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Graphene has evolved from a scientific research subject to an industrial product, in need of a normative basis
for its key control characteristics. Recently two new IEC technical specifications that establish standardized
procedures for assessing the sheet resistance Ry of monolayer graphene have been published. These new
standards, part of the IEC TS 62607-6-xx series, outline protocols for employing two contact methods: i) van

der Pauw, and ii) in-line four-point probe. In the following we present and discuss illustrative examples of
the scientific experiments designed and performed to inform the standardization process behind the presented
standards. In particular we report about the investigation of mechanical contacting of chemical-vapor-deposited
monolayer graphene and the measurement of the Rq in cm? area graphene samples with non uniform resistivity
distributions. This paper includes an overview of the broader IEC context, detailing the key steps in the
development of the standards themselves.

1. Introduction

Once graphene was unambiguously isolated in laboratory in 2004
[1], immediately academic research focused on its basic properties and
industry begun to develop and place on the market several types of
graphene and related products. The field progressed on even more
encouraging results since the first evidence on academic journals of
large-scale graphene synthesis [2] by chemical vapor deposition (CVD)
in 2009. Still today, graphene used in academic research is hardly
comparable to the raw materials offered by the industrial providers.
Even within the same laboratory or industrial firm, repeatability and
definition of materials’ representative parameters (key control charac-
teristics) is an issue that still holds. In fact, many available synthesis
processes — such as mechanical exfoliation, chemical vapor deposition
and reduction of graphene oxide dispersion, yield “graphene” with very
different properties: graphene synthesized in labs rather than the one
produced in industry has flakes of different size, possibly containing
several types of defects and chemical contamination; research on

scalable graphene is indeed facing a reproducibility gap [3].

For a successful uptake of products involving graphene and related
materials, the availability of international standards is essential to
define the key material properties and the appropriate measurement
protocols. Within this framework, at the International Electrotechni-
cal Commission, the Technical Committee 113 “Nanotechnology for
electrotechnical products and systems” (IEC/TC 113) added the stan-
dardization of graphene and related materials into its work programme
as early as 2012. The task was allocated to the Working Group 8
“Graphene related materials/Carbon nanotube materials”. Currently,
36 graphene related standards either published or under development
are within the IEC/TC 113. Focusing on the electrical properties of
graphene, IEC/TC 113 established a liaison with the GRACE! research
consortium [4], and since 2017 several standards about the electrical
characterization of graphene were initiated within this interaction, see
the BOX 1.
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BOX 1 - Published IEC Standards on four-probe contact methods
for the measurement of Rg.

IEC TS 62607-6-7:2023 Nanomanufacturing - Key control
characteristics - Part 6-7: Graphene - Sheet resistance:
van der Pauw method.

IEC TS 62607-6-8:2023 Nanomanufacturing - Key control
characteristics - Part 6-8: Graphene - Sheet resistance:
in-line four-point probe.

The collaboration between IEC/TC 113 and the GRACE consortium
has significantly contributed to the comprehensive framework for the
electrical characterization of graphene, beyond the foundational mea-
surements of sheet resistance. This synergy has led to the development
of standards that address a variety of Key Control Characteristics
(KCCs), enhancing the scope and utility of graphene in technolog-
ical applications. Particularly noteworthy are efforts to supplement
established sheet resistance measurement techniques. Alongside the
more consolidated methods as the van der Pauw (vdP), the in-line
four-point (4PP) and the time-domain terahertz spectroscopy (TDS),
innovative approaches are being explored to provide a comprehensive
set of standardized graphene electrical properties. For instance, the
Gated Transfer Length Method (GTL) offers insights into charge carrier
mobility and contact resistance, critical parameters for the development
of high-performance electronic devices. Moreover, the introduction of
methodologies like the Conductive Probe Atomic Force Microscopy
(CP-AFM) for resistance measurement at the nano scale showcases the
committee’s dedication to advancing precision in graphene character-
ization. This technique, underpinned by the development of standards
such as PNW TS 113-784, allows for the standardized investigation of
graphene’s electrical properties at the micro and nano levels, paving
the way for innovations in nano electronics.

