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Foreword

2019(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
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Introduction

Graphene is a single layer of carbon atoms with each atom bound to three neighbours in a honeycomb
structurelll. Since its discovery in 2004[2], graphene has become one of the most attractive materials
in application research and device industry due to its supreme material properties such as mechanical
strength, stiffness and elasticity, high electrical and thermal conductivity, optical transparency, etc. Itis
expected that applications of graphene could replace many of current device development technology in
flexible touch panel, organic light emitting diode (OLED), solar cell, supercapacitor, and electromagnetic
shielding. To gain deeper understanding of the material properties and to find the ways of mass
producin with—fire L,lua}it_y, mmuchresearchon 1248 aphcuc:, atrd-simitar l_y o tetated—two-dimensional
(2D) matgrials is being done in universities, research institutes, and laboratories around the,glope.
However, [to lead these revolutionary materials to full commercialization, it is essentially démanded
that charpcterization and measurement techniques for important material properties need to [be
standardifzed and globally recognized. In this document, characterization and measuremefittechniques
for particular properties of graphene and related 2D materials which need to be standardized jre
organized in a form of a matrix. The matrix could serve as an initial guide for developing the necessary
internatignal standards in characterization and measurements of graphene and related 2D materials.
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TECHNICAL REPORT

ISO/TR 19733:2019(E)

Nanotechnologies — Matrix of properties and
measurement techniques for graphene and related two-
dimensional (2D) materials

1 _Scope

Thiis document provides a matrix which links key properties of graphene and related two*dijnensional
(2D) materials to commercially available measurement techniques. The matrix includés-megsurement
tedhniques to characterize chemical, physical, electrical, optical, thermal and mechahical prdperties of
graphene and related 2D materials.

2 | Normative references

Thie following documents are referred to in the text in such a waycthdt some or all of thejir content
constitutes requirements of this document. For dated references; only the edition cited applies. For
undated references, the latest edition of the referenced document‘\{including any amendment§) applies.
ISQ/TS 80004-13, Nanotechnologies — Vocabulary — Par¢)I3: Graphene and related two-dimensional
(2D) materials

3 | Terms and definitions, symbols and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the “terms and definitions given in ISO/TS 80004-18 and the
following apply.

IS¢ and IEC maintain terminological databases for use in standardization at the following addiresses:
—| ISO Online browsing platform: available at https://www.iso.org/obp

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

311

graphene

sirlgle layer of earbon atoms with each atom bound to three neighbours in a honeycomb strudture

Note 1 to éntry: It is an important building block of many carbon nano-objects.

Nofe 2, to entry: As graphene is a single layer, it is also sometimes called monolayer graphene or fingle-layer
grf thllb ﬂlld abbn \,v;at\,d ao 1LC tU d;ot;nnsu;oh ;t lcl VIl b;}a_yul sl ayh\,xn., (ZLG) aud fbVV ]laybl \/d 61 Cl}ll ene (FLG)-

Note 3 to entry: Graphene has edges and can have defects and grain boundaries where the bonding is disrupted.

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.1]
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3.1.2

two-dimensional material
2D material

material, consisting of one or several layers with the atoms in each layer strongly bonded to neighbouring
atoms in the same layer, which has one dimension, its thickness, in the nanoscale or smaller, and the

other two

dimensions generally at larger scales

Note 1 to entry: The number of layers when a two-dimensional material becomes a bulk material varies depending
on both the material being measured and its properties. In the case of graphene layers, it is a two dimensional
material up to 10 layers thick for electrical measurementsl[31[4], beyond which the electrical properties of the

material a

enotdistinct from those for the bulk (q]cn known as grqphifp)

Note 2 to e
Note 3to e
Note 4 to e
[SOURCE:

Note 5 to
graphene d
showing pi
nitride (hB
assemblieg

3.1.3
graphene
GO

chemicall
oxidative

Note 1to e
C/0 atomig

[SOURCE:

3.14
reduced §
rGo

reduced oxygen content form of graphene oxide

Note 1 to
microbial/|

Note 2 to {
some oxyg
Different 1]
reduced g

htry: Interlayer bonding is distinct from and weaker than intralayer bonding.
htry: Each layer may contain more than one element.

htry: A two-dimensional material can be a nanoplate.

