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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 6-7: Graphene — Sheet resistance: van der Pauw method

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization,comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote‘interngtional

cd-operation on all questions concerning standardization in the electrical and electronic fieldss To this en
infaddition to other activities, IEC publishes International Standards, Technical Specifications;Fechnical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEG~Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interestéd.in 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\International Organizati
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati
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THe formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interngtional

cgnsensus of opinion on the relevant subjects since each technical .committee has representation frd
inferested IEC National Committees.

IE[C Publications have the form of recommendations for internatignal use and are accepted by IEC N3
Committees in that sense. While all reasonable efforts are mafle to ensure that the technical content d
Pyblications 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 National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their natienal and regional publications. Any divergence be
arly IEC Publication and the corresponding national @Pregional publication shall be clearly indicated in the

IE[C itself does not provide any attestation of conformity. 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 committe€s*and IEC National Committees for any personal injury, property dama

shall/hot-be held responsible for identifying any or all such patent rights.
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IEC TS 62607-6-7 has been prepared by IEC technical committee 113: Nanotechnology for
electrotechnical products and systems. It is a Technical Specification.

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

Draft Report on voting

113/682/DTS 113/713/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 of 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

—

pconfirmed,

e Withdrawn,

—

bplaced by a revised edition, or

e amended.

IMBRORTANT - The "colour inside” logo on the cover page-of this document indic3gtes
that it contains colours which are considered to be usefulfor'the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

hene is a single layer of carbon atoms arranged in a honeycomb lattice. Graphene has

shown many outstanding properties, among which is a high electrical conductivity. Nowadays
graphene can be easily grown and transferred on large area (cm? to even m2) and even roll-to-

roll s

upports using chemical vapour deposition (CVD) techniques. This is already enabling its

commercial applications in electrotechnical products.

Electrical conductivity of graphene samples can depend on many factors: structural quality,
contamination, coupling with the physical support used for a given application to name a few.

reprd
cont

The
arbit
four-
the 9
since

The
effeq

The
cons

In th
vapo

sample sheet resistance also consideringsthe non-ideal nature of commercial graphene.

pcal conductivity of a sample with finite geometrical dimensions. In order to check the
ducibility of the electrical properties of graphene, the sheet resistance is clearly’ 4 key
ol characteristic for this material.

van der Pauw method [1] allows the measurement of the sheet resistancé of samples of
rary shape, with isotropic conductivity and uniform carrier density by-performing a pair of
terminal resistance measurements with electrical contacts placed at)arbitrary positions on
ample's perimeter. The method is fast (it takes a few minutes) ‘ahd easy to implement,
many commercial fixtures are available.

our-terminal resistance measurements required to apply‘the method allow to minimize the
t of the contact resistance that appears between graphene and the measurement propes.

van der Pauw method does not provide any spatial resolution in principle,| but
derations about real samples' conductivity unifermity can be made.

s document it is explained how to specifically apply the van der Pauw method on chemical
ur deposited graphene on rigid insulating* support and perform a reliable estimation df the

T Numbers in square brackets refer to the Bibliography.
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 6-7: Graphene — Sheet resistance: van der Pauw method

1 Scope

This|part of IEC TS 62607 establishes a method to determine the key control characteristi

e sheet resistance Rg [measured in ohm per square (Q/sq)],

e vpn der Pauw method, vdP.

The |sheet resistance Rg is derived by measurements of four-terminal electrical resist

perfgrmed on four electrical contacts placed on the boundary “of the planar sample
calculated with a mathematical expression involving the two resistance measurements.

he measurement range for Rgq of the graphene samples with the method described ir
document goes from 1072 Q/sq to 104 Q/sq.

he method is applicable for CVD graphene provided it is transferred to quartz subst

carbide.

he method is complementary to the insline four-point-probe method (4PP, IEC 62607
for what concerns the measurement ofithe sheet resistance and can be applied when
ssible to reliably place contactson the sample boundary, avoiding the sample f
scratched by the 4PP.

he outcome of the van dersRPauw method is independent of the contact position proy
the sample is uniform, whigch-is typically not true for graphene at this stage. This docu
cpnsiders the case of \samples with non-strictly uniform conductivity distribution
suggests a way to censider the sample inhomogeneity as a component of the uncert
n Rg.

ormativesreferences

There are no.hormative references in this document.

ance
and

this

ates

r other insulating materials (quartz, SiO, on;Si), as well as graphene grown from silicon
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dlll-.lI defillitiullb
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


http://www.electropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=3c7acfb649bff3447f0ebc0d66605a1e

-8 - IEC TS 62607-6-7:2023 © IEC 2023

3.1 General terms

3.1.1

graphene

graphene layer

single-layer graphene

monolayer graphene

single layer of carbon atoms with each atom bound to three neighbours in a honeycomb
structure

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

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

Note B 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]

3.1.2
bilayer graphene
2LG
two-flimensional material consisting of two well-defined stacked-graphene layers

Note [ to entry: If the stacking registry is known, it can be specified separately, for example, as "Bernal stpcked
bilaygr graphene”.

