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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 6-9: Graphene-based material — Sheet resistance:
Eddy current method

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien.comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to promotelinterngtional

cd-operation on all questions concerning standardization in the electrical and electronic fields:“To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications{ Technical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC /Rublication(s)").
preparation is entrusted to technical committees; any IEC National Committee interested,ih the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the(lntefnational Organizati
Standardization (ISO) in accordance with conditions determined by agreement petween the two organizati

THe formal decisions or agreements of IEC on technical matters express, as‘nearly as possible, an interng
cgnsensus of opinion on the relevant subjects since each technical cogmmittee has representation frd
inferested IEC National Committees.

IEC Publications have the form of recommendations for international Uuse and are accepted by IEC Ng
Committees in that sense. While all reasonable efforts are made to ensure that the technical content g
Pdblications is accurate, IEC cannot be held responsible for<the way in which they are used or fg
misinterpretation by any end user.

In] order to promote international uniformity, IEC Natiofal ‘Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their national and regional publications. Any divergence be
arly IEC Publication and the corresponding national or, regional publication shall be clearly indicated in the

IEC itself does not provide any attestation of cehformity. Independent certification bodies provide conf
agsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fd
sgrvices carried out by independent certification bodies.

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

members of its technical committees-and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
eXpenses arising out of the (puplication, use of, or reliance upon, this IEC Publication or any othe]
Pyblications.

N¢ liability shall attach to IEC or its directors, employees, servants or agents including individual experjs and

Attention is drawn to theuNormative references cited in this publication. Use of the referenced publicati
inflispensable for the.correct application of this publication.

Attention is drawngto the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall*netf'be held responsible for identifying any or all such patent rights.
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Draft Report on voting

113/569/DTS 113/625/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.

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
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at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/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
specific document. At this date, the document will be

. econfirmed,

—

e Withdrawn,

—

bplaced by a revised edition, or

e amended.

contains colours which are considered to be useful for the correct tinderstanding of its

IMH:ORTANT — The "colour inside" logo on the cover page of this document indicates thaf it
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The application of graphene and graphene-related materials as a conductive large-area
electrode material has become of rising interest during recent years. Especially in the
application of graphene as a replacement material for indium tin oxide (ITO), graphene
combines low sheet resistance and high optical transparency. In particular, the application of
optically transparent large-area graphene layers has become more important. Hence, the
electrical characterization of large-area graphene layers is essential.

However, contacting methods, such as four-probe measurements, can cause damage to the

raphene-and-deteriorate-its—aquality
grappehe—aha-geterHorateHs—guatHty-

Non-{contact methods have advantages for measurement of the sheet resistance sinceydamage
to the layers is avoided and it is possible to readily scan the film to examine homageneity

The sheet resistance can serve as a measure for the electrical characterization due to its qirect
depgndence on conductivity and graphene quality for electrical applications.
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NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 6-9: Graphene-based material — Sheet resistance:
Eddy current method

1 Scope

This| part of IEC 62607 establishes a standardized method to determine the key. (Gg
chargcteristic

e sheet resistance
for fiilms of graphene-based materials by

D

ddy current method.

With| this method a coil-generated primary alternating electromagnetic field induces
currgnts in the conducting layer to be measured. The superposition of the primary field wit
secondary field induced by the eddy currents is a function of the-sheet resistance of the Iz

— The method is applicable for the contactless measurement of the sheet resistance of
rea graphene layers on non-conductive substrates. As the method avoids any phy
cpntact, it prevents any mechanical damage to the‘sensitive graphene layer. Thereforg
ethod is suitable for electrical characterization and quality control in an indu
fabrication environment.

ue to the use of two detectors — one aboVe the substrate and one below the substr
the method is insensitive regarding smalt-deviations from perfect flatness of the substr

he range of graphene layers tobe characterized comprises any quality, size
orphology of graphene crystallités. Hence, the applicability of this method spans from
quality, defect-free graphene layers to layers of dried graphene ink.

he size of the graphenerlayers to be characterized includes layers larger
mm x 25 mm for singlejpoint testing and 50 mm x 50 mm for imaging testing.

he method can be_tsed for layers of graphene-based material with a sheet resistan
the nominal rangeof*10 Q/sq to 5 000 Q/sq.

ormativesreferences

are-nao.hormative references in this document.

ntrol
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Ce in

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

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

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

e |SO Online browsing platform: available at http://www.iso.org/obp

wing
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3.1 General terms

3.11

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.