[SO/TS 80004-13:2017, 3.1.1.1]

entry: The related 2D materials in this document refer to the graphene £derived materials such
xide and reduced graphene oxide and other 2D materials with a structur&similar to that of graph
omising properties including but not limited to monolayer and few-layer versions of hexagonal bo

N), molybdenum disulphide (MoS3), tungsten diselenide (WSe3), silicene and germanene and laye
of mixtures of these materials.

oxide

y modified graphene prepared by oxidation and exfoliation of graphite, causing extens
modification of the basal plane

ntry: Graphene oxide is a single-layer material with a high oxygen content, typically characterized
ratios of approximately 2,0 depending on the method of synthesis.

ISO/TS 80004-13:2017, 3.1.2.13}

sraphene oxide

entry: This can_be)produced by chemical, thermal, microwave, photo-chemical, photo-thermal
bacterial methods or by exfoliating reduced graphite oxide.

bn contaihing functional groups will remain and not all sp3 bonds will return back to sp2 configurati
educing-agents will lead to different carbon to oxygen ratios and different chemical compositions
aphene oxide.

ntry: If graphene oxide was fully reduced then graphene would be the product, however in practji

as
bne
on
red

ve

by

or

Note 3 to entry: It can take the form of several morphological variations such as platelets and worm-like

structures

[SOURCE:

ISO/TS 80004-13:2017, 3.1.2.14]

3.2 Symbols and abbreviated terms

AFM
BET
EDS

atomic force microscopy
Brunauer, Emmet and Teller method

energy-dispersive spectroscopy

© ISO 2019 - All rights reserved
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EPMA electron probe X-ray microanalysis

ESR electron spin resonance

FT-IR fourier transform infrared spectroscopy

ICP-MS inductively coupled plasma - mass spectrometry

KPFM kelvin probe force microscopy

LE ]\/l ](\"A'Y ﬂ“ﬂ}"g}Y ﬂlﬂ(‘f?‘f\“ mif‘rncr‘np}r

SE scanning electron microscopy

SIMS secondary-ion mass spectrometry

SK|PM scanning kelvin probe microscopy

ST scanning tunnelling microscopy

T transmission electron microscopy

TGA thermogravimetric analysis

UBS ultraviolet photoelectron'microscopy

UV-VIS-NIR SPECTROSCOPY ultraviolet, visible,medr infrared spectroscopy

WDS wavelength-dispersive spectroscopy

XRD X-ray diffrdetion

XPiS X-rayphotoelectron spectroscopy

4 | Matrix of properties and.measurement techniques for graphene and reflated
2I) materials

Table 1 is a matrix that links the key properties of graphene and related two-dimensional (2D)|materials
to [commercially available ‘measurement techniques. The matrix includes measurement techniques to
characterize chemical)physical, electrical, optical, thermal and mechanical properties of|graphene
anfl related 2D materpials. There are many other techniques that are being used to study graphene and
related 2D materials but here we include only those that are widely used and widely compmercially
available.

Some of techniques in the matrix may not be suitable to all forms of graphene and related 2D|materials
buf cat be applied only to a certain form, such as in sheets, powder, or dispersion. It is also possible to
produce different measurement results using these techniques depending on the synthesizing methods
of graphene and related 2D materials to be characterized, such as chemical vapour deposition (CVD),

mechanical exfoliation, or others. The appropriate forms, synthesizing method and sample preparation
of graphene or related 2D materials that each technique is applicable to will be specified in individual
standards to be developed in future in accordance with this document.