[SOUYRCE: ISO/TS 80004-13:2017, 3.1.2.6]

3.1.3
few-|ayer graphene
FLG
two-dlimensional material consisting of three to ten well-defined stacked graphene layers

[SOUYRCE: ISO/TS 80004-13:2017,(3.1.2.10]

3.2
key ¢ontrol characteristic
KCC|
prodlct characteristiecmwhich can affect safety or compliance with regulations, fit, fungtion,
perfgrmance, quality, reliability or subsequent processing of the final product

Note | to entry: <Fhe measurement of a key control characteristic is described in a standardized measurg¢ment
procefure with known accuracy and precision.

Note P to, éntry: 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.

[SOURCE: IEC TS 62565-1:2023, 3.1]
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3.3
blan
BDS

k detail specification

structured generic specification providing a comprehensive set of key control characteristics
which are needed to describe a specific product without assigning specific values or attributes

Note 1 to entry: Examples of nano-enabled products are: nanocomposites and nano-subassemblies.

Note 2 to entry: Blank detail specifications are intended to be used by industrial users to prepare their
specifications used in bilateral procurement contracts. A blank detail specification facilitates the comparison and
benchmarking of different materials. Furthermore, a standardized format makes procurement more efficient and more
error robust.

detail

ell

3.4

detajl specification

DS
spec

Note
chara
chara

Note
will bg

Note
blank

ell

3.5
3.5.1

shedt resistance

Rs

electlfrical resistance of a conductor with a square shape (width equal to length) and thick

signi

Note

Neveftheless, Rg is a nonmalized quantity, in which the symbol represents the SI ohm. So there is no amy

conce
calibr.

[SOU

document:]

RCE: IEC TS 62565-1:2023, 3.2]

fication based on a blank detail specification with assigned values andattributes

to entry: The characteristics listed in the detail specification are usually a subset of the key d
Cteristics listed in the relevant blank detail specification. The industriall partners define only
Cteristics which are required for the intended application.

P to entry: Detail specifications are defined by the industrial partnets! Standards development organiz
involved only if there is a general need for a detail specification incan industrial sector.

to entry: The industrial partners may define additional key-cantrol characteristics if they are not listed
detail specification.

RCE: IEC TS 62565-1:2023, 3.3]

Key control characteristics measured in accordance with this standard

icantly smaller than the-lateral dimensions (thickness much less than width and leng

to entry: There is no-definition of the unit ohm per square (Q/sq) in the International System of unit

rning the traceability of measurements of Rg to the SI, provided the measurements are performed
bted instrumentation.

RCE: .[EC TS 61836:2007, 3.4.79, modified — The entry has been adapted to

ontrol
those

hAtions

in the

ness
h)

(SI).

iguity
with

this
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3.5.2

drift mobility

Y2

<of a charge carrier> quotient of the modulus of the mean velocity of the charge carriers in the
direction of an electric field by the modulus of the field strength

Note 1 to entry: The Sl unit of mobility is cm?/V s.

Note 2 to entry: The drift mobility is here considered to be the fundamental, intrinsic (local) property. The Hall and
field effect mobility are then the extrinsic (sample) electrical measurements, carried out to determine the intrinsic
mobility.

Note B to entry: The drift mobility for electrons and holes can be very different, depending on the residual doping
and sgattering mechanisms for the given sample.

[SOURCE: IEC 60500-521:2002, 521-02-58, modified — The entry has been adapted tqg this
document.]

3.6 Terms related to the measurement method

3.6.1
fouripoint probe method
4PP
metHod to measure electrical sheet resistance of thin films that'uses separate pairs of current-
carrying and voltage-sensing electrodes

Note [ to entry: The method is local with a characteristic length scale defined by the probe distance, and gerferally
requires the resistivity variations to be on a much larger scale than)the probe spacing. Depending on the pogitions
of the|sample-probe contact of the four probe contacts with the Surface, different geometrical factors need to bg used
to extfact the sheet resistance.

[SOURCE: ISO/TS 80004-13:2017, 3.3.3.1, modified — The entry has been adapted tq| this
document.]

3.6.2
in-lime four-point probe method
type |of four-point probe measurement where four-point electrodes are aligned in a row

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

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

Note B to entry: The.resistance of the sample can be calculated by Ohm's law. Geometrical factors can be usgd for
corregtions if thessample is too small or if the measurement is performed close to the edges of the sample.