3.1.

key control characteristic
KCC|

key performance indicator
matgrial property or intermediate product characteristic which can affect safetyJor complipnce
with regulations, fit, function, performance, quality, reliability or subsequent processing of the
final [product

Note | to entry: The measurement of a key control characteristic is described lima standardized measuré¢ment
procefure with known accuracy and precision.

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

3.2 Terms related to the measurement method

3.2.1
eddy current
induged currents circulating along closed paths within a substance

[SOURCE: IEC 60050-121:1998, 121-12-82]

3.2.2
four|point probe method
four|terminal sensing

metHod to measure electrical sheet resistance or conductivity of thin films that uses separate
pairg of current-carrying and voltage-sensing electrodes

Note [ to entry: The methed is fast, repositionable and local.

Note ? to entry: There'is a comparison of eddy current (3.2.1) and four point probe methods in Annex B.
[SOURCE: 1SO 80004-13:2017, 5.3.1, modified — Note 2 to entry has been added.]
3.2.3
inline-fourpointprobemethod

type of four point probe measurement where four point electrodes are aligned in a row

Note 1 to entry: In this method, four probes contact the test sample in a linear arrangement. A voltage drop is
measured between the two inner probes while a current source supplies current through the outer probes.

Note 2 to entry: The thickness of the layer needs to be small compared to its lateral dimensions so that the sample
is approximately two-dimensional.

Note 3 to entry: The distance between the probes shall be small compared to the lateral dimensions of the sample
so that edge effects on the electric field in the sample can be neglected.

Note 4 to entry: The resistance of the sample can be calculated by Ohm's law. Geometrical factors can be used for
corrections if the sample is too small in size or if the measurement is performed close to the edges of the sample.
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3.2.4
van der Pauw method

type

Note 1 to entry:

of four probe measurement for samples of arbitrary shape

is approximately two-dimensional.

Note 2 to entry:

sampl

e, in contrast to the linear four point probe which is placed on the top of the sample.

Note 3 to entry: The van der Pauw method provides an average sheet resistivity of the sample.

The thickness of the layer needs to be small compared to its lateral dimensions so that the sample

The van der Pauw method requires four probes placed arbitrarily around the perimeter of the

and

bency
tative

Note o nnfr\]l' The van der Pauw meothod rolics on the :cellmpfinn that tho camplo is hnmngnnonll
contirjuous.

3.2,

surface conductance measurement using resonant cavity

metHod to measure the local surface conductance

Note | to entry: The measurements are made in an air filled standard R100 rectangular,waveguide configuration,
at ong of the resonant frequency modes, typically at 7 GHz.

Note  to entry: Surface conductance measurement by resonant cavity involves menitoring the resonant freq
shift and change in the quality factor before and after insertion of the specimen, into the cavity in a quant
correlption with the specimen surface area.

Note B to entry: The thickness of the specimen does not need to becknown, but it is assumed that the |

ateral

dimerjsion is uniform over the specimen area. This measurement is suited\for atomically thin materials. Only resonant

frequg
IEC T|

Note
inforn
local
of a fi

Note
only.

Note
area
numb

Note
throu

3.3
3.3.1

S 62607-6-4:2016.

