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FOREWORD

ublicly Available Specifications (PAS) and Guides (hereafter referred to as ‘IEC“Publication(s)”).

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization compiising
aJl national electrotechnical committees (IEC National Committees). The object of IEC is to promote internatjonal
-operation on all questions concerning standardization in the electrical and electronicAfields. To this end and
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reforts,

heir

preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealf with

Jtandardization (ISO) in accordance with conditions determined by agreement.between the two organizatio

he formal decisions or agreements of IEC on technical matters expregss$,‘as nearly as possible, an internat
cpnsensus of opinion on the relevant subjects since each technical‘¢ommittee has representation fro
interested IEC National Committees.

ay participate in this preparatory work. International, governmental and non-governmental organizations ligjsing
ith the IEC also participate in this preparation. IEC collaborates closely with“the International Organizatign for

ns.

onal
m all

C Publications have the form of recommendations for interfational use and are accepted by IEC Nafjonal

Jommittees in that sense. While all reasonable efforts are{made to ensure that the technical content of IEC

isinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publica

EC itself does not provide any attestation oficonformity. Independent certification bodies provide confo
apsessment services and, in some areas;.dccess to IEC marks of conformity. IEC is not responsible fo
services carried out by independent certification bodies.

All users should ensure that they have.the latest edition of this publication.

embers of its technical commiftees and IEC National Committees for any personal injury, property dama
other damage of any nature “whatsoever, whether direct or indirect, or for costs (including legal fees
expenses arising out off\the publication, use of, or reliance upon, this IEC Publication or any other
Hublications.

Attention is drawn (o ithe Normative references cited in this publication. Use of the referenced publicatio|
indispensable forithe correct application of this publication.

Attention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject of p
rights. IEC(shall not be held responsible for identifying any or all such patent rights.

IEC|TS 62607-6-12 has been prepared by IEC technical committee 113: Nanotechnology
eledtrofechnical products and systems. It is a Technical Specification.

ublications is accurate, IEC cannot be held responsible’ for the way in which they are used or for| any

tions
veen
htter.

rmity
any

o liability shall attach to IEC or(its directors, employees, servants or agents including individual expertd and

je or
and
IEC

hs is

htent

for

The text of this Technical Specification is based on the following documents:

Draft Report on voting

113/701/DTS 113/726/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC TS 62607 series, published under the general title
Nanomanufacturing — Key control characteristics, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the

HE 2| oa ot AL dat +h 2| ET--O- SR | N
Spe PTITC UOUCUOTITETTC 7Y Oy gate, a1 JuTUaOTITeTTIe vt T

e feconfirmed,
e Wwithdrawn,
e Tfeplaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of thiss~document indicates thdt it
contains colours which are considered to be useful for the_correct understanding of|its
cohtents. Users should therefore print this document using a-colour printer.
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INTRODUCTION

024

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has a high potential
for future nanotechnology applications due to the excellent conductivity, transparency and
flexibility of the material. Many physical properties of graphene and few-layer graphene depend
on the number of layers. For example, monolayer and some few-layer graphene admit a linear
dispersion relation of electronic bands and consequently show specific quantum hall effect and
conductivity. Optical transparency and chemical activity are also related to the number of layers

and

Ra

as d
me3
ang
and
laye
opti
sub

The
for

graf
is d

their stacking angles.

key experimental technique to evaluate the number of layers. The interpretation of-Ra
surements however depends on many parameters such as laser wavelength,\stac
es, doping, strain, heating from laser, focus, graphene quality or defect density;/resig
substrate. Raman spectroscopy can then not be used alone to determine the” numbsg
rs. In this document for the number of layers (N), we combine Raman spectroscopy
cal contrast on high quality graphene deposited on glass substrate and'on SiO,-on-sil

btrate. The present procedure is restricted to N < 5.

analysis of the Raman spectra concentrates on two of the most:-dominating Raman pg
graphene: the D-peak (around 1 340 cm!) and the G-peak“(1 580 cm!). High qu
hene samples are characterized by a very low intensity ofthe’D-peak. The number of la
btermined by the measurement of the integrated intensity”of the G-peak of the graph

sed
man
King
ues
r of
with
con

aks
ality

ers
ene

samples normalized to the integrated intensity of HORPG sample. The optical contragt of

graf
In th
1)

hene is measured relative to the bare substrate.

e literature, mainly three criteria have been proposed to determine N.

PD-peak based criteria: the dependenciesyof the full width at half maximum of the 2D-g
I'>p) and the ratio between 2D- and Ge<peaks integrated intensities (4,p/Ag) as a fung

bf N have been commonly used ipithe literature as metrics to distinguish monol
jraphene (1LG) and few-layer graphene (FLG): 1LG has been proposed to have the loy
">p and highest 4,p/45 as sompared to multilayer graphene (MLG). A system
nvestigation evidences diffefent and even opposite behaviours of these features with N
t has been analysed as the-consequences of different stacking order between consecu
jraphene layers. In agreement with published reports on twisted bilayer graphene (2
higher values of the #,5/4 ratio and narrower 2D-peak widths than those measured on

hat neither 4,1)/4g nor I',p are valid criteria to identify 1LG or to count the number of la

n FLG. Thessensitivity of these quantities to doping or strain also impacts their reliab
\s a consequence, criteria based on the 2D-peak have been ruled out.

eak
tion
hyer
vest
atic
11,
tive
L G),
LG

can be measured on twisted FLG. In terms of control characteristics, these results conifirm

ers
lity.