These advancements reflect the IEC/TC 113’s integrated approach
to graphene standardization, addressing not only sheet resistance but
also other vital KCCs like contact resistance, carrier mobility, and mate-
rial heterogeneity. Such efforts ensure that the international standards
keep pace with the evolving landscape of graphene research and its
applications across industries.

The paper is organized as follows. In Section 2 some relevant aspects
about KCC in graphene (Section 2.1) and the IEC standardization
process will be described (Section 2.2). In Section 3 the scientific
background and technical input to the IEC TC 113 will be exemplified
and thoroughly discussed for two recently published standards. In
particular, in Section 3.1 the problem of purely mechanical contacting
of monolayer graphene is considered for the application of IEC TS
62607-6-7:2023 (van der Pauw method) [5] and the IEC TS 62607-6-
8:2023 (in-line four point probe method) [6]; in Section 3.2 the case
of the measurement of real samples with a non uniform resistivity
distribution is considered for the vdP method and results are discussed.

The full list of IEC/TC 113 standards related to the measurement of
sheet resistance Rg is reported in Appendix.

2. Standardization
2.1. Graphene key control characteristics

A Key Control Characteristic (KCC) is a property inherent to a
material or an intermediate product that could impact safety, reg-
ulatory compliance, performance, quality, reliability, or subsequent
processing of the final product. Various KCCs associated with graphene
concern mechanical attributes (such as elastic modulus), electrical
properties (including carrier density, carrier mobility, and sheet resis-
tance), chemical composition (notably metallic impurity content), and
even biological considerations (such as skin sensitization). Some KCCs
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Fig. 1. Scheme of the development stages of IEC standards. Abbreviations are defined
in BOX 2. The dotted arrow indicates that the potential standardization topic may be
approved and reach the PWI stage. The loops pointing to CD and DTS represent stages
where iterative discussion and revisions typically occur. The dashed loop indicates that
in case of major revisions are requested, the document is returned to the CD stage.

may already have corresponding standards for their measurement,
while others might not. Certain KCCs are mandated by the Interna-
tional Electrotechnical Commission (IEC) for all types of graphene and
related materials. For instance, disclosing the availability of safety
documentation (Material Safety Data Sheet, MSDS) or detailing the
manufacturing method. Conversely, different forms of graphene may
necessitate distinct subsets of KCCs for delineation. In the case of
chemically exfoliated graphene oxide dispersion, the Carbon-Oxygen
ratio (C/O) serves as a pertinent KCC (to be characterized in accordance
with standard IEC TS 62607-06-21:2022 [7] when necessary). The
same KCC does not apply to chemically vapor-deposited monolayer
graphene, where the sheet resistance (Rg) emerges as a relevant KCC.
Characterization of CVD graphene includes available standards within
the IEC 62607-06-xx series, such as IEC TS 62607-06-23 (utilizing the
Hall bar method) or the recently issued IEC TS 62607-06-7 (employing
the van der Pauw method) and IEC TS 62607-06-8 (in-line four-point
probe), see BOX 1 and for more details.

2.2. IEC standards development process

The development of the standards IEC TS 62607-6-7 and IEC TS
62607-6-8 followed the IEC workflow (see Sec. 2.1.3.1. in [8]). The