L to entry: Resonance cavity methods and sheet resistance measurement methods do not deliver the

m.

b to entry:  Surface conductance measurement by resonance cavity method is obtained on a very smal
his technology is applied for the assessment of the individual performance, e.g. of a graphene flake.

b to entry: The above discussed sheebresistance measurement methods are measuring the ability of a
o transport currents through an area requiring the currents to run through various flakes or areas. Her
br of grain boundaries, their electrical interconnectivity and the individual flake's electrical property matt

[ to entry: Graphene films ¢an have a good surface conductivity but can be unable to transport cu
h an area which is relevantfor all applications where graphene is used for its electrical properties.

Key control characteristics

surface conductance

os

shegt conductance
chariacteristic physical property of two-dimensional materials describing the ability to conduct

ncy and the area of the specimen are measured. No calibration standards are required. Details are shqwn in

same

ation and therefore do not compete with each others Resonance cavity methods are mainly used to assess
efects and local properties whereas the sheet resistance measurements describe the electrical perforpance

area

arger
e, the
br.

frents

electric current

Note 1 to entry:

The Sl unit of measure of og is siemens (S). In the trade and industrial literature, however, siemens

per square (S/sq) is commonly used when referring to surface conductance. "S/sq" is dimensionally equal to "S", but
is exclusively used for surface conductance to avoid confusion with electric conductance (G), which shares the same
unit of measure: G = /U = ag*(w/l).

Note 2 to entry: The surface conductance (o4) can be obtained by normalizing conductance G to the specimen
(w) and length (/).

3.3.2
surface resistance

Ps

sheet resistance
reciprocal of surface conductance, og

width
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Note 1 to entry: pg is a characteristic property of two-dimensional materials. The Sl unit of measure of pg is ohm (Q).
In the trade and industrial literature, however, ohm per square (Q/sq) is commonly used when referring to surface

resistance or sheet resistance.

4 Abbreviated terms

4PP four point probe, test method

EC eddy current, test method

ITO

NIST National Institute of Standards and Technology

PET polyethylene terephthalate
SEM|  Semiconductor Equipment and Materials International
VLSI

5 General

5.1 Measurement principle

The pddy current method is a method applied for the characterization of electrical prope
such| as sheet resistance, conductivity, and local magnetization. Typically, an altern
elecfromagnetic field (primary field) is inducing eddy currentsiin’the flat, electrically condu
sample of interest. According to Lenz’ Law, the induced eddy currents generate a secon
elecromagnetic field which is opposed to the primary field. The interaction of the primary
with the secondary field is a function of the sheet resistance of the present conductive la
This|principle is applied to electrically characterize'layers without establishing an elec
contact. Generally, there are variants of measurements in physical contact and without phy
contact of an electrically isolated eddy currept sensor. The non-contacting mode allows

rties
ating
ctive
dary
field
yers.
rical
sical
5 the

investigation of specimens without any mechanical contact as a potential source of damage or

artefpcts. The primary field induction and\the resulting field measurement can be at diffé
posifions. The detecting sensor measurés the complex impedance, which picks up the elg
power absorption. The sheet resistance is directly correlated with this absorption. The ind
is usling various probe types and sizes for eddy current testing (see DIN 54140, Section
Reprlesentation and general characteristics of test coil assemblies).

5.2 | Measurement configuration

The |measurement is( conducted in a transmittance setup, where the sensor parts for
gengration and for field measurement are separated by the specimen. The distance bety
both|sensor parts.is’fixed. The recommended distance is 5 mm to 25 mm. The vertical pos
of the graphene-tayer should not vary for more than 10 % of the gap between the upper
lowef sensorielements in accordance with the vertical position where the system was calibr
The pap s fixed and shall not to be changed after system calibration and validation.

erent
ctric
Lstry
1-3 -

field
veen
ition

and
hted.