©lI
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Table 1 — Matrix of properties and measurement techniques for graphene and related 2D
materials

| uv-visNIR Spectroscopy

Ol SR EPR)
Combustion

O
| |
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The propq r@and measurands are described in more detail in Clause 5. In Clause 6, the measurement

technlqu dre uc oet. cteX O ST UT O Y O v 1O ofthe
techniques. Advantages and limitations of each method as applled to graphene and related 2D materials

characterization are also briefly listed.

O |
E

~§

5 Properties and measurands

5.1 Structural properties

5.1.1 Crystal defect

The crystal defect is a local deviation from regularity in the crystal lattice of graphene or related 2D
materials.

4 © IS0 2019 - All rights reserved
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[SOURCE: ISO/TS 80004-13:2017, 3.4.1.1]

Possible defects are point defects, line defects, or planar defects. Some examples of crystal defects are
illustrated in Figure 1.

5.1.1.1 Point defect
The point defect is a defect that occurs only at or around a single lattice point of a 2D material.

NOTE1 Point defects generally involve at most a few missing, dislocated or different atoms creating a
vacancies extra atoms (infprcfifinl dpﬂnrfc) Qr rnpl:\r‘pd atoms

5.1.1.2 Line defect

Thie line defect is a defect that occurs along an atomic line causing a dislocation of amow in a 2I) material.

5.1.1.3 Planar defect

Thie planar defect is a defect occurring in the stacking sequence of the layers of a 2D material
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Figure 1 — Examples of various point defects, a) to €) and line defects, f) to i)[5

5.1.2° “Domain (grain) size

Domain size is lateral dimensions of a single coherent crystalline region within a layer of a 2D material.
NOTE1 The terms grain size and crystallite size are synonymous with the term domain size.

NOTE 2  If the domain is approximately circular then this is typically measured using an equivalent circular
diameter or if not via x,y measurements along and perpendicular to the longest side.

NOTE 3 If an equivalent circular diameter is used then the term is similar to the crystallite diameter (Lj)

which describes the lateral size of a crystal or crystallite region for example as measured by X-ray diffraction or
Raman spectroscopy.

© IS0 2019 - All rights reserved 5
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[SOURCE: ISO/TS 80004-13:2017, 6.1.14]

NOTE4  Typical domain size of graphene ranges from tens of um to hundreds of um, and even up to mm
recentlylél.

5.1.3 Flake size
Flake size is lateral dimensions of a 2D material flake.

NOTE1 If the flake is approximately circular then this is typically measured using an equivalent circular
diameter orif not, via x,v measurements along and perpendicular to the longest side

[SOURCE:|ISO/TS 80004-13:2017, 6.1.15]

NOTE 2 [Flakes in powder or solution are the most common commercially available form of graphéne when
purchased|from graphene manufacturers.

5.1.4 Npmber of layers

The number of layers is a count of the stacking of each two-dimensional monelayer on the top of the
previous pne in few layer 2D materials. As the number of layers increases, the-distinct characteristics
of graphehe diminishes and many layer graphenes eventually become graphite when they lose all the
features ynique to graphene. For this reason, staking of graphene sheets should be limited to few lay€rs,
less than 10, to be used in graphene based applications.

NOTE1 [Number of layers could be used as a reasonable estimate of\thickness of multi-layer graphene shefts
provided the value of 0,335 nm for an interplanar spacing of graphitelZ!.

5.1.5 Stacking angle

Stacking gngle is the angle measured in the horizontal’plane between the orientations of two layerq of
2D material that are stacked vertically on top of oue another. When certain stacking angles are repeated
in sequenge in multi-layered 2D materials, the.tert, stacking order, is often used interchangeably.

[SOURCE:|ISO/TS 80004-13:2017, 6.1.12]

5.1.6 Surface area

The surfage area in 2D materiakrefers to the specific surface area in m2/kg, or more practically in m3/g.
The theorjetical surface areacof-graphene was reported as 2 630 m2/gl8], but the measured value dan
be signifi¢antly less than this hypothetical value for a monolayer due to overlapping of sheets and the
various surroundings[2K

5.1.7 Thickness

The thickness.is the vertical dimension of 2D material.