[SOURCE:IEC TS 62607-6-9:2022, 3.2.3, modified — Note 2 to entry has been deleted.]

3.6.
van der Pauw method

vdP

type of four probe measurement for samples of arbitrary shape

Note 1 to entry: The van der Pauw method requires four probes placed arbitrarily around the perimeter of the
sample, in contrast to the linear four-point probe which is placed on the top of the sample.

Note 2 to entry: The van der Pauw method provides an average sheet resistivity of the sample.

[SOURCE: IEC TS 62607-6-9:2022, 3.2.4, modified — Notes 1 and 4 to entry have been deleted.]
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4 General

4.1

Measurement principle

The measurement principle of the vdP method for the assessment of the sheet resistance Rg

of graphene films is based on the measurement of two four-terminal resistances, or
transresistances, performed on four contacts on the sample boundary. A mathematical theorem,
derived from conformal mapping theory, relates the transresistance of the sample measured in
two different configurations with its sheet resistance Rg [1]. The problem is practically solved

with an explicit formula that has as input the two measured four-terminal resistances and as

outp
corrg

4.2

The
distr
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unce
subs|
far fi
This

of R¢
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ctions for real cases exist.

Non-uniform samples

van der Pauw method assumes homogeneous samples with uniform conduc
bution. If these conditions are met, any measurement performedwith the contac
rary positions along the sample's boundary should be identical within the measure
rtainty. If the sample is not uniform the result of a single wdP measurement
tantially depend on the contacts position [2]. Since commercial’graphene samples c4
om having a uniform conductivity, it is possible that the user is in this second scen
document gives indications to take into consideration thisvariability in the measuren

L which can be larger than the electrical measurements_uncertainty itself and to prov

stent expression of uncertainty on Rg.

Sample preparation method

sample is measured as it is delivered bysthe supplier. No special sample preparati
red. An insulating, planar material shall’support the graphene. The sample shall be st
b ambient conditions of 4.5 prior to the measurements.

Description of measurement,equipment
measurement setup for thelmeasurement of Rg with the vdP method consists of:

source of DC current;
voltmeter;

contact fixture and sample holder;

3
a
3
. :In optionalkswitching system for measurement automation;

n optiehal acquisition and data processing system.

A bld

iple;

tivity
ts in
ment
can
n be
ario.
ents
de a

DN is
ored

ckéchematic diagram of the typical vdP system is shown in Figure 1. The switch conr

ects

h 4 4 £ % 4 (IR 14 4 P 41 :
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iy
>
% = Spring
Voltmeter %, =
— [— =
Data acquisition
and remote control Switch ——__ Sample c — )
m - ¢ Probe pin
Current B] Specimen
source

IEC

Figure 1 — Schematic view of a van der Pauw measurement setup,
and a detail of typical spring-mounted probe

The purrent generator shall be able to supply current at least in the range 1 yA to 1 mA| The
voltmeter shall be able to measure voltage at least in the range 1 m\{to 1 V, considering typical
five-|or six-digit commercial instruments.

Furthermore, the system shall include a fixture to properly heold\the sample and place the prpbes
in pgsition.

The [sample holder fixture shall have purely mechanical contacts. This to avoid additjonal
lithographic steps that inevitably would contaminate the sample surface, which could possibly
alter|its electrical properties. Contacts probe shall be adjustable in position and height.[ The
probgs shall have a very limited lateral swing.invorder not to scratch the graphene sample when
placed in contact. If a custom fixture is used, the insulation resistance between the contacts
shall|be the highest possible, possibly of-the order of 1010 Q.

Poinf probes shall have internal springs to keep appropriate contact. An example of the intgrnal
strudture around the probe pin is-shown in Figure 1. Resistance is measured by pushing the
probg in the direction of the-arrow. A spring is installed in the root of the probe pin, and the
forcg applied to the pin shall-be controlled by an appropriate choice of the components of the
cominercial fixture.

The switch shall be'a4x4 matrix able to connect each terminal of the source and meter to pach
of the contacts on\the sample.

4.5 | Ambient conditions during measurement

Beinf.&/carbon monolayer, graphene electrical properties can be strongly affected by ampient
condit variations—ne by it ia isties—dueto-the—growth
process (see Annex A for details).

In order to obtain results which can be reasonably compared with other measurements
performed in accordance with this document, the required ambient conditions are
T=(23+1)°C,RH=(501%4) %.

4.6 Related standards

Annex C includes a list of related standards published by other standards development
organizations.
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5 Measurement procedure

5.1

Calibration of measurement equipment

The current source and the voltmeter shall be calibrated and within the specified calibration

perio

5.2

d.

Detailed protocol of the measurement procedure

A detailed example of the application of this procedure is given in Annex B.