This —setup—supports—themeasurement—om various substrate—thickmessesthat—fit—mt
measurement gap. The tolerated variation of the thickness within one measurement is 10

the
% of

the gap size. The measurement on different substrate thicknesses and hence different vertical
positions in the measurement gap can be achieved by system calibration on these levels. Before

each measurement, the user selects a suitable calibration dedicated to the substrate thick
in the tool software.

ness

Reflective measurement setup is not supported by this document since the position tolerance
for vertical variation is only given in transmittance mode. This enables robust measurement on

all relevant substrates including non-conductive foils. Reflective mode measurements ca

n be

done on wafer since those are very flat. In this case, refer to conventional sheet resistance

measurement SEMI standards.
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5.3 Measurement mode
5.3.1 Single point mode

The single point measurement mode uses a static sensor, whereas the graphene sheet is
moved below the upper sensor. Measurements are taken in the inner areas of the graphene
material sample.

5.3.2 Imaging scanning mode

The imaging mode uses a moving sensor in the X direction and a moving substrate in the
Y direeton—Alternative-modes-where-the-substrateismovingincandY—with-the-senserheing
stati¢, or vice versa, are also common. This allows scanning the entire sample line by linel Such
scanhing systems are equipped with edge effect compensation mechanisms for measurenjents

closg to edges: typically, 3 mm cut away on each side.

The pdge effect correction coefficients depend on the distance between the sensor elenents
and |the sensor type and setup. Generic tables should not be used; . instead, commercial
manyfacturers usually supply a correction table specific to the individualysetup used. Softare
integrated edge effect correction solutions are more user friendly and ‘are therefore preferfed.

5.4 | Measurement system
5.4.1 Measurement equipment
5.4.1.1 Description of test equipment

The measurement setup consists of a sample stage and two sensor probes (see Figure 1),
which are described in 5.4.1.2 and 5.4.1.3, respectively.

5.4.1.2 Sample stage

The pample stage shall be flat and méchanically stable in order to carry the specimen safely.
The sample stage shall be free of vibrations and horizontally aligned.

5.4.1.3 Sensor probes

Two gensor parts are applied for the measurement: the sending probe element and the recejving
probg element. Each part‘consists of a coil and core setup in order to generate and deteg¢t an
alterpating electromagnetic field. The sending and receiving probes are opposing each other.
Typig¢ally, one sensor’probe is above the sample stage, while the other probe is located blelow
the gsample stagex'lt is essential that the sensor probes are in fixed position and canngt be
moved relative 4o each other after calibration. The sample stage with the specimen to megsure
is positiongd between the two sensor probes at the height of calibration and measurement.

Graphené on wafer can also be measured by using reflected eddy current tools. Here, standard
SEMIMF673 is applicable. All other measurements such as graphene films on foil are measured
in the transitive eddy current approach since it excels with a significantly higher tolerance to
height variations. Additionally, the application of graphene as large area electrode, e.g. on foil,
requires a higher vertical sample position tolerance and a higher flexibility in spot size, which
can only be achieved in transmission by using different probe-to-probe distances.

5.4.1.4 Sensor gap

The measurement gap (distance between the upper probe and lower probe) should comfortably
accommodate both the sample stage and sample, without touching the sample surface. The
sensor gap shall be larger than 5 mm and smaller than 25 mm. This enables a sufficient
tolerance for vertical substrate height variation and even tolerates inline setups that require a
larger gap, without sacrificing too much of the spatial resolution.
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5.4.1.5 Measurement spot size

The
smal
neig
esse

NOTH If the measurement spot size is too small, individual graphene flakes with very good sheet resistance

result

current through the graphene sheet. Much larger spat sizes, however, would reduce the resolution by averagin
the sgot size so that defect clusters and changes-in'grain boundaries, etc. cannot be resolved properly.