main development stages are summarized in Fig. 1, the document types
abbreviations are reported in the BOX 2. The process starts at the
preliminary stage, with a standardization topic of potential interest, pre-
sented by either a TC member or an invited external expert. The topic
eventually becomes a Preliminary Work Item (PWI) and is discussed at
TC level within the proposal stage. If approved itself, the PWI becomes a
New Work Item Proposal (PNW) which is then assigned a project leader
(usually the author of the proposal); a project team (PT) is also formed
on the basis of voluntary participation of other TC members. The PT
works on a first working draft (WD) of the technical specification. When
the WD prepared at PT level is considered mature enough, the technical
discussion proceeds, at TC level, during the committee stage by iterative
editing of the committee draft (CD) versions of the standard. During
the technical discussion, the PT meet periodically, resolving the TC
comments to the CD, eventually adding experimental and theoretical
elements to bolster the document; the committee stage may take several
iterations before the document is considered ready for the approval
stage, where Draft Technical Specification (DTS) is considered in terms
of technical contents (a DTS may also be returned to the CD stage for
solving technical flaws). Once the technical discussion is concluded,
two cases may occur. For Technical Specifications (lower level of
consensus required) the DTS is approved for publication (APUB); at a
higher level of consensus (required for International Standards) the
DTS is approved as Committee Draft for Vote (CDV) and later, if the
vote is positive, as Final Draft International Standard (FDIS) which
enters the publication stage. Editorial and copyright revision is made
on APUB documents, prior the publication as IEC documents. Each IEC
standard is assigned a stability date, within which the document can be
confirmed, revised, or withdrawn.

BOX 2 - Abbreviations.

TS Technical Specification;

IS International Standard;

PWI Preliminary Work Item;

PNW New Work Item Proposal;

WD Working Draft;

CD Committee Draft;

DTS Draft Technical Specification (TS);
CDV Committee Draft for Vote (IS);
FDIS Final Draft International Standard (IS);
APUB, IEC Approved For Publication;

IEC TS Published Technical Specification.

2.3. New IEC standards for graphene sheet resistance: four-point methods

CVD graphene is of particular interest in the advancement of emerg-
ing technologies, including graphene-based electronics, electrotechni-
cal products, integration into established fabrication processes, and sen-
sor applications. Concerning this type of graphene, the new standards
IEC TS 62607-6-7 [5] and IEC TS 62607-6-8 [6], provide standardized
measurement protocols for the assessment the KCC sheet resistance
Rs by means of contact methods: the van der Pauw (vdP, [9]) and
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in-line four point probe (4PP, [10]) methods.? The sheet resistance
Rg, is a quantity that serves as a comprehensive indicator of the local
conductivity in a sample with finite geometrical dimensions. In order
for users and manufacturers to check the repeatability and consistency
(with given specifications) of the electrical properties of their graphene,
Ry is considered a KCC for monolayer CVD graphene. IEC standards TS
62607-6-7 and TS 62607-6-8 explain how to implement standardized
methods on large area from mm? to cm?> CVD graphene on rigid insu-
lating support and how to perform a reliable estimation of the sample
Rg and the measurement uncertainty, also considering the non-ideal
nature of large-area commercial graphene; particular care has been
devoted to give an estimation of Rg and its uncertainty that keep into
account the possible spatial variability of the electrical conductivity
on a real, non-ideal sample. The two standards TS 62607-6-7 and TS
62607-6-8, cover the following aspects: (i) proper storage and prepa-
ration of samples, (ii) the required instrumentation’s specifications (iii)
ambient conditions during measurements, (iv) standardized procedures
for performing measurements, and (v) interpretation and reporting of
results. It can be noted now that the present editions of the TS 62607-
6-7 and TS 62607-6-8 standardize the more established versions of
the two discussed methods (4PP, vdP). Since in the field of research
the implementation of these methods is continuously evolving, future
editions of the presented IEC TS may consider more recent implemen-
tations (e.g. vdP implementation with simultaneous dual resistance
measurement [12] which could speed up the measurements, or five-
contacts implementation in which the need of contacts on the border
is relaxed [13,14]).

3. Scientific input provided to the IEC/TC 113 for the presented
standards

The GRACE research consortium designed and performed a series
of experiments in order to provide quantitative scientific input to
the IEC/TC 113/WG 8, backing the development of several documen-
tary standards. In the following, two examples are reported which
are related to the development of IEC TS 62607-6-7 (vdP) and IEC
TS 62607-6-8 (4PP): (i) investigation on mechanical contacting of
CVD graphene sheets and (ii) measurement of Rg of large-area CVD
graphene samples.