Turn
be le

Cleah the measurement probes following the manufacturer instructions. If no indicationis g
uggested to lower multiple times the probes on a soft cloth patch moistened with ethanol,
placed at the sample seat.

itis 9

Then

ft to warm up in accordance with specifications.

on the equipment for the time indicated in manuals before using it. Instrumentation,shall

ven,

place the sample in the proper position under the probes. If possible, place the confacts

in pgsitions which provide axial- or centre-symmetry with respeci{to.the shape of the sample
(the |atter case is represented by Figure 2, with contacts on thesedges; but placing contacfs on
the gqorner represents an equivalent solution). This is helpful/to-make some simplificatiops in
the dxpression of uncertainty (discussed in Clause 6).
Measurements proceed in accordance with the following*quantity definitions:
I current applied to a pair of contacts entering contact i, and exiting at contact ;.
Vi voltage measured between contacts £ and /.
R 1| four-terminal resistance calculated\as /;;/V},.
In the following, the four contacts arelcalled A, B, C, and D. The contacts shall be placgd on
the g$ample in counter-clockwisexorder along the sample boundary (see contact labels in
Figufe 1 and Figure 2).
The fransresistance measurements to be performed are
e
Ragcp =7 M
AB
VD’I\
ReCDA = (2)
B

These are measured following the sequence reported in Figure 2 a) and b), respectively.
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Red l¢ads carry the current Il.j, blue ones are used for the measurement of the corresponding V&

\oltmeter Voltmeter
| | D _I_I_ | D
Switch —— Switch J
L Sample | —_— | c
—— p - Sample
_|_|_ InB |
1
Current B[ Current B_C., BI
source ) source
TEC EC
a) for R,g ¢p b) for Rg. pa

Figure 2 — Schematic view of a typical vdP measurement setup
and measurement sequence

The pair of transresistances Ragcp and Rgcpa allow to calculate the sheet resistance Rg of

the

sfample in the measurement configuration "p". Following theé/example of Figure 2, in the case

of fided contacts and a square sample, there are four possible measurement configuratiqns p

tha

As

t gan be obtained by rotating the sample by 90°.

djscussed in 4.2, even though the vdP method ‘does not require the measurements {o be

perfgrmed in more than one configuration, in ofder to achieve a better estimation of| Rg,
consfidering possible sample inhomogeneity, more measurements should be performed, pach

in a different measurement configuration p.

The {lifferent pairs p of four-terminal resistance measurements labelled R? and R?

be

5.3

can

AB,CD BC,DA

s{ored to calculate the corresponding values of Rs(p).

Settings and precautions for the measurement of R;

—

he current sourcé and the voltmeter shall be set in manual range mode?2.

—

he magnitude of’/;; is a trade-off between the need to achieve a V;; magnitude that cgn be

easured with enough accuracy by the voltmeter, and the need to avoid sample heating on
the contact point. Heating effects can be identified, by performing measurements a{ two
different=current levels (e.g. 7 and 2/) and comparing the measurement outcome. [High
cpntact resistance can produce sample heating even at low currents. Heating of the sample

posed to the laboratory ambient can also cause sample oxidation which could [alter
irreversibly the sample's properties [3], [4].

A too large magnitude of /;; can also cause an abrupt breakdown of the sample. It has been
reported that, for CVD graphene samples having sheet resistance in the range of 1 000 Q
the breakdown current is in the range of 107 A/cm?2 [3], [4]. A 100 pA current injected through
a 50-um-diameter needle probe would produce a current density of 4 x 104 A/cm2, well
below the reported breakdown level.

The current source shall be switched on with zero current level before contacting the sample
to avoid any voltage transient that could damage the sample.

Instrumentation set "auto range" mode limits the expression of the type-B uncertainty (see Table 1), which is
mandatory in precision measurements. In fact, if a source or measurement value magnitude is at the threshold
between two instrument's ranges, electrical noise can induce abrupt switching between different ranges during
the same measurement to which can correspond different accuracy specifications.
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e Measurement accuracy is improved by performing two readings of Rij 1 with two currents

e

qual in nominal magnitude and opposite in sign, and by averaging the results.

e Measurement accuracy is improved, and type A contribution to measurement uncertainty
estimated, by recording time series of individual measurements and computing averages

a

nd standard deviations.

NOTE For a symmetric sample, in principle R,z -5 =Rgcpa - h€Nce only a single measurement would be sufficient

(e.9. Rpgcp)- In practice, samples are never perfectly symmetric in shape and concerning the position of the

contacts; therefore, a two-measurement protocol is suggested in the following.

5.4

The
of th

uncefrtainty and related terms used in the following, see [5], sec. 2.3.