5.4.2 Calibration standards

Calipration standards are used to calibrate the eddy current measurement systems|
reference specimen, one canvuse homogeneous conductive films or homogenously d
silicgn wafers. The homogengeity is required to be better than 2 % (at 2 sigma) over an ar

100
The

systgms with a maximum measurement point pitch in X and Y of 1 mm to ensure the inte

of th
inlin
valid

The
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Sensor probe

Specimen

[ -

Q:\mr\ln Qingn

Fixed sen‘sor gap
\

Sensor probe

IEC,

Figure 1 — Scheme of measurement setup

high sensitivity zone of the measurement spot shall-be larger than 5 mm and typ
ler than 25 mm. This ensures that isolated graphefie areas with poor electrical contg
hbouring graphene respond with higher sheet résistances in the measurement, whi
Intial for the qualitative measurement of a graphéne sheet.

in an assessment of high-quality graphene, which*would still fail to be a good electrode, as it fails to tra

mm x 100 mm measured with a measurement pitch of 1 mm (10 000 measurement po
reference specimens are validated by non-contact eddy current sheet resistance mag

b calibration.standard. The reference values of the calibration specimen can be defing
four point~probe systems or eddy current sheet resistance testing systems tha
ted by.'accepted standards like VLSI / NIST standards.

measurement system is required to be checked every six months using calibr

cally
ct to
ch is

would
sport
) over

As
bped
ba of
nts).
ping
grity
d by
are

ation

stan

reference specimen (see Annex D).

5.4.3 Ambient conditions

fards—Thecatibratiomof theTeferencesystenmmis Tequiredto betomducted wittratraceable

The measurement shall be performed at constant temperature and after sufficient thermal
equilibration of the measurement setup, typically at least one hour after powering up the
measurement system. The relative humidity shall be less than 70 % and change in humidity
should not be more than 5 % during the measurement.
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5.4.4 Sample preparation method
5.4.41 Specimen

The specimen to be characterized can be doped or undoped graphene mono- or multi-layers,
films, or sheets, including but not limited to those formed from a graphene containing ink or
dispersion.

The graphene layer shall be continuous and not showing any isolated structures such as lines
or squares. The graphene layer shall not be covered with any other conductive layer. The
graphene layer shall cover an area of at least 25 mm x 25 mm for single point measurement
and FETmm="S56Tmmformmagimg apptcations:

Wet [films should completely dry before applying this test method as the sheet resistancg of ,
for ekample, wet graphene ink or dispersion based films changes during desiccation?” Wet films
bas€d on inks or dispersion will not provide the same sheet resistance as drycfilms. Note that
this @ddy current method is also used as monitoring method for drying processes.

5.4.4.2 Substrate

Eddy current measurement setups induce currents in all present _conductive materials. |This
applies to both the specimen and its substrate. A measurement on non-conductive substrates
can pe done directly since the measured sheet resistance isiarising from the graphene |ayer
along.

The substrate shall be flat. There are no special requirements in terms of roughness sincg this
technology is robust against height variation within telerance. If the roughness however affects
the gbility of current to travel through the film, then.this is a real result and not a measurement
artefpct.

Wheph applying the direct measurement, there shall not be any further electrically condugtive
strudtures, other conductive layers or miaterials present in the gap between the probes.

A measurement on a conductive substrate, such as highly doped Si/SiO, wafers, requires the

knowledge of the sheet resistance of the substrate. The sheet resistance of the substrate npeds
to bg considered by applying the parallel resistance formula:

1/Rtotal = 1/Rsubstrate + 1/Rgraphene'

This[formula canbe well applied if the sheet resistance of the specimen is not more than one
ordef of magnitude smaller than the sheet resistance of the substrate. Hence, a measurement
of grephene-on copper substrate is not possible as the graphene’s sheet resistance is seyeral
ordefs of\magnitude lower.

6 Measurement procedure

6.1 Calibration of test equipment

The sheet resistance calibration of the measurement device share be conducted in accordance
with the following procedure.

1) Take a self-referencing (= zeroing) measurement with an empty sample stage.

NOTE 1 A self-reference compares the measurement result in air at time of calibration and time of
measurement. This is a common way to detect system changes and to compensate for such changes.