T Numbers in square brackets refer to the Bibliography.
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2) G-peak area based criterion: A more robust parameter to count the number of graphene

layers is the G-peak area or integrated intensity (4g). Since it relies on Raman intensity

measurement, it is important to define a reference for intensity normalization. HOPG has
been chosen as a reference since it is a well-defined, easy to purchase material. 45 has the

advantage to enable to distinguish between 1LG and FLG in all cases, if the signal-to-noise
ratio is high enough. However, regarding the number of layers counting, two limitations
related to the relative orientation and stacking of the graphene layers exist: First, an
intensity enhancement can occur due to changes in the joint density of states, for given
relative orientations of the layers [2]. Second, a significant G-peak intensity decrease (down
to 70 % of the one of equivalent Bernal stacked structures) can occur for some relative

rientations [’2]’ [A], [R] As an nvampln, for 2L.G and a laser \Aln\/nlnngfh of 532 nm, the

3)

bptical resonance increases Ag for twist angles in the range 10° to 16° and Ag is|fgund

ower than in Bernal 2LG for twist angles in the range 16° to 23°. These two limitatlons
Lircumvent the use of 45 alone as metrics for counting the number of layers.

Dptical contrast based criterion: The optical contrast in the visible, defined*as the rfatio
petween the laser signal reflected by the sample and the laser signal reflected by the bare
ubstrate minus one, has also been proposed as a tool for counting‘graphene layers.
ndeed, the optical properties of MLG are, in most of the casesqdirectly related tofthe
number of layers. However, the optical contrast is also changing(near optical resonanges.
n this case, this criterion also leads to a wrong determination of-the number of layers.

In gummary, the last two methods enable to distinguish between graphene and multilayer

graf
detq
stag
disg
5t
pos
limif
Mor
and

stug

Inc

hene. However, neither method on its own nor the ‘cémbination of the two enable a
rmination of the number of layers in all possible cases (especially regarding all posgible
king angles). But the comparison of the values,déduced by each method allow$ to
riminate if the determined number of layers is cofrect and can be specified or not. For § >>
ne variation of the measured parameters with™®&y becomes too small as compared to| the
Sible deviations from the reference values (obtained on Bernal stacked layers). An upper
of five layers has been fixed for this docuntent to avoid such problems.

pover, both 45 and optical contrast are strongly dependent on the nature of the substrate
on the laser wavelength used. Therefore, it is important that each substrate is specifigally

ied and a large set of experimental data is a prerequisite to validate theoretical predictipns.

bnclusion, a standard method is proposed for the specification of the number of layers bgsed

on

he combination of Raman spectroscopy (normalized G-peak area) and optical refleqtion

(optjcal contrast) [3]. Both methods enable the user to distinguish unambiguously between
single-layer graphene.and multilayer graphene. However, neither method on its own nor| the

co
orie
fail,
detq

bination of thetwe’enable a determination of the number of layers for all possible stacking
htations. Butsimportantly, since the two methods always significantly disagree when they
the comparison of the values deduced by each method allows to discriminate if|the
rmined number of layers is correct and can be specified or not.
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@) glass (soda lime glass_orsimilar with a refractive index between 1,45 and 1,5
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o
SA%% 4

acteristic

number of layers

Raman spectroscopy and

pptical reflection.

pria for the determination of the number of layers are the’G-peak integrated intensity

hene. However, neither method on its own northe’ combination of the two enab
rmination of the number of layers in all possible"cases (especially regarding all posq
king angles). But the comparison of the valdes deduced by each method allow
riminate whether the determined number of layers is correct and can be specified or n¢

'he method is applicable to exfoliated graphene and graphene grown on or transferred
substrate with a small defect density, |ow surface contamination (e.g. transfer residue)
number of layers up to 5.

'he method is suitable for the folowing substrates:

532 nm);
p) oxidized silicon (SiOz.bn silicon, with a SiOz thickness of 90 nm + 5 nm).

NOTE 90 nm and<300 nm are the most used SiO, thicknesses for graphene substrates. Due to the cu
state of the art,-the’method can securely be used for 90 nm + 5 nm thick SiO, layers and a laser wavele
of 532 nm, put-eannot be fulfilled for 300 nm + 15 nm SiO, layers even by changing the laser wavele
It is possible'that future editions of IEC TS 62607-6-12 will include thick layers and other substrates a

2

Normative references

[he spatial resolution is in the order of 1 ym given by the spot size of the exciting laser.

part of IEC TS 62607 establishes a standardized method to determine the key) control

and

optical contrast. Both methods enable to distinguish<between graphene and multilayer

e a
ible
5 to
t.

to a
and

b at

rrent
ngth
hgth.
Sso.