The
of th

Typs
repe

instr
trans

and
typic

Four-terminal resistance measurement accuracy

accuracy of the sheet resistance calculated with the vdP method depends on thé accl
e pair of four-terminal resistance measurements Ragcp and Rgcpa - For the ‘definiti

combined uncertainty URg is obtained from the type-A and type-B uncertainty compor

e measurement of R,

2 2
“Rij (”A'Rij,kl) +(”B’sz,kl)

-A uncertainty Up R, OF standard uncertainty:is in this case the standard deviation o
hted series measurement. The type-B uncertainty component UBR; is calculated fron

iments' specifications and will depend on the absolute values of the meas
resistance R;;;. In Table 1 are reported possible transresistance values and the cu

voltage range needed to measure them with standard instrumentation. CVD grap
ally shows a sheet resistance within the range of 10 Q to 100 Q.

Table 1 — Example.of measurable values for Rg, and the corresponding
measurement settings and type-B uncertainty, when using a current source

racy
bn of

ents

(3)

f the
n the

ured
rrent

hene

Kdithley 2602B System SourceMeter® and a HP 34420 Nano Volt / Micro Ohm Meter3

(1y calibration specifications)

Resistance, R Current Current range Voltage Voltage range Relative tyge-B
applied measured uncertainty of
Q A pA \Y, mV Rg

1E-02 1,00E-04 100 1E-06 1 1,19E-02
1E-01 1,00E-05 10 1E-06 1 9,79E-03
1E+00 1,00E-05 10 1E-05 1 1,43E-03
1E+012 1,00E-05 10 1E-04 1 5,93E-04
1E+022 1,00E-05 10 1E-03 10 5,14E-04
1E+03 1,00E-05 10 1E-02 100 5,18E-04
1E+04 1,00E-05 10 1E-01 1000 5,18E-04
1E+05 1,00E-06 1 1E-01 1000 9,18E-04

a8 Typical graphene sheet resistance is within the range of 10 Q to 100 Q.

3 «2602B System SourceMeter®” and “HP 34420 Nano Volt / Micro Ohm Meter” are examples of suitable products
available commercially. This information is given for the convenience of users of this document and does not
constitute an endorsement by IEC of these products.
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6 Data analysis and interpretation of results

6.1 General

6.1.1 Calculation of Rg

The sheet resistance Rs(p) in each measurement configuration p, is calculated from RﬁB cD

and Ré)C,DA by means of the formula

RiG cp + Rb
T “AB,CD CDA
== 2/ (4)

where then f is a numerical factor, function of the ratio Ragcp/Rscpac defined in [1]| and
repofted in table in ref [6], for which f =1 holds when RAB,CD/RBC,DA =0.

If mgre measurement configurations p were achievable, the corresponding values of Rg (p can
be calculated separately following (4) and then Rg can be defined as

1
Rg = <Rg >, :;ZRS (») (5)
P

wherle < Rg >, is the configurational avérage of Rg(p).

6.1.2 Further corrections

Depe¢nding on the contacts pesition (distance from physical edge) and size, further corrections
can be applied [7], [8], [9]. and if applied these shall be explicitly reported in the test repoft.

As an example of an’acceptable non-ideal experimental situation, consider that for a square
sample with contacts placed at the four corners for which

e cpntacts.are placed within a distance d from the border for which the ratio d/D is 0,05, where
1} is the\lateral size of the sample,

e thesize of the contacts is such that the ratio g/D < 0,1, where g is the contact lateral| size
and D is the lateral size of the sample,

no further corrections need to be calculated, because their entity becomes negligible compared
to i) the instrumental accuracy given in Table 1 and to ii) the possible variability between

different Rs(p). The above conditions are very easy to meet with commercial needle probe
contacts.

6.1.3 Expression of uncertainty on Rg

In the general case, the uncertainty is calculated following the formula for the propagation of
uncertainty [5]:
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dg(x) YV
“o(x) = \]Z(a—xl”XJ ©)

1

where g(x;) is a function of several variables x;, in this case the function in Formula (4), with
relative uncertainty u, . The factor f in Formula (4) is an implicit function of Ragcp and

Rscpa » and as a consequence, the application of Formula (6) to Formula (4) is not
straightforward. Formula (6) can be more easily applied to the implicit form, equivalent to

la (4) fih d D loti
Formula 4—e+—tRevahR-aeFr—adWretatoh

RpB,CD Rscpa
—T —TT

Rs R _4 (7)

e + e

Applying Formula (6) to Formula (7) gives

2 2

_ AB.CD _BcoA

Rs Rg 8
= X X X
UR K e URy +| e Upg (8)
where
K Rs
RaB,GD Recpa
_pABSD _p-BCDA

e Rs + Rg xe Rs

If the sample is contacted in symmetric positions, and Ragcp = Rgcpa then Formula (8)
simplifies to

uts = 5oncgy A ) (] ©

which naturallyfellows from Formula (4) when f =1 and Formula (6) is applied.