3.1. Mechanical contacting of CVD graphene

A first example of scientific evidence provided IEC/TC 113 for the
discussed IEC TS is given in the following. Here is described one of the
experiments performed during the TS development process, this one
aimed to check the effects of purely mechanical electrical contacting on
CVD graphene to perform four-point electrical measurements. Avoiding
any fabrication step (lithography, etching, ...) was not only desirable,
but fundamental to exclude processes that would certainly alter the
pristine material conditions.

For this purpose, a custom probe equipped with four equally spaced
spring-loaded tips, each featuring a round head profile, was utilized to
perform four-terminal resistance measurements. The contact spot area
could be estimated by SEM micrographs (see Fig. 4) to be about 30 pm,
while the spacing between contacts is 3 mm. The setup also included
a digital balance (Sartorius LP8200S) a lever indicator (Mitutoyo 513—
404), a 3-axis moving tool and position indicator (Anilam SENC 125
linear transducers, Anilam Wizzard 411 visualizer). An HP 34401 was
used in 4-wire (4W) configuration to perform resistance measurements
R,y (from which Rg can be calculated). 4W resistance is measured
by applying current through the outermost tips of the test probe and

2 New IEC standards TS 62607-6-7 and TS 62607-6-8 represent complemen-
tary standards to others of the same series describing non-contact methods
(e.g. TS 62607-6-10 [11]).
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Fig. 2. A graphene sample is positioned atop an insulating glass slab, which rests
on the balance plate. The test probe makes contact with the sample, while the lever
indicator is placed in contact with the glass slab to measure the vertical displacement
of the balance plate.

measuring the voltage drop between the two innermost tips. The probe
standing on the graphene sample, the lever indicator and the balance
plate are shown in Fig. 2. The sample was cut from a 4 inches wafer of
commercial CVD graphene on Silicon (Pi-Kem Ltd., UK). The wafer was
Boron-doped Silicon with thermal oxide coating, with graphene placed
on the polished side of the wafer. The tests were conducted to assess
the stability and repeatability of the electrical contact. This involved
measuring both the displacement Z of the probes springs and the
resulting incident weight, alongside the measurement of the electrical
resistance; from the measured weight and net spring displacement,
the single spring force acting on the contact spot was calculated. The
net displacement Z of the tip springs was determined by subtracting
the displacement of the balance plate from the total probe displace-
ment measured using the moving tool. The total applied weight to
the sample, which is proportional to the spring force, was measured
using the weighing scale positioned under the glass slab supporting the
sample. Given the rigid support and the evenly spaced probes, sample
deformation was not expected to occur on substantial scale. The 4W
resistance R,y was measured at 8 different spring Z, in the range
0-1155 pm (where the position 0 pum corresponds to the probe making
electrical contact with the graphene) to check whether the applied force
influenced the contact quality, and to assess the damage induced by the
probe on the graphene layer. The 4W resistance measured® placing the
probe at the center of the sample was R,y = 158.65Q + 0.85 Q. The type
B uncertainty calculated from the measuring instrument’s specifications
was of the order of 0.05 Q.

The small measurement standard deviation suggests that the impact
of spring displacement was not significant. The results of these mea-
surements are presented in Fig. 3, which reports R,y as a function of
the springs displacement Z (and the applied force on each contact tip
F). The plot reports a more significant change in R,y at smaller Z
values, up to approximately 300 pm, which is reasonable as the contact
may be initially weaker. Subsequently, the measurements only slight
increase as Z values become larger; overall the total variation is of
about 1%. After the electric measurements, SEM micrographs of the
contacted sample were acquired to assess the damage produced by
landing the test probes on the sample. The footprints of the tips, after

3 Note that, for the sole purpose of assessing the effects of pure mechanical
contacting of graphene, the measurement of R,y was not used to further
estimate the sheet resistance Rg, which would include systematic errors due
to the sample size compared to the probe size.
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Fig. 3. Four-terminal resistance measurements R,, conducted on a graphene sample.
Error bars illustrating the type B uncertainty are omitted, resulting of negligible length
compared to the range of the vertical axis. The force of an individual spring is given
on the top axis.