There are no normative references in this document.

3

For

Terms and definitions

the purposes of this document, the following terms and definitions apply.

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

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

SO Online browsing platform: available at http://www.iso.org/obp
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3.1 General terms

3.11

key control characteristic

KCC

key performance indicator

material property or intermediate product characteristic which can affect safety or compliance
with regulations, fit, function, performance, quality, reliability or subsequent processing of the
final product

Note 1 to entry: The measurement of a key control characteristic is described in a standardized measurement
procgdure with known accuracy and precision.

Note|2 to entry: It is possible to define more than one measurement method for a key control characteristic |f the
corrglation of the results is well-defined and known.

Note|3 to entry: In ISO TC 16949 the term “special characteristic” is used for a KCC. The 'term key cqntrol
chardcteristic is preferred since it signals directly the relevance of the parameter for the quality of the final proguct.

[SOURCE: IEC TS 62565-1, 3.1]

3.2| Graphene related terms

3.2.1
twofdimensional material
2D material

matgrial, 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 nanostale
or smaller, and the other two dimensions generallydatarger scales

Note|1 to entry: The number of layers when a two-dimensional material becomes a bulk material varies depending
on bpth the material being measured and its properties. In the case of graphene layers, it is a two-dimensjonal
matefrial up to ten layers thick for electrical measurements [1], beyond which the electrical properties of the magerial
are rjot distinct from those for the bulk (also known\as graphite).

Note|2 to entry: Interlayer bonding is distinct\from and weaker than intralayer bonding.
Note|3 to entry: Each layer may contajn miore than one element.

Note|4 to entry: This includes bilayer-graphene, trilayer graphene and few-layer graphene.

[SOURCE: ISO/TS 80004-3:2016, 3.1.1]

3.2.p
graphene

graphene layer
single-layer_graphene
monolayer graphene
sindledlayer of carbon atoms with each atom bound to three neighbours in a honeycpmb
struciure

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

Note 2 to entry: As graphene is a single layer, it is also sometimes called monolayer graphene or single-layer
graphene and abbreviated as 1LG to distinguish it from bilayer graphene (2LG) and few-layer graphene (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

graphene-based material
GBM

graphene material
grouping of carbon-based 2D materials that include one or more of graphene, bilayer graphene,
few-layer graphene, graphene nanoplate and functionalized variations thereof as well as
graphene oxide and reduced graphene oxide

Note

1 to entry: "Graphene material" is a short name for graphene-based material.

3.2.4
bilalyer graphene

2LG
two-
two

Note
bilay

[SO
3.2
3LG

two-
con

Note

dimensional material, either as free-standing films, on a substrate or flakes consistin
well-defined stacked graphene layers

br graphene”.

URCE: ISO/TS 80004-13:2016, 3.2.6]

triII;(er graphene

bisting of three well-defined stacked graphene layers

g of

1 to entry: If the stacking registry is known it can be specified separately, for examplelas “Bernal stacked

dimensional material, either as free-standing films,Abonded to a substrate or flgdkes

1 to entry: If the stacking registry is known it can be_specified separately, for example, as "twisted trilayer
graphene".
[SOURCE: ISO/TS 80004-3:2016, 3.2.9]
3.2.p
fewtlayer graphene
FLG
two{dimensional material consisting of three to ten well-defined stacked graphene layers
[SOURCE: ISO/TS 80004-13:2017, 3.1.2.10]
3.2.f
graphite
allofropic form.efithe element carbon, consisting of graphene layers stacked parallel to gach
othgr in a three-dimensional, crystalline, long-range order
Note|1 tolentry: Adapted from the definition in the IUPAC Compendium of Chemical Terminology.
Notel2io nnfry' There are two Ihrimnry nllnfrn'r_\ir‘ forms with different anr‘l(ing nrrnngnmonfc' hovngnnnl and
rhombohedral.

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.2]

3.2.8
highly oriented pyrolytic graphite
HOPG

high

Note

ly pure and ordered form of synthetic graphite

1 to entry: HOPG is often used as reference material for calibration of measurement equipment.
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3.2.9
Bernal stacking

AB

stacking

stacking of 2D material layers on top of another in such a way that the neighbouring layers only
have half of their atoms positioned equivalently in the out of plane direction with every third
layer located in the same position in the out of plane axis

Note

[SO

1 to entry: The second layer is horizontally displaced with respect to the first layer by half the lattice constant.

URCE: ISO/TS 80004-13:2017, 3.4.1.10]

3.2.10

rhombohedral stacking
AB( stacking

stagking of 2D material layers consisting of three repeating layers where the second layeér is
displaced in plane with respect to the first layer by half a lattice constant, and_ the‘third lay
horigontally displaced in the same direction, thus every fourth layer is located in the s

pos

Note
axis

[SO

3.2.

tion in the vertical axis

1 to entry: The three layer system may repeat. The layers are stacked on top(of one another in the ve
n such a way that the neighbouring layers only have half of their atoms positioned equivalently.