In thie géneral case of Ragcp/Recpa# 1, Formula (8) shall be used. Consider though that if

simplified Formula (9) because f of Formula (5) is equal to 1 within 0,001 % [10].

An additional observation can be made if the contacts A, B, C, D are placed in symmetric
positions (e.g. on the four corners of a square sample, as suggested in 5.2). A value of f <1 in

this case indicates a substantial non-uniform conductivity distribution.

6.2 One measurement configuration

If only one measurement configuration is available ( p =1), the uncertainty Upg of Rg =Rg (1)

will be estimated only on the basis of the measurement accuracy of Rygcp and Rgcpa -
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6.3 Multiple measurement configurations

If more measurement configurations p are available, the uncertainty of each of the Rg (p) can

be expressed following Formula (8) or Formula (9), then these will be combined with the

standard deviation s(< Rg >p) of the configurational average < Rg >5 of Formula (5). The

uncertainty up, on Rg =<Rg >, is then

irg = %+ Su(Rs () (10)

Y 14

Note| that if s<Zu(RS (p)) the sample is reasonably uniform (i.e. the value(of Rg does not
P

subsltantially depend on the contact configuration, as assumed for uniform-samples by the vdP
metHod).

7 Results to be reported

7.1 | Cover sheet
The fesults of the measurement shall be documented-in a measurement report, including the

dateland time of the measurement as well as the name“and signature of the person responkible
for the accuracy of the report.

7.2 | Sample identification

The feport shall contain all information te-identify the test sample and trace back the histgry of
the dample.

Q)

. eneral procurement information, in accordance with the relevant blank detail specificgtion.

Q)

. eneral material description’in accordance with the relevant blank detail specification

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

cross-section gchematic diagram, showing the layer structure (e.g. graphene on SiQ, or
graphene on.guartz).

NOTH A blank défail specification for graphene is under development (IEC 62565-3-1).

7.3 Measurement conditions

The gmbient conditions during the test should be the usual ones in a calibration laboratory| and
shall e Teported, for exampie:

e Temperature range: 7= (23 £ 1) °C
e Relative humidity range: RH = (50 = 4) %

7.4 Measurement results

e Sampling plan used: Sample orientation, contacts positions and indexing and number of
repeated measurements of R;,, need to be defined prior to the measurements and

recorded, as shown in Figure 3.
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®

Grey nnnnnnnnnnnn to thao araonbhana camnla An on inoulaotins ricid
Fea—+ AtS—t +apreh ST A—a—RSdathg—+

nnnnnnnn t tha ~ocit on Of
P : —648 ‘ gFigia—suppor—YoHow—dots—roprosoni-the—poesit
electr|cal contacts. Triangle marker indicates sample orientation

Figure 3 — Schematic representation of a possible sampling
plan representation for the vdP method

Hor each orientation of the sample with respect to the contact fixture, an‘index p=1...,n
shall be assigned to each measurement configuration.
o Results of Ragcp(p) and Rgcpa(p) obtained in accordance with this document:
Pl Kagco u(A‘RAB,CD) u(B'RAB,CD) ”(RAB,CD) Rgc.on ”(A’RBC,DA) M(B‘RBC,DA) “(RBC,DA)
Q Q Q Q Q Q Q QO
1
2

e Results of Rg(p) obtained in accordance with this document:

p

Rg(p)
Q

Type A u(Rg(p))

Q

Type B u(Rg(p))

Q

Combined u(R{(p))

Q

e Results of Rg'measured in accordance with this document:

1

If results obtained in more than one measurement configuration p are available,

If only~one value of Rg(p) is available, then Rg =Rg(p)with combined uncertpinty
calculated following Formula (8) or Formula (9).

then

Rs=<Rs(P)>,

with combined uncertainty calculated
Formula (9) and Formula (10).

Tollowing Formula (o

or

Optionally, a table with a summary of the uncertainty contributions can be placed as follows:

N

Q

u(Rs (1))

Q

Q

u(Rs (2))

u(Rs (3))

Q

u(Rs (4))

Q
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Annex A
(informative)

Effects of ambient conditions on graphene
resistance measurements

General

2023

A large body of literature reports small temperature dependence and large humidity dependence

of gr

A.2

CVvD
temp

Aphene conductivity.

Temperature (7)

erature (room temperature included). The temperature coefficientiof CVD grap

graphene shows a rather low dependence of resistivity on the temperature at low

hene

resigftivity transferred on SiO, is typically small, with experimentally reported changes of gbout

10 %

is go
den
refer

A3

Even

supp
grap

ences).

Relative humidity (RH)

restricting the discussion to the scope of\this document (CVD graphene on insul

hene can substantially differ from sample to sample due to local morphological

chenical properties of the sample itself@and to the coupling with the substrate.