2) Take at least three calibration samples with known and homogeneous sheet resistances for
the calibration. Calibration samples on wafer, glass or foils certified reference values shall
be used (see Annex D).
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3)
4)

5)

6)
7)

6.2 | Verifying calibration
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The calibration samples should ideally differ in sheet resistance from each other by one
order of magnitude (e.g. 2; 20; 200; 2 000; 20 000 Q/sq). The calibration samples should
ideally be of identical size, substrate type, substrate thickness and geometry, as the
specimen to be measured. For a valid calibration, the span of sheet resistance of the
calibration samples shall comprise the sheet resistance of any unknown specimen to be
measured.

If the measurement tool supports zeroing, then this is required.

NOTE 2 The here described procedure is common for eddy current based measurement tools but can slightly
vary between tool manufacturers. The here derived procedure was obtained from SURAGUS, Germany (see user
manuals EddyCus® TF lab, map or inline").

tart the calibration by placing one calibrafion sample onio the sample stage in céntral
sition between the two probe elements.

emove hands or other conducting items from the sample and take the measurement.

ave the measurement into the calibration file of the sheet resistance measurement device
including the respective absolute sheet resistance value of the calibration sample
b.g. 0,1 Q/sq).

(
Remove the sample from the sample stage.
R

epeat steps 2) to 6) with each calibration sample and save thelealibration file.

One |reference sample should remain with the measuremeént tool to be used for testing the
stability of the measurement tool before measurement. Typically, this reference samp|e is
roughly in the middle of the measurement range or atdhe targeted sheet resistance. Every day
befofe measurement, this reference sample needs t@ be tested. In case the deviation is larger
than|the stated accuracy, following measurements are not valid until the system has peen

recalibrated and has passed this test.

6.3 | Description of the measurement procedure

The sheet resistance measurement of-the graphene layer needs to be conducted in accordpnce

with fthe following procedure.

1)

2)

3)

4)
5)

7

7.1

Rrepare the measurementby choosing the correct settings of the measurement device] The
gre-set sample size, sample thickness and geometry should match the properties of the
ynknown specimen te_be measured.

1 the measurementitool supports zeroing, take a self-referencing (= zeroing) measurement
ith an empty sample stage.

W

Hlace the specimen with graphene layer face up onto the sample stage in central pogition
on the measurement field between the probe elements. Then, take a measurement or inftiate
a scane

F

emove any other items contacting the specimen or in vicinity of the probe gap and|take
thexmeasurement.

Remove the sample from the sample stage.
Data analysis / interpretation of results

Single point sheet resistance measurement

The initial test is a centred measurement of a graphene sample. This enables the assessment
and qualification of graphene samples for certain applications. A single point measurement is
typically taken in the inner area of the graphene sheet to avoid edge effects. Single point

1

EddyCus® is the trademark of a product supplied by SURAGUS GmbH. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of the product named.
Equivalent products may be used if they can be shown to lead to the same results.
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measurements near edges require an edge effect compensation using an automated imaging
device that comprises an edge effect correction mechanism (see EddyCus® TF map series).

7.2

7.2.1

Sheet resistance imaging

General

Sheet resistance images provide a profound understanding of the electrical performance across
the graphene area. Graphene can contain small defective areas that are often missed by
selective single point measurement. Hence, comprehensive and detailed measurements across
the entire area with a measurement pitch of 1 mm are required to ensure the entire integrity of

the s

7.2.2
Line
mea
on c
impo
7.2.3
Alld

should contain 10 to 100 points per square centimetre, whichresults in 10 000 measurenm

for I3
peak
large

7.2.4
The

minigmum, maximum).

7.3

Indiv
hom

7.4

Defe
are {1

elecfrode material.

N A A
dITIpIe (sec ATITNEX U).

Line profile analysis

profiles describe the sheet resistance across a line. Typically, a line contains 50 to
Eurement points depending on the covered distance. A standard line profilecanalysis is
entred horizontal and vertical line profiles. The maximum variance(of 'both lines i
rtant indicator for the specimen’s homogeneity (see Figure C.2).

Histogram analysis

hta points are depicted in a histogram. A histogram of largé-area graphene characteriz
rger samples. The sheet resistance distribution typically follows a Gaussian curve with

. If the curve contains several peaks, then the graphene sample is to be considere
ly inhomogeneous (e.g. mono-layer and double=layer areas).