NOTE1 ‘fheimterptamarspacing of grapiiite 1S ofter uSed to estinTate the tickIess of few-tayer grapiene
provided the measured value of number of layers.

5.2 Chemical properties

5.2.1 Metal contents

Metal contents are the amount of metals existing on or within graphene and GO. The metals can be
introduced as a residue from catalytic process or by intentional impurity doping for better functionality.
The typical metals found in graphene are gold (Au), silver (Ag), platinum (Pt), titanium (Ti), chromium
(Cr), copper (Cu), Iron (Fe), etc.[10] Metal contents are typically measured in mass fraction as in [mg/kg

or ug/gl.

6 © IS0 2019 - All rights reserved
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5.2.2 Non-graphene contents and residue

Non-graphene contents and residues are substances other than graphene including carbon debris in
different crystal structure such as carbon soots, carbon nanotubes (CNT) and fullerene, non-carbon
ligands and substituents, oxide derivatives, polymeric ligands and substituents, and other debris
left over from processing in synthesis, purification, dispersion and separation of graphene. Metal
contents are commonly excluded from this category because different methods are adopted in contents
evaluation.

5.2.3 Oxygen content

Oxlygen content is the amount of total oxygen in 2D materials. It represents the degree of o¥idation in
graphene oxide (GO) and reduced graphene oxide (rGO), which are common forms of\2D materials in
practical use. The oxygen content of GO or rGO is commonly expressed as the carbon'to oxygen ratio
(C40). The ratio increases in rGO through the reduction process (deoxygenation),of'GO.

5.3 Mechanical properties, elastic modulus

Elgstic modulus is a measure of resistance of graphene or related 2Dymaterials to being |deformed
elqstically under the influence of mechanical force, and defined as theatio of stress to strain}. The unit
of modulus is Pa [N/mZ2]. The elastic in-plane modulus of graphené&monolayer was reported ps high as
1,02 TPalll].

NOTE1  Young’s modulus for tension or compression, shear moduflus for shearing, bulk modulus fof hydraulic
coppression.

5.4 Thermal properties, thermal conductivity
Thie thermal conductivity is areic heat flow ratedivided by temperature gradient.
[SOURCE: 1SO 80000-5:2007, 5-9]

NOTE1 Thermal conductivity of graphene is typically measured in [W/m-K] and ranges around 3 {00 W/m-K
to 5 000 W/m-KI[12],

5.5 Optical properties, optical transmittance

Optical transmittance s, the ratio of transmitted light to incoming light through a single layer or
myltiple layers of 2anaterials. Despite of having only a single-atomic thickness, a single layer of
graphene shows unusually high absorption causing a transmittance drop of greater than 2(%. It was
reported that eaghlayer of graphene in few-layer graphene decreased the light transmittance by 2,3 %
in fed light[13l.and 2,6 % in green light[14].

5.6 Electrical and electronic properties

Charge carriers in graphene or related 2D materials are electrons (negative charge) and holes (positive
charge). Charge carrier concentration is the number density of charge carriers per area for graphene
and related 2D materials. The unit [m~2] or more commonly [cm~2] is used. Sometimes, the term ‘carrier
density’ is alternately used.

NOTE1 Charge carrier concentration in semiconductor is the number density per volume [cm~3].

© IS0 2019 - All rights reserved 7
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5.6.2 Charge carrier mobility

Charge carrier mobility in graphene or related 2D materials quantifies how fast charge carriers, such
as electrons or holes, can move under the influence of external electric field. It is related to electrical

conductiv

o=¢(

where

ity (o) as follows.

N, +piy )

nandlp are electron and hole concentrations in unit area for graphene and related 2D materiz
ue andl up are electron and hole mobility, respectively.

The electton mobility of suspended graphene was found to be as high as 200,000 cm2VAts3{15], wh
is 10 timgs greater than copper. The electron mobility of graphene and related 2D materials is hig

Is;

ch
hly

dependenf on charge concentration and temperature. The mobility increases usually with temperature

upto25

5.6.3 Sheetresistance

Sheet res
such as g
property
electrical
graphene
related 2Ij

NOTE

a bulk resi
sheetrega

564 W
Work Fun|

just outsidle a specified surface.