reaching about Z = 1.2mm is shown in Fig. 4. The scratched area is
about 20 pm X 20 pm, which is reasonably of the order of the round tip
footprint itself. Furthermore, there are at least two distinct types of
damage observed: (i) regions where graphene has been peeled away,
typically at the center of the landing spot (indicated by the brighter
appearance of insulating thermal silicon oxide in SEM micrographs),
and (ii) occasional linear shear scratches located at the base of the
spot, likely resulting from lateral movement of the probe tip. The
increase in the R,y increment shown in Fig. 3 could be attributed
to the escalating damage caused by the unavoidable lateral displace-
ment of the probe. These and comparable tests, such as verifying the
repeatability of contacts by repeatedly raising and landing the probe
on identical spots, indicated that mechanically making contact with
monolayer graphene sheets on rigid supports was a feasible approach
for standardized protocols. This feasibility is further underpinned by
the fact that commercial test probes readily available on the market
could be directly utilized for this purpose by most laboratories.

3.2. Measurement of Rg of commercial, cm? size CVD graphene samples
using the van der Pauw method

A second consistent example of the work behind the development
of the presented standards is represented by the investigation of the ap-
plication of the vdP method to samples for which the basic assumptions
of the method may be not satisfied (i.e. resistivity uniformity). Here we
report the case commercial CVD graphene samples (which are expected
to be uniform in principle) using purely mechanical contacting as
discussed in Section 3.1.

3.2.1. Basic assumptions and formulas of the vdP method

The van der Pauw method can be applied to samples of arbitrary
shape and the contacts shall be placed at the boundary of the sample.
The vdP method has been demonstrated on the basis on some assump-
tions: (i) the sample has an isotropic and uniform resistivity, (ii) the
diameter of the contacts is small compared to the sample size (point
contacts) and (iii) the sample thickness is much smaller than the probe
spacing (thus equivalent to a quasi-2D scenario) [9]. Understanding
and considering these assumptions is crucial for obtaining accurate
and reliable Ry measurements using the vdP method. If any of these
assumptions are violated, corrections at some extent can be applied
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Fig. 4. SEM micrographs of the landing spots of the test probe tips on a monolayer
CVD graphene sample on SiO,. Graphene grain boundaries and multi-layer seeds are
visible as darker profiles and spots. In the center of the images, the footprint of the
probe tip is visible, e.g. highlighted by the magenta arrow in (b). In (a) and (d) signs
of shear displacement of the tip is visible, e.g. highlighted by the green arrow in (d).
Lighter gray represents areas where graphene was scratched away for the support and
Silicon thermal oxide appears. Markers on the SEM images represent 25 pm.

(see [15-17] and references within) which is not always practical from
the point of view of the users. In the IEC TS 62607-6-7 these aspects
were considered and a reasonable practical solution is provided to the
users, on the basis of typical vdP fixtures implementation. Considering
the problem in more detail in the present case, the diameter of the
contact spot, §, is estimated by SEM micrographs to be of about 30 pm.
The ratio between the contact diameter and the sample lateral size D is
§/D = 0.003. This would introduce an error in the estimation of the vdP
sheet resistance Ry much less than 0.2% [15]. On the other hand, the
contacts distance from the boundary, d, is 500 pm (within 10%, fixture
construction accuracy). The ratio between the contact distance from
the edge and the sample lateral size D is d/D = 0.05. In the case of
square samples with edge contacts, this would introduce an additional
error in the estimation of Rg of the order of 0.01% [18], being these
estimations conservative.

The vdP measurement of Rg requires the measurement of two
four-terminal resistances

Vdc
R, = —, 1
=1, €Y
Vbc
Ry=—, (2)
s Ia,d

where (a,b,c,d) are four contacts on the sample boundary. The sheet
resistance Ry is the calculated as

R,+ R
Rg= = T
In2 2
where f is a numerical factor which is function of the ratio R,/ Ry [19].