Statistical analysis

scanned graphene sheet resistance ‘can be statistically analysed (average, varig

Individual homogeneity assessment

idual data analysis can\be conducted according to the device structure. Sui
bgeneous areas can be'\selected within larger inhomogeneous areas.

Defect identification

ctive areas show up in sheet resistance images as higher sheet resistance areas. De
ypically smaller than the high resistance areas. Defective zones should not be use

500
Hdone
S an

ation
ents
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nce,

able

fects
d as
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8 Test report

8.1

General

The results of the measurement shall be documented in a measurement report, providing the
background of the test, date and time of the measurement as well as names of the persons in
charge of performing the measurements, and name and signature of the person responsible for

the a

8.2

ccuracy of the report (see Annex A).

Sample identification

The feport shall contain all information to identify the test sample and trace back its histor

8.3

The pmbient conditions during the test.

|
vl

8.4

Docy
deviq

- C

— npeasurement configuration: transmission shall be noted explicitly, even if reflection

n

S
— S
S

- d

eneral procurement information.
eneral material description including a technical drawing:
top view, indicating the inspected area and location of the measurementpositions;

cross section, showing the layer structure.

Test conditions

emperature range: 15 °C < T'< 25 °C.
ange of relative humidity: 20 % < RH <70 %.

Measurement specific information

mentation on the applied setup should comprise information on the applied measure
e (type, manufacturer), especially the following:

plibration status of equipment;

ot conform to this document;
pot size;
canning step size for imaging scanning mode;

ampling plan for single point mode.

Test results
oordinate system used in the measurement setup in absolute positions with a definiti

t

spmple.

att 'the positions defined by the sampling plan.

e origin-sg that the measurement locations can be related to the technical drawing 9

able.of mean values and standard deviation of sheet resistance and/or sheet conduct

ment

Hoes

bn of
f the

Ance

— Maps for sheet resistance and optionally sheet conductance. The colour map shall be scaled
in absolute positions in respect of the origin of the coordinate system. The colour code

S

hould be calibrated in absolute values of the measured KCC.
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A1

A.2

Annex

A

(informative)

Worked example and test report

General

Sample identification

Tabl

Table A.1 — Product

identification

b A.1 provides the information required to trace back the sample to fabrication condit

ons.

Itﬁ:‘ Item Information
1.1 Supplier Supplier A
1.2 Trade name Trade name supplierA
1.3 ID number ID number supplier A
1.4 Typical batch quantity Number of samples 1
OO0 Batch number
Serial number
1.5 Traceability requirements
O Others, specify ...........M .
Manufacturing date 2013-10-03
Number Customer specific
1.6 Specification Revision level NA
Date of issue NA
17| | e |
O~Yes Reference
Table A.2 provides thelgeneral material description.
Table A.2 — General material description
Item
Item Information
No
2.1 Material type CVD monolayer graphene over silicon substrate
2.2 Manufacturing method CVD grown on copper transferred to Si
Material Si
Technical drawing
2.3 Substrate (Top view)
Technical drawing
(Cross section)
2.4 Shelf life Nominal [ ] s, d
2.11 | Typical batch quantity Number of wafers Nominal [ ]
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Geometry of the sample and scanning method

Table A.3 provides the geometry of the sample and scanning parameter.

Table A.3 — Geometry of the sample and scanning parameter

Measured area 100 mm x 100 mm
X pitch 1 mm
X stop continuous
Y¥—peh -
Y stop continuous
Sample height 200 ym

Figure 1: sample photograph Flat none

A4

Tabl

Measurement related information

b A.4 provides measurement related information.