NOTE 1

another. Tlhese work functions willalso change with the state of cleanness of the crystal surfaces.

NOTE 2
exposed cd

[SOURCE:

NOTE 3

0 K, but the dependency on temperature varies widely with different funétional groupsl1€]

stance [Q1], which is the in-plane resistivity per thickness, is often measured for thin fil
raphene. In three dimensional bulk materials, electrical{cenductivity [S/m] is an intrin
and a measure of a material’s ability to conduct an gelectrical current and a reciprocal
resistivity, which has unit of [QQ:m]. However, it is «¢common to use a sheet resistance
rather than bulk resistivity. The conductivity in 5.6.2 takes the unit of [S] for graphene 4
materials.

Common notation of sheet resistance is convenijently taken in [Q/sq or Q/], not to be confused w

tance. In such case, the unit is dimensionally equivalent to ohm[(] and refers to resistance of a squ
dless of the size.

ork function

ction is potential difference for electrons between the Fermi level and the maximum potent

The work functions of-the different crystal facets of a single crystal will, in general, differ from

A polycrystallinteystirface will exhibit an average work function which will depend on the typeq
nstituent single-crystal facets and their areas.

[SO 1811521:2013, 4.487]

Theéwork function is typically measured in [eV].

ms
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6 Measurement techniques

6.1 Ato

mic force microscopy (AFM)

AFM is a method for imaging surfaces by mechanically scanning their surface contours, in which the
deflection of a sharp tip sensing the surface forces, mounted on a compliant cantilever is monitored.

NOTE 1

NOTE 2

AFM can provide a quantitative height image of both insulating and conducting surfaces.

Some AFM instruments move the sample in the x-, y- and z-directions while keeping the tip position
constant and others move the tip while keeping the sample position constant.

© ISO 2019 - All rights reserved
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NOTE3  AFM can be conducted in vacuum, a liquid, a controlled atmosphere, or air. Atomic resolution may be
attainable with suitable samples, with sharp tips, and by using an appropriate imaging mode.

NOTE4  Many types of force can be measured, such as the normal forces or the lateral, friction, or shear force.
When the latter is measured, the technique is referred to as lateral, frictional, or shear force microscopy. This
generic term encompasses all of the types of force microscopy.

NOTES5  AFMs can be used to measure surface normal forces at individual points in the pixel array used for
imaging.

For typical AFM tips with radii < 100 nm, the normal force should be less than about 0,1 uN, depending
onftiresampte matertat; orirTeversibie surface deformation amd excessive tip wear occur:

[SQURCE: ISO 18115-2:2013, 3.2, ISO/TS 80004-6:2013, 3.5.2, ISO/TS 80004-13:2017, 5.122]

NOQTE 6  The properties of graphene and related 2D materials that AFM can be used to measure arg thickness,
flake size, modulus, etc. The most effective method to measure the modulus of graphene is frep standing
indentation testing based on AFMI17],

AQVANTAGE: High resolution topographical imaging down to sub-nml[18}; fio need for pre-frocess on
samples.

ITATION: Lateral resolution sensitive to the sharpness of the tip;'slow scanning.

Brunauer, Emmett and Teller method (BET)

is amethod for the determination of the total specifi¢:external and internal surface area df disperse
powders and/or porous solids by measuring the amount-of physically adsorbed gas utilizing the model

NOQTE1  Method originates from Brunauer, S., Emmett, P.H. and Teller, E.: Adsorption of gases in multimolecular
rs, J. Am. Chem. Soc. 60 (1938) p. 309.
NOTE 2 The BET method is applicable ,only to adsorption isotherms of type II (disperse, nomporous or

macroporous solids) and type IV (mesoporous solids, pore diameter between 2 nm and 50 nm). [haccessible
pofes are not detected. The BET method cannot reliably be applied to solids which absorb the measurjng gas.