/s 3

3.2.2. Measurement of Rg of samples with non-uniform resistivity distribu-
tion

In practice, implementation of point contacts and suitable exper-
imental fixtures is often straightforward. The main limitation comes
from the sample: in cm-scale CVD graphene samples, the main devi-
ations from the basic assumption may depend indeed on the sample
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Fig. 5. vdP measurement using a multi terminal fixture. Connections to the current
source I and the voltmeter V are shown. The light blue square represents the sample
area (lateral size 1cm); circles represent spring loaded contacts (not in scale). The
contacts corresponding to the vdP measurement at (1, 6, 10, 14) involved in the
measurements R, (a) and R, (b) are shown: blue circles correspond to voltage sensing
contacts, red circles correspond to current carrying contacts. Yellow circles represents
other available contacts (open circuit).

itself [20,21], which may have non-uniform resistivity. Additionally,
the sensitivity of the vdP method is strongly position-dependent [22],
which means that not only the sample discontinuity/defects is rele-
vant, but also the position of these features influences the global vdP
measurement.

In this study, vdP measurements were performed on two com-
mercial 1cm? CVD graphene samples (made available by the GRACE
consortium) labeled S28 and S40 in the following.* Several four-contact
vdP configurations were achieved using a multi-terminal fixture de-
scribed in [23], using for each vdP configuration 4 out of the available
16 contacts.

In particular, here are considered p = 1...P with P = 256 possible
vdP configurations, including (i) consecutive contacts (1, 2; 3, 4)
corresponding to R, = Ry3,, and R; = R 3, 4 and (ii) contacts on the
edges (1, 6; 10, 14) corresponding to R, = Ry4 0,16 and Ry = Rg 10,114
the latter configuration is represented in Fig. 5.

To distinguish among different results of Ry obtained in different
vdP contacts configurations, we define

(p) (p)
o_ 7 Ry +R]
S In2 2
where p is the vdP measurement configuration, and define a configura-

tional average of Ry as

— 1
Ry= 4 > RY, )
P

/s 4

where the angled parentheses represent averaging over the p measure-
ment configurations.

Each measurement R(S”) calculated from (4) in a given contact
configuration p has its own corresponding combined uncertainty u(R(S” )
which is calculated from the type A (variance) and type B (instruments
specifications) uncertainty components of the measurement. Applying
to (5) the law of propagation of uncertainty we can determine the
uncertainty of Rg as

u(Rs) = \/ SRY) + D (RY), ®)

p

where s(R(S”)) is the standard deviation of the set R(S”>.

It must be noted that for the case of rigid rotation (or electronic
multiplexing) with fixed position contacts, only P/2 configuration yield
be linearly independent measurements, the others P/2 being reciprocal
measurements (i.e the source and the sense contacts are only swapped)
which would give no additional information let alone more statistics. In

4 For consistency with previous literature [23].
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TDS.

Source: Adapted with permission from [23].

a general case though (as per Fig. 5) any p configuration can be chosen
independent on the others.

To perform the measurements, a current source I (Keithley K2602B)
and a voltmeter V (Keysight 34461) were wired to the fixture through
a multiplexer Keysight 34980 equipped with a reed relay matrix board
(Keysight 34933, not shown in Fig. 5), in order to switch among
the P vdP measurement configurations. Samples were energized with
current I = 100 pA. Each measurement was performed in forward and
reverse polarization (reversing I) to minimize possible thermo-electric
voltages. The present measurements were performed at 7 = (23 + 0.5)°
and RH = (50 + 4%) relative humidity.®

Fig. 6-a reports the results of the P vdP measurements of R(S” ) for
both samples S28 and S40. The two samples present rather different
dispersion of the results, in particular for sample S40, R_S = 347.6Q
with s(R¥) = 7.3Q while to $28 correspond Ry = 652.7Q with s(RY) =
114.5Q, which is a much more dispersed outcome.