Table A.4 — Measurement related information

It;:)" Item Information

3.1 Measurement configuration Transmission

3 g:;seurll’:ement upper sensor element to lower sepsor 5 mm

3.3 Tool verification Reference sample 512 Q/sq

3.4 Results frequency 100 measurements per line (100 mm)
3.5 Environmental humidity (mean) 40 %

3.6 Environmental temperature (mean) 22 °C

3.7 Sample atmosphere Air
Tablge A.5 provides test results for sheet resistance.

Table A.5 — Test results: Sheet resistance

Sub*area

Mean value

Standard deviation

Variation coefficient

(%)

A1

The following example shows a sheet resistance mapping of a monolayer on PET with a size of
200 mm x 200 mm. The utilized instrument was EddyCus® TF map 5050 with a scanning area
of 500 mm x 500 mm. The probe gap was 8 mm. The measurement pitch was 1 mm in X and
Y. The result shows a large homogenous area in the centre and defective areas around the
edges and at the right.
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Figure A.1 — Sheet resistance map with histogra@\'
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Comparison between eddy current and
four point probe measurement

B.1 General
The four point probe method is widely used as a reference for contact and contactless
meagurement of the key confrol characierisiic sheet resistance. Such a comparison reqpires
samples which have a sufficiently good sheet resistance uniformity to bridge the differente of
the pgrobing area of both methods. Care was taken so that the unavoidable damage caused by
the girect contact in case of the four point probe method does not falsify the results,
B.2 | Results
A cgmparison of repeated sheet resistance measurements obtained by non-contact pddy
currgnt and contacting four point probe method is shown in Table B
Table B.1 — Comparison of the results of sheet résistance measured by
the eddy current method and by the four point probe method
Four point probe method Eddy current method
Sanple Mean Stapdz.ard Min. Max. Mean Sta|:|d§rd Min. Mak.
number deviation deviation
[Q/sq] [Q/sq] [Q/sq] [Qfsdal [Q/sq] [Q/sq] [Q/sq] [Q/da]

1 0,496 0,052 0,467 0,64 0,485 0,000 2 0,484 2 0,484 7

y. 1,120 0,022 1,079 1,16 1,120 0,000 1 1,120 3 1,12p 6

3 1,759 0,032 1,720 1,81 1,772 0,000 2 1,771 5 1,77 1

4 4,430 0,100 4,300 4,61 4,425 0,000 6 4,424 4 4,425 3

g 11,840 0,200 11,350 12,09 11,622 0,010 2 11,6055 | 11,642 1

g 30,400 0,500 29,800 31,30 30,498 0,024 1 30,454 4 | 30,5360

1 82,500 0,700 81,500 83,40 81,359 0,114 5 81,2294 | 81,4972
The forrelationof the results is shown in Figure B.1.
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Figure B.1 — Correlation of the results of sheet'resistance measured by
the eddy current (EC) method and by the four point probe (4PP) method

b measurements are conducted following the‘standard testing procedure, the lev
rmance shown in Table B.2 can be achieved.

Table B.2 — Measurement accuracy

Accuracy 0,96 %
Repeatability 0,21 %

Repeatability and reproducibility (R&R) 0,21 %

el of
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Annex C
(informative)

Use case quality inspection

C.1 General

Annex C illustrates the application of the method for quality inspection which takes advantage
especially of the fast acquisition of sheet resistance. As a contactless method which can be

impl -

throyghput applications. (-1/(1,

(19

C.2 | Analysis of the sheet resistance distribution for quality inspec@h

inspéction of product quality under fabrication conditions. Figure C.1 shoy
image of 200 mm x 200 mm graphene sheet with 1 mm measurement(bi
edggq effect exclusion of 3 mm. &

939
769

598

Sheet resistance [Q/sq]

Figure @s*— Sheet resistance image of 200 mm x 200 mm graphene sheet

C.3 Aejeycgis example

4
The |measurement of the sheet resistance distribution provides an e@ent tool fof
a sheet resist
chin X and Y an

nigh-

the
ance
d an

e N o

prate

customer-relevant information during the fabrication process. The examples given in Figure C.2

to Figure C.7 illustrate line scans and histogram analysis of selected areas.
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