ITATION: Not applieable to all types of isotherms; showing variation between measurements.

Combustien analysis

Combustiof analysis is a method to determine the elemental composition of an organic gompound
by|combuisting the sample where the resulting combustion products can be quantitatively|analysed.
Cafbof (C), hydrogen (H), nitrogen (N), sulfur (S).

ADVANTAGETEase of operation; mexpernsive.

LIMITATION: Limited variety of elements.

6.4 Electron probe X-ray microanalysis (EPMA)

EPMA is a technique of spatially-resolved elemental analysis based upon electron-excited X-ray
spectrometry with a focused electron probe and an electron interaction volume with micrometre to
sub-micrometre dimensions.

[SOURCE: ISO 23833:2013, 3.1, ISO/TS 10798:2011, 3.2.9]

EPMA is fundamentally the same as SEM with the added capability of quantitative chemical analysis.
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The properties of graphene and related 2D materials that EPMA can be used to measure are quantitative
chemical analysis such as metal contents.

NOTE1 Energy-Dispersive Spectrometry X-ray spectrometry (EDS or EDX) is X-ray spectrometry in which the
energy of individual photons are measured by a parallel detector and used to build up a histogram representing
the distribution of X-rays with energy.

[SOURCE: ISO/TS 80004-6:2013, 4.21, ISO/TS 80004-13:2017, 5.2.4]

NOTE 2  EDS (EDX or XEDS) is sometimes called Energy Dispersive X-ray Analysis (EDXA) or Energy Dispersive
X-ray Microanalysis (EDXMA).

NOTE3 [When a wavelength-dispersive spectrometer for determining X-ray intensity as a function, of)fhe
wavelength of the radiation[19] is used, the method is called Wavelength-Dispersive Spectroscopy (WDS). WDS
uses the djffraction of X-ray on crystal samples and have better spectral resolution than EDS, but detects ¢ne
element (at a particular wavelength) at a time while EDS measures a spectrum of all elements in the sample.

ADVANTAGE: High resolution as SEM (6.13); high sensitivity; fast compositional analysis; quantitatjve
for 2D sarpples.

LIMITATIPN: Difficulty in sample preparation; sample in vacuum; detectors in‘cryostat temperaturel

6.5 Elertron spin resonance (ESR)

ESR is a fnethod for studying chemical species that have one or{more unpaired electrons throygh
resonant ¢xcitation of electron spin.

NOTE1 [Similar to NMR but measuring electron spin.
[SOURCE:|ISO/TS 80004-6:2013, 4.27]

The propgrty of graphene and related 2D materials thiat ESR can be used to measure is crystal defégct,
especially] by magnetic impurity.

NOTE 2  [Electron Spin Resonance (ESR) is sometjmes called Electron Paramagnetic Resonance (EPR).
ADVANTAGE: An effective method to detect'the defects by vacancy or an adatom.

LIMITATIPN: Sensitive to temperature.

6.6 Fourier transform- infrared spectroscopy (FT-IR)

Analytical] chemical technique based on absorption of infrared radiation by chemical moieties in the
specimenf used to identify and quantitate the absorbing chemical moieties.

[SOURCE:|ISO/TS.34101:2012, 3.3]

The propgrtycofgraphene, especially GO, and related 2D materials that FT-IR can be used to measurg¢ is
non-grapli€ne contents and residue.

ADVANTAGE: Simple, easy, fast.

LIMITATION: The broad spectrum should be checked; spectrum overlapping.

6.7 Hall bar measurement

Method utilizing Lorentz force on electric carriers in a sample with appropriate contacts positioned to
measure the Hall effect[20].

The property of graphene and related 2D materials that Hall effect measurement can be used to
measure is electron mobility.

ADVANTAGE: Simple; relatively inexpensive.
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LIMITATION: Sensitive to temperature.