The combined uncertainty u(R(S")) of a single R(S”) measurements
on S40, considering the type A uncertainty over 10 measurements
repetitions, and instruments specifications is of the order of 0.07 Q. This
is, even for the sample with less dispersed results, almost two orders
of magnitude smaller compared to s(R(S” ))of S40 (hence u(R(S” )) is a

minor contribution to u(R_S)). This substantial dependence of R(S” ) on the

5 In particular, the range RH = (50 + 4%) was proposed and adopted,
reaching consensus at normative level, in the presented IEC TS for vdP and
4PP. Experimental results show that the resistivity of CVD graphene SiO,
is substantially affected by adsorbed water in the range 30% to 70% RH,
with increasing conductivity with adsorbed water concentration on graphene.
The mechanism underpinning graphene’s sensitivity to humidity is reported
to be the result of the electrostatic interaction between the water and the
graphene-support system [24-26].
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Fig. 7. Sheet resistance of sample S40 obtained with vdP measurements performed
over 4 contacts (P = 4, square marker) and 16 contacts (P = 256, round marker). Error
bars represent u(Rg).

Table 1
R;") measurements across 4 contacts on sample S40 and the corresponding combined
uncertainty u(RY).

P RY/Q u(RY)/Q
1 344.679 0.041
2 344.075 0.060
3 351.828 0.043
4 345.431 0.044

measurement configuration suggest that the uniformity assumptions of
the vdP method are not satisfied.

These results can be compared with resistivity maps of the same
samples reported in Fig. 6-b and -c. These maps were obtained with
terahertz time-domain spectroscopy (TDS) which is itself a standardized
technique [11]. The TDS maps show clearly that the sample S40 is
rather uniform compared to sample S28. In particular 2D resistivity of
map S40 take values in the range p,;, = 285 —400 Q, while pixels of the
TDS map of sample S28 take values in the range p,, = 380—690 Q. This
difference is consistent with the vdP measurements, which for a rather
uniform sample like S40 still give reasonable results (R(S” ) dependents
weakly on p), while give unreliable results for a non-uniform sample
like S28 (R(S") strongly depends on p). Note that in practice, users even
at research institutions level, perform vdP measurements with fixtures
with four-contacts in fixed position (see for example [27]), allowing
at best four different contact configurations only (square samples). In
this case, it is likely to obtain very different results on non-uniform
samples. Note that TDS maps were carried out prior to any mechanical
contacting of the samples with the multi-terminal contact array; the fact
that both TDS and vdP measurements on samples are in agreement (S40
more uniform, S28 less uniform) suggest that any substantial effect of
contact tip damage (see Section 3.1) can be excluded.

All this considered, vdP could be considered not suitable for samples
which are not guaranteed to be uniform. Yet the aim of the new IEC TS
62607-6-7 was to mitigate the limitation of the vdP method. In fact vdP
is more established, straightforward and cost-accessible for industry-
users (the typical stakeholders of documentary standards) than other
techniques with spatial resolution. It is shown in the following that the
definition given in (5) can be useful to get meaningful results also in
practical cases when a typical four-contact fixture is used.

Fig. 7 reports Rg of $40 measured across 4 contacts and 16 contacts
(from data of Fig. 6-a). In the four-contact scenario we measured S40
using only the contacts (1,6,10,14) of the fixture schematized in Fig. 5.
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Table A.2
IEC/TC 113 standards related to graphene’s sheet resistance, Rg.

Publication date Edition IEC reference Title

Under development 1 IEC TS 62607-6-23 Nanomanufacturing - Key control characteristics - Part 6-23: Graphene film - Sheet
resistance, Carrier density, Carrier mobility: Hall bar.

Under development 1 IEC TS 62607-6-32 Nanomanufacturing — Key control characteristics — Part 6-32: Two-dimensional
materials — Charge carrier mobility, contact resistance, sheet resistance, doping, and
hysteresis: Gated transfer length method.