URCE: ISO/TS 80004-13:2017, 3.4.1.11]

11

turhostratic stacking
stagking of layers of 2D materials that cannot be described as Bernal or rhombohedral stack

inst

bad having a relative stacking angle between theflayers and which does not allow to dev

atomic plane families other than that parallel to*the basal plane, because the stacked la

exh

Note
peak

[SO

3.2.

bit a relative and random rotational angle-or commensurate rotation between the layer

1 to entry: Correspondingly, the only diffraction peaks with three Miller indices seen in XRD patterns are
B (002, 004, etc.), the others are 2-indices@nly (typically 10 and 11).

URCE: ISO/TS 80004-13:2017¢8.4.1.13]

12

stagking angle

ang
that

[SO

3.2.
def

e measured in the horizontal plane between the orientations of two layers of 2D mat
are stacked vertically on top of one another

URCE: ISOfTS 80004-13:2017, 3.4.1.12]

13
ct

locdl‘deviation from regularity in the crystal lattice of a 2D material

[SO

3.3
3.3.

Br is
ame

rtical

ing,
Blop
ers

U7

001

prial

URCE: ISO/TS 80004-13:2017, 3.4.1.1]

Key control characteristics measured in accordance with this document

1

number of layers

N

number of graphene layers stacking on top of one another

Note 1 to entry: As a reasonable estimation for the thickness of the graphene layer, the “number of layers” can be

multi

plied by 0,355 nm.

Note 2 to entry: The measurement of the number of layers and the estimation of the film thickness is hampered due
to potential variations of the stacking angle between the layers.
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3.4 Terms related to the measurement method described in this document

3.41

2D-peak

second order Raman peak related to a two-phonon process located at approximately twice the
frequency of the D-peak

Note 1 to entry: As well as the D-peak the 2D-peak is also dispersive with wavelength. The position of the 2D-peak
changes strongly with laser energy.

Note 2 to entry: The 2D-peak is always present in the Raman spectrum of graphene and does not need defects to
be activated

3.4.p
D-pgak
defgct activated Raman peak related to lattice breathing modes in six-carbon rings daway from
the pentre of the Brillouin zone

Note|1 to entry: The D-peak is located between 1 270 cm™" and 1 450 cm™! depending ©h the wavelength of the
excithtion laser. The dispersion with wavelength is around 50 cm™'/eV.

Note|2 to entry: The D-peak is most intense at defective graphene lattices anddisappears for perfect monojayer
crystals.

3.48
D-pgak integrated intensity
Ap
integral over the intensity of the D-peak in the range between 1 250 cm=! and 1 400 cm™! uping
on g Lorentzian fit function

Note|1 to entry: Only the data with a coefficient of determination (R?) greater than 0,99 are considered.

3.4.
dopling
add|tion of a quantity of different material to the host material with a view to modifying properties
[SOURCE: ISO/TS 80004-13:2047, 3.4.2.3]

3.4.p

G-peak
Ra;Fan peak related to)in-plane motion of the carbon atoms located near 1 580 cm™" origingting
from scattering at the centre of the Brillouin zone

Note|1 to entry:=~The G-peak can be observed in pristine graphene and does not need lattice defects to occur.

3.4.p
G-pFak integrated intensity
g
integral over the intensity of the G-peak in the range between 1 400 cm™! and 1 700 cm" using
one or two Lorentzian fit functions

Note 1 to entry: Only the data with a coefficient of determination (R?) greater than 0,99 are considered. In some
cases, a sum of two Lorentzian functions can be necessary to reach such values (the G-peak integrated intensity
being then the sum of the integrals of the two Lorentzians). The integrated intensity of the G-peak, 4, in counts per

second per watt is the Lorentzian integrated intensity normalized versus the laser power and acquisition time of the
spectrum.

3.4.7

optical contrast

C

ratio between the laser signal reflected by the sample and the laser signal reflected by the bare
substrate minus 1
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R
Note 1 to entry: =—-1, where C is the optical contrast, R is the laser signal reflected by the sample and R is
R
0
the laser signal reflected by the bare substrate.

3.4.8

Raman spectroscopy

spectroscopy in which the radiation emitted from a sample illuminated with monochromatic
radiation is characterized by an energy loss or gain arising from rotational, vibrational or phonon
excitations

3.4.

surface contamination
matgrial, generally unwanted, on the sample surface which either is not characteristic of [that
sample and any process investigated or has arisen from exposure of the sample to partidular
environments other than those relevant for the original surface or the process to be studied

Note|1 to entry: Common surface contaminants are hydrocarbons and water. Locdl-teactions with these angl the
envifonment can lead to a wide range of oxidation and other products.

[SOURCE: ISO 18115-1:2013, 4.459]

3.4.110

transfer residue

surface contamination that is left after the transferlof*a 2D material from one substrat
anogher

to

14

Note|1 to entry: An example is the unwanted surface contamination that is left due to sacrificial polymer usg¢d to
trangfer graphene grown by CVD on a metal catalyst.to @ different substrate.