6.8 Inductively coupled plasma — Mass spectrometry (ICP-MS)

ICP-MS is a method in which a high-temperature discharge generated in flowing argon by an alternating

magnetic field induced by a radio-frequency (RF) load coil that surrounds the tube carrying
detected using a mass spectrometer.

[SOURCE: ISO/TS 80004-6:2013, 4.22]

the gas is

Th t}rul.}brty Uf 5ra}1hpu\, Cllld rblatbd 2D lllat‘vl ;a}o that ICP }\'I{S cdall bb udbd tU ul\,aour is metal
contents.
ADVANTAGE: Fast; multi-element analysis; high sensitivity on elemental mass fraction; detecfion in the

sub pg/kg range.

LIMITATION: Measurement of total mass fraction requires solubilization of sample, typically by acid

digestion.

6.9 Kelvin probe force microscopy (KPFM)

KPFM is a dynamic-mode AFM (6.1) method using a conducting prebe tip to measure spatial of
chainges in the relative electric potentials of the tip and the surface.

[SOURCE: I1SO 18115-2:2013, 3.12]
NOTE1 Changes in the relative potentials reflect changesin the surface work function.

NOTE 2  Kelvin Probe Force Microscopy (KPFM)[21]is*often used as a synonymous term to SKPM,
KPFM are dynamic modes of AFM (6.1).

NOQTE 3  Scanning Kelvin Probe Microscopy (SKPM), also known as surface potential micros
nohcontact variation of AFM and measures thé’contact potential difference (CPD) between a conduct
thg sample in a noncontact way forming a €apacitor (electrostatic force) while AFM measures the af
(V4n der Waals force)[22],

-scanning Kelvin Probe Mitroscopy may be sometimes used as a rapid and accurate n
mgasuring work function atdocal points.

properties of grapliene and related 2D materials that KPFM can be used to measure are

NOTE 4 The carrier concentration can be estimated from work function if the work function at the

ne¢ds to'be'known.

NOTE-6 ___ The surface contamination present from the growth or transfer procedures has great influ

temporal

SKPM and

copy, is a
ing tip and
omic force

ethod for
the work
Dirac point
Iculate the

ctive mass

bnce on the

work function measurement using SKPM. Moreover, SKPM is often qualitative measurement by using c

ommercial

instruments which only measure the surface potential, and calibration of the probe against a reference material

is needed for quantitative work function measurement.

ADVANTAGE: High spatial resolution same as AFM (6.1); non-contact.

LIMITATION: Slow.
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6.10 Low energy electron microscopy (LEEM)

LEEM is a method that examines surfaces where images and/or diffraction patterns of the surfaces are
formed by low-energy elastically backscattered electrons generated by a non-scanning electron beam.

NOTE1 The method is typically used for the imaging and analysis of very flat, clean surfaces.
NOTE 2 Low energy electrons have energies typically in the range 1 eV to 100 eV.

[SOURCE: ISO/TS 80004-6:2013, 3.5.8]

The proprhﬁw_ﬁWWWr €5 of graphene and relate Mmaterials tha can be used to measure are thickngss
and the n@imber of layers.

ADVANTAGE: Minimal electron beam damage; capable of real-time imaging.
LIMITATIPN: Relatively low resolution compared to SEM (6.13), typically several nm; ultfa-high vacum
(<10-6 toxfr) required.

6.11 Optical microscopy

Optical Mjcroscopy is a technique that produces a magnified image of a sample using visible light. The
technique is a quick way to observe domain boundaries of 2D material§)Recently, observing domain
boundarigs of graphene by regular optical microscopy even becomespossible on a copper plate when
the coppef has been purposefully oxidized[23].

ADVANTAGE: Inexpensive; fast.
LIMITATIPN: Resolution is generally diffraction limited.
NOTE1 [Super-resolution techniques beyond diffraction;limit, such as Stimulated Emission Depletion (STED)

or Near-figld Scanning Optical Microscopy (NSOM), have been employed for graphene but these are fairly
specialized.

6.12 Ra:ran spectroscopy

Raman spectroscopy is spectroscopyvin which the Raman effect is used to investigate molecular
energy leyels.