Wrin
othe
lead

Typi
affed
adso
the ¢

The

kles, grain boundaries, multi-layer seeds, defects, residue of fabrication chemicals,

ng to many different situations, as reported in the literature [14], [15], [16].

tal experimental results show that the resistivity of CVD graphene SiO, is substan
ted by adsorbed\water in the range 30 % to 70 % RH, with increasing conductivity

ample properties.

mechanism underpinning graphene's sensitivity to humidity is reported to be the res

the e1|ectrostatic interaction between the water and the graphene-support system [15], [17],

in the wide temperature range 1 K to 300 K, which roughly translates in a temperature
coefs}i/cient of 1072 %/K [11], [12]. Anyway, the explicit relation in différent temperature ra

nges

erned by different phenomena which depend on the samplé€ gharacteristics such as carrier
ity, defect types and density, coupling with the support\(see [13] parts 2-a and 2-b and

ating

ort), it is well documented how the resistivity change induced by adsorption of water on

and

and

factors can strongly affect-the interaction between water and charge carriers in graphene,

tially
with

rbed water conecentration on graphene. This change can easily be 10-fold depending on

it of
[18].

Moreover, it has been observed that in presence of graphene characterized by increasing
amount of multi-layer seeds or islands, increasing, decreasing and the non-monotonous
behaviours of resistance are possible depending on graphene structures. In particular,
adsorption of water molecules at grain boundary defects or at the edge of multi-layer type
defects can switch the water-resistivity relation [19].
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B.1

Annex B
(informative)

Experimental example

Sample

The graphene sample used in this example is a square die of lateral size a = 10 mm cut from a
four-inch wafer of CDV graphene transferred on quartz, provided by Graphenea SA. The

. L
measured-samptewas taken fromrthesetshowmimFigure B+

e
IEC

The spmples are squares of lateral size 10 mm.

SOUR

B.2

Amb

B.3

Mea

CE: EMPIR 16NRMO01 GRACE consortium’; Reproduced with permission.

Figure ,By1 — CVD graphene on quartz

Ambient conditions

ent conditions during the test were compatible with those reported in 7.3.

Instrumentation

surements were performed using a custom multi-terminal sample fixture of whi

sche[natic view is shown in Figure B.2. See [20] for more detailed description.

ch a



https://iecnorm.com/api/?name=3c7acfb649bff3447f0ebc0d66605a1e

- 22 - IEC TS 62607-6-7:2023 © IEC 2023

Sample

Movable
support

Actuator

SOUHR

A Ke

the pource current /; was treated as nominal. An HP 34461 voltmeter was used fo
meagurement of the voltages 7;;. The four-terminal resistance measurements were perfo
with the circuit of Figure 1, consisting of the current source and(the voltmeter connected t

elecf]

B.4

The

conf
fixtu
mea

varigbility is taken into account by the four sample orientations.

lever

IEC

CE: Cultrera, A. et al (2019) [20], modified. Reproduced with permission.

Figure B.2 — Schematic lateral view of the multi-terminal fixture

ithley 2602B was used as a current source. Given the very good stability of this instru

rode array of the contact fixture through a relay scanner,

Sampling plan

sample was measured averaging R;; 10 times for each of the four p measure

gurations corresponding to the four possible rotations of the sample on the used co
e shown in Figure B.3 a), b), c¢) and-d). The 10 repetitions of the transresist
surements in each configuration accgunt for the measurement repeatability, while sq

ment
the

med
b the

ment

ntact
ance
atial

av A Q b Q
© ©
o ®
»
B (B
® ‘M ®
i om ©
® ®
<4
® ®
@ © 9

IEC

Four sample orientations correspond to the measurement's configurations in subfigures a), b), c) and d).

The triangular marker represents the sample orientation with respect to the contacts array.

Figure B.3 — Sampling plan used for the present example
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B.5 Measurement procedure

Instrumentation was switched on 2 h prior to the measurements. Current source K2602B output
was set at 0 A. The sample was then contacted in the first sampling position (Figure B.3 a).
Transresistance measurements Ragcp and Rgcpa Were performed with current /; = 100 pA

and the voltmeter HP 34461 set in the range of 100 mV and integration time 20 ms (in number
of power line cycles NPLC = 1). Measurements were performed following the sampling plan.
The contacts were then raised, and the sample sequentially rotated to the next positions
(Figure B.3 b), c), d) to perform the other corresponding pairs of transresistance measurements.

Riju values were calculated following Formula (1) and Formula (2).

B.6| Results

that
werg performed following the sampling plan described in Clause B.4. The<type-A and type-B
uncefrtainty values were used to calculate the combined uncertainties u(Rxgcp) and u(Reg

Tablg B.1 reports the measurements of Rygcp and Rgcpp in €ach of the p configurations

oa)
of R\gcp and Rgcpa, respectively, using Formula (3).