[SOURCE: ISO/TS 80004-13:2017, 3.4.2:2]

4 |General

4.1 Measurement principle

The|measurement method described in this document takes advantage of the change of Raan
spe¢tra and opticalreflection of graphene with increasing numbers of layers. Nevertheless| the
relalion between measurements and the number of layers is not simple and straightforward as
there are multiple" ways for the stacking arrangement of the layers and interaction with|the
substrate can.lead to misinterpretation of the results. Fortunately, this problem can be so|ved
by @& simultaneous measurement of optical reflection and Raman spectroscopy under|the
assyimption that the number of layers is not larger than five. To perform the simultangous
medsirement with a regular Raman spectrometer, the only required modification in the Raman
SetLIJ ib tU iIIIPiUIIIUIIi d wdy iU meadasuic t;IU IUﬂUthUI ilgilt Uf tiIU U)\bitdtiull idbUI .

The analysis of the Raman spectra concentrates on the G-peak (1 580 cm™1) for graphene. The
method is limited to high quality graphene. In the content of this document, “high quality” is
related to a low intensity of the D-peak, [4p/4g] < 0,1 measured with an excitation wavelength

of 532 nm, corresponding to a defect density below 10'! per cm2, low enough to prevent the
Raman and optical reflection measurements to be affected by defects. The quantity that should
be extracted is the G-peak integrated intensity of the sample normalized to a HOPG reference
sample. Typical Raman spectra for graphite (HOPG), high quality graphene and defective
graphene are shown in Figure 1.

Analysis of the optical contrast is performed from reflectance measurements on both the bare
substrate and the substrate with the graphene sample.
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Figure 1 — Raman spectra of HOPG (top), pristine graphene (middle)
and defective few-layer graphene (bottom)

The|main peaks are labelled.

4.2| Sample preparation method

The| sample should be measured as it is delivered by the supplier. No special sample
prepgaration is required. Any treatment of the*sample can change the structural quality Jand
morphology.

It should be ensured that the Raman. peaks of graphene and few-layer graphene, the D-geak
(around 1 340 cm') and the G-peak\(around 1 580 cm!) are not masked by Raman mqdes
orig|nating from the substrate material. The exact same bare substrate shall be used as a
reflgctance reference.

As gn initial test, the sampleshall fulfil the quality requirement in terms of defects: [4p/4g] <|0,1.
Otherwise, this document is not applicable.

4.3| Measurement environment

The|measurements shall be performed at room temperature.

4.4

Description of test equipment

The tests are performed by using a Raman set-up consisting of an optical microscope, laser
light source, Raman filters and a spectrometer. The setup is optimized to measure the low level
of Raman scattered light from a well stabilized laser; in other words, with a long-term power
stability better than 2 %. Due to the low level of Raman scattered light, the system shall be able
to accumulate individual Raman spectra with a high measurement rate to achieve results with
a high signal-to-noise ratio in a reasonable time (few seconds). The sample shall be mounted
on a high precision translation stage allowing Raman mappings of the sample to be performed
with an XY-spatial resolution below 1 ym.

The laser wavelength is 532 nm.

Additional equipment is also needed to measure the laser light power reflected from the samples
(Photodiode B in Figure 2). It can be a commercial photodiode power sensor or merely a
photodiode from which the photocurrent at zero bias is measured. With such devices, the
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reflected laser light power shall be measured on the same locations on the graphene samples
as the Raman spectra since the measured quantities (integrated intensity of the G-peak and
optical contrast) shall be compared. The reflected laser light power can be measured before or
after the acquisition of each Raman spectrum by intercepting the reflected laser beam with
photodiode while keeping the laser at the same location on the sample. It is however preferable
to perform both measurements simultaneously. This can be achieved either by measuring the
power of the laser beam reflected from the Raman (edge or notch) filter or by using a beam-
sampler to pick-up a small amount (typically 10 %) of the signal reflected from the sample and
direct it to the photodiode sensor. It should be ensured that at least a few percent of the light
reflected from the sample is impinging on the photodiode. The optical power range, sensitivity
and resolution of the photodiode should be chosen accordingly. For graphene on glass or on
90 nm Si0,-on-silicon substrates and within the experimental configuration specified here | the

optical power range received by the photodiode varies typically from 100 nW to 1 m\\.!and the
resqlution needed is around 1 nW.

The|laser power impinging on the sample should be checked (Photodiode A in.Figure 2) t¢ be
staljle during the measurements or, better, it should be measured during each measurement.

A state-of-the-art scanning Raman spectroscopy tool with a minimal” XY scan rangg¢ of
10 ym x 10 uym is required. XY scan steps of 1 um will be typically used-for the Raman mapging.
A lalser with around or lower than 1 mW power on the sample and & wavelength of 532 nin is
usefl for excitation. With a good combination of laser beam diameter and divergence,
micfoscope objective and confocal hole dimension, the spatialresolution on sample can ach|eve
400|nm to 500 nm (close to a diffraction limited system). Here, a confocal system is not required
but pan be used, the microscope objective should be a,100% with a numerical aperture of 0,85
to 0]95.