Under development 1 PWI 113-154 Nanomanufacturing — Key control characteristics — Part 6-37: Graphene materials —
Hall resistance — Charge carrier mobility and majority.

Under development 1 PNW TS 113-784 Nanomanufacturing - Key control characteristics - Part 10-2: Nanoelectronic devices -
Resistance: conductive probe atomic force microscopy.

2016 1 IEC TS 62607-6-4:2016 Nanomanufacturing - Key control characteristics - Part 6-4: Graphene - Surface
conductance measurement using resonant cavity.

2020 1 IEC TS 62607-6-1:2020 Nanomanufacturing - Key control characteristics - Part 6-1: Graphene-based material
- Volume resistivity: four probe method.

2021 1 IEC TS 62607-6-10:2021 Nanomanufacturing - Key control characteristics - Part 6-10: Graphene-based
material - Sheet resistance: Terahertz time-domain spectroscopy.

2022 1 IEC TS 62607-6-5:2022 Nanomanufacturing - Key control characteristics - Part 6-5: Graphene-based materials
- Contact and sheet resistance: transmission line measurement.

2022 1 IEC TS 62607-6-9:2022 Nanomanufacturing - Key control characteristics - Part 6-9: Graphene-based material
- Sheet resistance: Eddy current method.

2023 1 IEC TS 62607-6-7:2023 Nanomanufacturing - Key control characteristics - Part 6-7: Graphene - Sheet
resistance: van der Pauw method.

2023 1 IEC TS 62607-6-8:2023 Nanomanufacturing - Key control characteristics - Part 6-8: Graphene - Sheet

resistance: In-line four-point probe.

This returned four measurements of R(Sp) with P = 4; results are re-
ported in Table 1 along their combined uncertainty u(R(S” ). The average
over the P configurations is Ry = 346.5Q with uncertainty u(Rg) =
3.7Q. Note that also in this case the uncertainty on the configurational
average is much larger than the uncertainty on the single measurement
configuration, u(R_S) > u(R(S")). On the opposite, note that in case of
a uniform sample where s(R(S”)) is negligible, the uncertainty of the
configurational average Rg would be compatible with the uncertainty
of the electrical measurement u(R(Sp ), that is u(Rg) =~ u(R(s")).

In general, the appropriate number of contacts (and thus of the
P vdP combinations) to achieve a correct estimate of Rg is depen-
dent on the sample geometry and non-homogeneity. The compatibility
of different Rg values given by considering different subsets of the
P contacts can provide confidence in measurements performed with
the smaller number of contacts (for example, when considering large
batches of similar samples). In summary, it has been shown that the
measurement of Rg obtained with 4 contacts (typical implementation)
using the proposed estimation of uncertainty is compatible with the
measurement performed with the 16 contacts fixture of this study, and
yet takes into account by a large amount the effect of spatial variability.

The definitions discussed this section were proposed to the technical
committee TC/113 and are implemented in the present version of the
IEC TS 62607-6-7; at stability date (see Section 2.2) better solutions
could be considered, discussed an possibly implemented once agreed
by the TC experts.

4. Conclusion

Exploring new concepts in the laboratory based on original ideas is
crucial for scientific progress. However, standardization is essential to
translate these scientific advancements into production. In this work we
highlighted some of the scientific background behind the development
of IEC TS 62607-6-7 (van der Pauw) and IEC TS 62607-6-8 (in-line
four-point probe). The presented new standards for the electrical char-
acterization of the KCC Rg of CVD graphene can contribute to the
establishment of shared good practices and standardized measurement
protocols in research labs and industry.
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Appendix. Full list of IEC standards related to Rg

The list in Table A.2 reports the IEC/TC 113 standards related to
the measurement of sheet resistance Rg. These include contact and
non-contact methods and may overlap with other KCCs like e.g. carrier
mobility or contact resistance. Some are more recent projects still under
development (PWI, PNW), others have been already published as TS.
All these document are relatively recent and at their first edition, which
may progress as stability date revisions may occur (see Section 2.2).
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