 data sets containing 410 measurements. Each data set has betwes

y abscissa describes the properties of the data set. The bottom and top of the blue box for ¢
data sets represents.the 25th and 75th percentile, the red line in the centre of the box ind

described
b samples,
dels from
and three
ht to lab A
formation

nded in a
using the
t axis less

bd at least
bn 10 and
kV in two

oratories. Three instrument manufacturers-tools were used, each manufacturer instrument used

data were
200 kV.

maximum
35) while
ach of the
icates the
butliers in

©lI

S0 2021 - All rights reserved

33


https://standardsiso.com/api/?name=edcb0631b1dabe089d7b598313c382c7

	Foreword
	Introduction
	1 Scope
	2 Normative references
	3 Terms and definitions
	3.1 Nanotechnology-related terms
	3.2 Instrument-related terms
	3.3 Measurement-related terms

	4 Sample considerations
	4.1 General
	4.2 Choice of sample rod diameter

	5 Instrument factors
	5.1 Microscope set up
	5.1.1 General
	5.1.2 Acceleration voltage
	5.1.3 Convergence semi-angle
	5.1.4 Collection angle
	5.1.5 Microscope magnification
	5.1.6 Number of pixels of the detector
	5.1.7 Image acquisition time

	5.2 Microscope calibration

	6 Image capture (data acquisition)
	6.1 General
	6.2 Procedure

	7 Data alignment and volume reconstruction
	7.1 General
	7.2 Procedure

	8 Reconstructed volume evaluation and data analysis
	8.1 General
	8.2 Identification of nanoparticles and 3D volume
	8.3 Thresholding for measurand extraction

	9 Expression of results
	9.1 Extracting parameters for each well-separated nano-object
	9.2 Measurement uncertainty
	9.3 Sources of errors
	9.3.1 Error arising from sample that is not representative of the object of interest
	9.3.2 Acquisition of 2D projected images
	9.3.3 Instrument calibration
	9.3.4 Alignment of the projected images
	9.3.5 Reconstruction of the 3D volume
	9.3.6 Discrete representation of the objects (nanoparticles) in 3D
	9.3.7 Interpretation of the obtained measurands
	9.3.8 Limited number of observed objects (nanoparticles)


	10 Test report
	Annex A (informative)  Sample preparation
	Annex B (informative)  STEM set up
	Annex C (normative)  Tomography reconstruction and visualization software packages
	Annex D (informative)  Microscope data collection parameters
	Annex E (informative)  Case study: Metal nanoparticle, ILC results
	Annex F (informative)  Case study — Organic nanoparticles — Sample preparation and use
	Annex G (informative)  Particle distortions arising from FBP and SIRT reconstruction methods
	Annex H (informative)  Uncertainty budget
	Bibliography