For [signal detection a spectrometer with a chargescoupled device (CCD) array detector and a
suitable grating should be used to ensure_best instrumental parameters compromise| for
graphene application: sufficient spectral resolution and full fingerprint spectral range on|the
detgctor without moving the grating. A typical Raman setup is illustrated in Figure 2.
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bdiode A measures the laser power.

pdiode B measures the power of the laser beam reflected from the Raman (edge or notch) filter.

Figure 2 — Schematic illustration-of the Raman and reflectance
setup used for the described graphene classification

Calibration standards

reference sample is HORG grade ZYA or single crystal graphite. The Raman spectru

illd show no observable D-peak. The laser power should be recorded during
surement and used for intensity normalization. The extracted quantity is the G-g
grated intensity"'nermalized versus laser power and effective acquisition time. The Ra
Ctrum of thetreference should be acquired in the same experimental configuration
jitions asthe one used for the test sample (laser wavelength, optimized focus conditi
oscope(objective, and spectrometer and detector configurations (grating, spectral ra

, gainy):

024

m is

ed as the Raman intensity as a function of the Raman shift (cm-1). The Raman specfrum

the
eak
man
and
bN'S,
nge,

4.5.

g " Reflection reference sample

As reference for the Ry measurement, a bare and clean substrate should be used which is the
same as the one supporting the graphene to be characterized. Alternatively, a bare and clean
region of the substrate supporting the graphene materials to be characterized can be used. R
is the laser signal reflected by the bare substrate normalized versus laser power. Ry should be
measured in the same experimental configuration and conditions as those used for the test
sample (laser wavelength, optimized focus conditions, microscope objective, and photodiodes
configurations).
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5

5.1

Measurement procedure

Calibration of test equipment

511 Raman spectrometer

Calibration shall be performed according to manufacturer’s requirements. In particular, the
nonlinearity of the signal as a function of the acquisition time should be lower than 1 %.

5.1.2 Optical reflection setup

The|zero and the linearity of the photodiodes or detectors used to measure the laser power

the power of the reflected laser beam should be checked. The nonlinearity should be lower {
1%
5.2 | Description of the measurement procedure

The| laser wavelength used is 532 nm, the microscope objective is a plan*achromat for

and
han

the

visible range with a numerical aperture of 0,9. First, the Raman (HORG) and reflection (lbare

sub

reflgctance maps are recorded simultaneously in optimized focus corditions on the test sam
The|sample should be mounted on a movable table with a precision*of at least 500 nm to re

spa

On

spe
suc
Itis
tor
the

duripg the measurements and used for-intensity normalization on each point. The spectra
plotfed as the Raman intensity as a fuhction of the Raman shift (cm-1). The Raman intensi
normalized with the incident laser, power and expressed in counts per second per watt.

5.3

Twdg fundamentally different kinds of sampling plan can be used the measure the numbe
laydrs: Mapping and point measurements.

a)

b)

5.4

strate) reference samples should be measured. Then, spatially) resolved Raman

ially resolved, two-dimensional maps of Raman spectra and-reflectance.

ctra and reflectance values (10 x 10) are recorded. The spectral range should be chqg

and
ple.
cord

bach sampling point, given by the sample-specific,sampling plan (see below), an arep of
10 ym x 10 ym is scanned at optimized focus conditiens. Within each scan area 100 Ra

man
sen

recommended to use a setup where all Rantan peaks can be measured in a single spec
¢duce measurement time. The laser powépr should not exceed 1 mW on the sample d
measurement to avoid excessive laser,induced heating. The laser power should be recor

Sampling plan

Mapping shall. be used if it is assumed that the graphene layer is spatially inhomogeng
and the method shall be used to generate a spatially resolved image of the distributig
he numpber of layers over the sample. For the mapping technique, the distance betw
measurement points and the number of measurements per point shall be specified.

Point-measurements shall be used if the graphene layer is homogeneous over the spec

h that the relevant Raman peaks (D-peak (1 340 cm'), G-peak (1 580 cm™1)) are covejred.

rum
ring
ded

are

ty is

r of

ous
n of
een

fied

r of

points measured shall be selected according to the technical maturity of the fabrication
process. Mature processes are characterized by a reasonable reproducibility of the layer
distribution over the specified area of the sample. Therefore, selecting a plan with multiple
measurement points at different spatial positions on the sample can be used to control

systematic changes over the specified area. See Annex B for point sampling plans.

Measurement accuracy

The integration time for each individual spectrum should be adjusted to exceed a signal-to-
noise ratio of 50 for the G-peak. The signal-to-noise ratio is defined as the difference between
the peak signal and the DC component of the background signal divided by the root mean

squ

are value of the noise on the background signal.


https://iecnorm.com/api/?name=e86e6bb95d5d291ecb3ab6fcc67b8328

- 18 — IEC TS 62607-6-12:2024 © |EC 2024

The relative fluctuations of reflectance measured on the bare substrate should be lower than
1 % root mean square.

6 Data analysis and interpretation of results

6.1 Analysis of the Raman spectra

It is recommended that a reference spectrum of the bare substrate is taken and subtracted from
every measured spectrum. Care should be taken to correctly subtract the baseline. While
scanning the graphene sample and recording a full Raman spectrum for each spot, the acquired
datq is further processed by standard peak fitting techniques.