[SOURCE:|ISO 18115-2:2013, 5229, ISO/TS 80004-6:2013, 4.10]

Raman effect is emitted_radiation, associated with molecules illuminated with monochromdtic
radiation,|characterized'by an energy loss or gain arising from rotational or vibrational excitations.

[SOURCE:|ISO 18115:2:2013, 5.128]

The propgrtiesipf'igraphene and related 2D materials that Raman spectroscopy can be used to measyre
are the npmber of layers, domain size, crystal defects, thermal conductivity, charge concentratjon
(dop]ng levn])’ etc

ADVANTAGE: Samples in solid, in liquid or in suspension.
LIMITATION: Small signals; sometimes laser excitation with more than one wavelength needed.

NOTE1 Ramansignalisusually very weak, and surface enhanced Raman spectroscopy (SERS) or tip enhanced
Raman spectroscopy (TERS) is often used to increase the signal to noise ratio (S/N).

NOTE 2  The conventional Raman spectroscopy measurement can provide the information of the staking angle

only for the AB-stacked or misoriented bilayer graphene. In order to measure the staking angle in general, the
polarized (angle dependent) Raman with some additional measurement such as TEM (6.16) is needed[24].
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6.13 Scanning electron microscopy (SEM)

SEM is a method that examines and analyses the physical information (such as secondary electron,
backscattered electron, absorbed electron and X-ray radiation) obtained by generating electron
beams and scanning the surface of the sample in order to determine the structure, composition and
topography of the sample.

[SOURCE: ISO/TS 80004-6:2013, 3.5.5]

The properties of graphene and related 2D materials that SEM can be used to measure are flake size,
crystal defects, etc

ADVANTAGE: Relatively simple sample preparation, high resolution typically in few nm,
LIMITATION: Generally lower resolution than TEM (6.16).

6.14 Secondary-ion mass spectrometry (SIMS)

SIMS is a method in which a mass spectrometer is used to measure the’mass-to-charge qu¢tient and
abpindance of secondary ions emitted from a sample as a result of bombardment by energetic|ions.

NOQTE1  SIMS is, by convention, generally classified as dynamic, in‘which the material surface|layers are

conptinually removed as they are being measured, and static, in which the ion areic dose during measurement is
regtricted to less than 1016 ions/m2 in order to retain the surface in-an essentially undamaged state.

[SQURCE: ISO/TS 80004-6:2013, 4.23]
ADVANTAGE: High sensitivity; identifying functional groups.

LIMITATION: Qualitative; vacuum; destructive.

6.15 Scanning tunnelling microscopy-.(STM)

STM is the SPM mode for imaging conductive surfaces by mechanically scanning a sharp, voltage-biased,
cohducting probe tip over their surface, in which the data of the tunnelling current and the tjp-surface
separation are used in generating the image.

NOTE1  STM canbe conductédjin vacuum, aliquid or air. Atomic resolution can be achieved with suitalble samples
andl sharp probes and can, withjideal samples, provide localized bonding information around surface atgms.

NOTE 2 Images can bejformed from the height data at a constant tunnelling current or the tunnelling current
at 4 constant height ér-other modes at defined relative potentials of the tip and sample.

NOTE 3 STM tan be used to map the densities of states at surfaces or, in ideal cases, around indiviqual atoms.
The surface images can differ significantly, depending on the tip bias, even for the same topography.

[SOURCE:ISO 18115-2:2013, 3.34, ISO/TS 80004-6:2013, 3.5.3]

Theproperties of graphene and related 2D materials that STM can be used to measure ar¢ stacking
angle, defects, and domain (grain) size.

ADVANTAGE: High resolution (0,1 nm lateral, 0,01 nm vertical), generally better than AFM (6.1); can be
conducted in vacuum, a liquid or air.

LIMITATION: Slow.

6.16 Transmission electron microscopy (TEM)

TEM is a 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 80004-6:2013, 3.5.6]
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