Table B.1 — Measured values for Rpg cp(p) and Rgc pa(p) using a current source Keithley
2602B and a voltmeter HP 34461 (1y stability’specifications)

r Rpg,co u (A’RAB,CD ) u (B'RAB,CD ) u (RAB,CD ) Recor u (A’RBC,DA ) u (B'RBC,DA ) u (RBC DA )
Q Q Q Q Q Q Q Q
1 1[21,128 8 0,006 3 0,000 75 0,006 3 191,303 40 0,015 0,006 8 0,015
2 |]|25,4755 0,008 0 0,000 90 0,008.1 172,418 31 0,034 0,006 1 0,044
3 ||146,90 1 0,011 0,005 2 0,012 35,185 486 0,010 0,001 2 0,011
4 | 136,103 7 0,009 7 0,004 8 0,011 37,703 61 0,011 0,001 3 0,012
The sheet resistance of the sample for each measurement configuration Rg (p) was calcufated

folloying Formula (4) and. Rg following Formula (5); the corresponding uncertainty |was

calcylated using the)" values of u(Ragcp) and u(Rggpa) reported in  TablelB.1.
Table B.2 reportsithe’calculated values of Rg(p) obtained applying the sampling plan descfibed
in Clause B.4.

current source Keithley 2602B and a voltmeter HP 34461 (1y stability specifications)

Tarle B.2 — Measured values for Rg(p) and corresponding uncertainty values using a

P R4(p) Type A u(Rg(p)) Type B u(Rg(p)) Combined u(R4(p))
Q Q Q Q

1 344,679 0,040 0,009 0 0,041

2 344,075 0,058 0,009 0 0,060

3 351,828 0,042 0,009 0 0,043

4 345,431 0,043 0,008 8 0,044

Since a total of four measurement configurations p were available, the configurational average
<Rg >, was calculated as the average of the four values of Rg (p) inthe contact configurations

p=1,23,4.


https://iecnorm.com/api/?name=3c7acfb649bff3447f0ebc0d66605a1e

	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope
	2 Normative references
	3 Terms and definitions
	3.1 General terms
	3.5 Key control characteristics measured in accordance with this standard
	3.6 Terms related to the measurement method

	4 General
	4.1 Measurement principle
	4.2 Non-uniform samples 
	4.3 Sample preparation method 
	4.4 Description of measurement equipment 
	4.5 Ambient conditions during measurement
	4.6 Related standards

	5 Measurement procedure
	5.1 Calibration of measurement equipment
	5.2 Detailed protocol of the measurement procedure
	5.3 Settings and precautions for the measurement of Rij,kl
	5.4 Four-terminal resistance measurement accuracy

	6 Data analysis and interpretation of results
	6.1 General
	6.1.1 Calculation of RS
	6.1.2 Further corrections
	6.1.3 Expression of uncertainty on RS

	6.2 One measurement configuration 
	6.3 Multiple measurement configurations 

	7 Results to be reported  
	7.1 Cover sheet
	7.2 Sample identification
	7.3 Measurement conditions
	7.4 Measurement results

	Annex A (informative)Effects of ambient conditions on grapheneresistance measurements 
	A.1 General
	A.2 Temperature (T)
	A.3 Relative humidity (RH)

	Annex B (informative)Experimental example 
	B.1 Sample
	B.2 Ambient conditions
	B.3 Instrumentation
	B.4 Sampling plan
	B.5 Measurement procedure
	B.6 Results

	Annex C (informative)Other standards related tothe measurement of sheet resistance
	Bibliography
	Figures
	Figure 1 – Schematic view of a van der Pauw measurement setup,and a detail of typical spring-mounted probe
	Figure 2 – Schematic view of a typical vdP measurement setupand measurement sequence 
	Figure 3 – Schematic representation of a possible samplingplan representation for the vdP method 
	Figure B.1 – CVD graphene on quartz
	Figure B.2 – Schematic lateral view of the multi-terminal fixture
	Figure B.3 – Sampling plan used for the present example

	Tables
	Table 1 – Example of measurable values for RS, and the corresponding measurement settings and type-B uncertainty, when using a current source Keithley 2602B System SourceMeter® and a HP 34420 Nano Volt/ Micro Ohm Meter (1y calibration specifications)
	Table B.1 – Measured values for RAB,CD(p) and RBC,DA(p) using a current source Keithley 2602B and a voltmeter HP 34461 (1y stability specifications)
	Table B.2 – Measured values for RS(p) and corresponding uncertainty values using a current source Keithley 2602B and a voltmeter HP 34461 (1y stability specifications) 
	Table B.3 – Summary of the uncertainty contributions to RS