Thel|integrated intensity ratio as obtained from the single Lorentzian fits of the Raman D- [and
G-ppaks 4p/Ag can be used to classify the defect density because intensity of the'D-pegk is

related to deviations from high quality graphene. The intensity ratio shall be reported in the|test
repgrt. As the method described in this document focuses on nearly defect«free graphene| the
D-peak is possibly not visible in most cases. This shall be noted in the test'report.

As a next step, for each measurement point, the extracted Raman-integrated intensity of| the
G-ppak, Ag is normalized versus the one of the reference Raman _sample (HOPG) in ordgr to

obtdin 43°™

Ago'm _ AG
HOPG
A

To e compared, the integrated intensities ( 4g,and AgOPG ) should be normalized as a fundtion
of the laser power and the acquisition times

Ng, [the number of layers estimated using AR°™ is obtained by the following expression fwith
a 100x objective with numerical aperture of 0,9.

— On soda lime glass with-arrefractive index of 1,52 at 532 nm:

Ng [ 7,16 x ARP™ 4+ 3,36 (AN°™

— On other glasses’with a refractive index (n) between 1,45 and 1,55 at 532 nm:

A\ correction-factor a(Ac) should be applied to the measured values:

aNorm 4

hN aNorm
AG, corr — X Wg) X AG meas

and AN should be used instead of 43°™ in the previous expression to obtain Ng.

2
— 0N 90 nm £ 5 nm SiO, on Si: Ng =1,05x AN°™ +o,16X(Ag°fm)

Figure 3 displays the associated curves together with experimental data points. Note here that
non-integer values of Ng can be obtained (see section 6.3).
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NOTE Open circles are experimental data (colour coded with the SiO, thickness of the sample as displayed op the
graph) and the solid black lihe is a polynomial fit with the above expression (R2 = 0,999 8 (top) and 0,999 (bottpm)).
Figure 3 — Numbeér of layers as a function of G-peak integrated intensity on glass (top)
and on 90 nm £ 5 nm SiO, on Si (bottom)
6.2 _Analysis of the reflectance measurement
For sach measurement point, the optiCcal contrast IS ODlalned Trom the Mmeasurea sda pIe

reflectance R and the bare substrate reflectance Ry and with a 100x objective with numerical
aperture of 0.9. To be compared, R and R; should be normalized as a function of the laser
power.

N¢, the number of layers estimated using C, is obtained with the following equation.
— On soda lime glass with a refractive index of 1,52 at 532 nm:
Ng =10,6xC -11x(C)?

— On other glasses with a refractive index (n) between 1,45 and 1,55 at 532 nm:
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A correction factor Cf(C) should be applied to the measured values:

Cf (C) = 2,409 - 2,661

Ceorr = Cf(C)X Cheas

and C, should be used instead of C in the previous expression to obtain Ng.

— On90 Nnm £ 5 nm SiOz on Si:

Ng =-5,74xC +4,61x C?
Figyre 4 displays the associated curves together with experimental data points. Note here [that
nontinteger values of N can be obtained (see section 6.3).
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NOTE Open circles are experimental data (colour coded with the SiO, thickness of the sample as displayed on the
graph) and the solid black line is a polynomial fit with the above equation (R2 = 0,999 9 (top) and 0,997 (bottom)).

Figure 4 — Number of layers as a function of the optical contrast
on glass (top) and on 90 nm = 5 nm SiO, on Si (bottom)
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6.3 Interpretation of the combined measurement

The obtained estimations of the number of layers from the Raman G-peak (Ng) and from the
optical contrast (Ng;) come with uncertainties related to the experimental errors and, more

important, to the effect of stacking and optical resonance. The exact number of layers N can be
obtained if Ng and N agree. Table 1 to Table 3 (decision tables A to C) specify the value of N

according to the ranges of Ng and Ng. In Table 2, the two values of N means that the exact

number of layers cannot be specified but a range of N. In Table 3, specific cases are reported
where the values of Ng are found slightly lower than N but where N can still be specified. This

situation is found for some specific relative orientations between the layers and has been clearly

iderffified 131, 12T, 15T

The|measured data are classified and a number of layers, N, is specified according ta the rliles
des¢ribed in Table 1 to Table 3.

Table 1 — Number of layers decision table A, if the estimates of Ng'and N agree

Result Raman measurement Result reflectance measurement
Number of layers
Ng Ne

N

Lower limit Upper limit Lower limit Upper limit
0,1 0,1 0
0,7 1,3 0,7 1,3 1
1,7 2,3 1,7 2,3 2
2,7 3,3 2,7 3,3 3
3,7 4,2 30 4,2 4
4,6 5,2 4,6 5,2 5

Tlable 2 — Number of layers decision table B, if the estimates are between numberg.
Exact number of'layers cannot be specified but a range of ¥

Result Raman measurement Result reflectance measurement
Number of layers
Ne Ne
N

Lower limit Upper limit Lower limit Upper limit
0,1 0,7 0,1 0,7 0to1
1,3 1,7 1,3 1,7 1to2
2,3 2,7 2,3 2,7 2to3
3,3 3,7 3,3 3,7 3to4
4,2 4,6 4,2 4,6 4to5

Table 3 — Number of layers decision table C,
if the values of Ng are slightly lower than N¢

Result Raman measurement

Result reflectance measurement

Number of layers

Ng Ne
N
Lower limit Upper limit Lower limit Upper limit
1,25 1,7 1,7 2,3 2
1,9 2,7 2,7 3,3 3
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2,6 37 3,7 4,2 4
3.4 4,6 4,6 5,2 5

Figure 5 is the graphical representation of the Table 1 to Table 3. If the combined measurement
results do not conform to a combination of Ng and N in any of Table 1 to Table 3 and are both

larger than 1,3, the number of layers is larger than one but cannot be determined more
accurately and should be specified as “> 1 but exact N unknown”. In any other case, the number
of layers should be reported as “undetermined”.

Table 1 to Table 3 are only valid if the number of layers is homogeneous under the laserspot.

IEC
Figure 5 — Decision criteria regarding the number of layers

The|exact number of layers N can be obtained if the estimates from the Raman measurement
(Ng) and the optical contrast (N) agree.

7 [Test report

7.1 General

The TesUITS of the measurement shall be documented In a measurement report, mciuding the
date and time of the measurement as well as the name and signature of the person responsible
for the accuracy of the report. Guidelines are given in Annex A (Format of the test report) and
Annex B (Sampling plan).

7.2 Sample identification

The report shall contain all information to identify the test sample and trace back the history of
the sample:
1) General procurement information, in accordance with the relevant blank detail specification.

2) General material description in accordance with the relevant blank detail specification,
including a technical drawing:

— top view, indicating the inspected area and location of the measurement positions;
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7.3

— cross section, showing the layer structure.

Test conditions

The laboratory ambient conditions during the test:

1)
2)
3)
7.4

7.5

Atmosphere air.
Temperature range: 18 °C < T'< 25 °C.
Range of relative humidity: 40 % < RH < 60 %.

— Measurement specific information

Calibration status of equipment.
Spectral resolution of the spectrometer.

Wavelength, spot size and power of the laser used for Raman spectroscopyrand refled
if not the same).

Bignal-to-noise ratio for the Raman spectra based on the G-peak.
Bignal-to-noise ratio for the reflection measurement.

Typical measured Raman spectrum.

Typical reflection signal.

Ratio of D-peak and G-peak integrated intensity, Ap/4. Ifthe D-peak is not visible this 3

hoise ratio of the spectra.

Test results

Coordinate system used in the measurement 'setup in absolute positions with a definitig
he origin so that the measurement locations can be related to the technical drawing of
sample.

[able of mean values and standard deviation of the KCC number of layers at the posit
jefined by the sampling plan.

Colour maps for the number of layers. The colour map shall be scaled in absolute posit
n respect of the origin of the-coordinate system. The colour code should be calibrate
absolute values of the meastured KCC.

tion

hall

pbe noted and the maximum value of the ratio shall b& estimated based on the signal-to-

n of
the

ons

ons
d in
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Annex A
(informative)

Format of the test report

The form of the report is oriented on the relevant material specification, a related sectional
blank detail specification or detail specification. Table A.1 to Table A.5 are guidelines to write
the report and can be modified to fulfil the requirements of the involved parties.

Table- A1 =Product-identification

Item

Item Information
Ng

1.1 Supplier

1.2 Trade name

1.3 ID number

1.4 Typical batch quantity Number of wafers
O Batch number
15 Tracgability O Serial number
requirements O Others, specify .......cccooeeeneeennn. Lo
Manufacturing date
Number
1.6 Specification Revision level
Date of issue
1 7| |Material Safety Data 0 No
Sheet (MSDS) available | g yeg Referehce
Table A:2’— General material description
Iterp Item Information
Ng
2.1 Material type
2.2 Manufacturing methiod
Material

Technical drawing
2.3 Substrate (top view)

Technical drawing
(cross section)

2.4 Shelf life

2.5 Typical batch size

Table A.3 — Measurement related information

Itﬁ;n Item Information
O Circular, specify C-....

3.1 Sampling plan O Square, specify S-....
O drawing attached
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O3
3.2 Number of spectra per location
O others, specify
Raman 532 nm
3.3 Excitation wavelength
Reflection 532 nm
Raman
3.4 Laser power on sample
Reflection
Raman
3.5 Laser spot size on sample
Reflection
O not visible
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Raman shift (cm1)
IEC
Raman
3.8 Signal-to-noise ratio
Reflection
O attached
3.9 Raman data
O available on request
3.1d Environmental humidity (mean)
3.11 Environmental temperature (imean)
Table A.4 — Measurement results
Measurement Result Raman Result reflectance Decision Uncertainty
point in measurement measurement
agcordance with
gampling-plan Ne Ne
(Annex B)
1

Ol | N[ ||l |DN
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Table A.5 — Colour map of KCC

Item
No

Location of the mapped area on the sample

Map of the number of layers

5.1
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