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Abstract

Standardisation of data collection and analysis is essential to enable commercialisation of 2D
materials in a wide range of technologies. Selected area electron diffraction (SAED) in the trans-
mission electron microscope (TEM) is one of the key methods for distinguishing monolayer from
bilayer and few-layer graphene by comparing the 1st and 2nd order diffraction spot intensities.
Yet there are many factors that can affect the reliability of data collection and interpretation, caus-
ing the measurement of monolayer samples to deviate from the literature boundary condition of
I13110 /I {1100y < 1 for monolayer graphene (1LG). Here we present the results of a large interlabor-
atory SAED comparison study, where 15 international laboratories measured and analysed nom-
inally identical samples of chemical vapour deposited graphene. Large variations were observed

in the measured ratios of diffraction spot intensities, with the largest variance associated with
poor quality SAED data resulting from inadequate specimen handling and storage. To inform

the reliable determination of monolayer thickness from SAED patterns we provide a description
of best practice for specimen handling, TEM operation, data collection and analysis. This work
was undertaken within VAMAS Technical Working Area 41: Graphene and related 2D materials—
Project 9, the results of which have been directly incorporated into ISO/TS 21356-2 for the char-
acterisation of graphene sheets. We find that when this methodology is followed, 1LG can be dis-
tinguished from bilayer or thicker material with high confidence where analysis of a single SAED

pattern gives I13110} /I1100) < 1.2, even in the absence of precise specimen tilting.

1. Introduction

Graphene and other 2D materials have huge com-
mercial potential in broad applications such as gas
sensors [1], energy storage [2], filtration membranes
and flexible electronics [3, 4]. Yet widespread usage is
often held back by the challenges of reliable, standard-
ised characterisation of these materials to enable mass
production. One common characterisation challenge
is to distinguish monolayer graphene (1LG) from
bilayer graphene (2LG), few-layer graphene (FLG)
or graphite, since these have marked differences in
their mechanical [5] and electronic [6, 7] proper-
ties. Raman spectroscopy can probe differences in the
quality and thickness of graphene through analysis of
the, D-, G- and 2D-peaks [8]. Yet it is typically lim-
ited to a lateral spatial resolution of >300 nm [9] so
cannot unambiguously determine nanoscale regions
of different thickness, which are often present in exfo-
liated materials as well as graphene sheets produced
through chemical vapour deposition (CVD) [10, 11].
Atomic force microscopy (AFM) is capable of sub-
nm spatial and height resolution [12], but it is time
consuming, and the technique struggles to unam-
biguously determine monolayer thickness due to the
potential for trapped species beneath the sample and
the substrate as well as probe artifacts [13].
Transmission electron microscopy (TEM) has the
disadvantage that it requires a suspended sample, yet
the technique provides unrivalled atomic scale local
imaging of structure and chemistry. For example,
TEM and scanning TEM (STEM) imaging has been
applied to probe edge structures [14], Stone—Wales
defects [15, 16], and substitutional impurity atoms
[17] in FLG sheets. Furthermore, electron energy loss

spectroscopy [18, 19] in the TEM/STEM provides
access to local changes in graphene’s bonding [20]
and can reveal isotopic doping with C [21].
However, atomic resolution imaging of 1LG and
detailed TEM/STEM spectroscopic analysis both
require advanced TEM/STEM instruments that are
not widely available, particularly in commercial test-
ing laboratories. Selected area electron diffraction
(SAED) in the TEM provides information on local
crystal structure at a lower lateral spatial resolu-
tion, typically limited to ~100 nm [22]. Yet, SAED
has the advantage that it can survey much larger
measurement areas than are investigated with atomic
TEM/STEM imaging. It is also routinely accessible on
all TEM instruments, less sensitive to precise electron
lens alignments and requires less operator training.
Seminal work by Meyer et al [23, 24] has shown that
SAED data collected as a function of specimen tilt
along specific crystallographic zone axes allow unam-
biguous separation of monolayer from 2LG based on
differences in the diffraction spot intensities. When
tilted along specific crystallographic axes, 1LG shows
consistent diffraction spot intensities due to its uni-
form atomic layer. In contrast, the AB stacking of
Bernal-stacked 2LG produces modulated intensities
caused by interlayer interactions and stacking effects
that alter electron-wave interference. However, col-
lection of SAED patterns while tilting is both experi-
mentally challenging and time consuming, especially
for laterally small graphene sheets. Consequently, it
has become common practice to determine mono-
layer from bilayer and thicker graphene using just a
single SAED pattern of graphene, obtained with the
electron beam close to the [0001] zone axis (per-
pendicular to the basal plane). Despite significant
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progress in the ability to characterise grain bound-
ary configurations in 1LG [25] and strain in twisted
bilayers [26] using electron diffraction [27] the con-
fidence of SAED analysis of graphene thickness has
not been assessed.

To perform this analysis, the graphene sample
must be suspended using a holey support grid and
loaded into the vacuum of the TEM. Typically, a
single intensity line profile is taken from the hexagon-
ally symmetric SAED pattern to assess the ratio of
the intensities of the second order, 13110}, to first
order, I1;1gp}, diffraction spots [28]. This approach
is appealing in its simplicity and ease of use, but the
accuracy is uncertain due to the many experimental
factors that can affect SAED spot intensities including
specimen tilt, topography, defects, surface contamin-
ation, instrumental set-up, acquisition and analysis
parameters [24].

Literature agrees that where the Its103/I{1100}
diffraction ratio is found to be less than or equal to
1 the region being imaged is assigned to 1LG, while
a Is110y/I{1100y Value greater than 1 indicates bilayer
or thicker graphene [29-36]. This definition pred-
ates work by Meyer e al [23, 24] and other early
studies on the structure of graphene, with the earli-
est reference related to hexagonal SAED patterns from
‘carbon nanofilms’ [31]. Despite consistency in set-
ting It5110y/I{1700y = 1 as the boundary condition,
there are significant variations in the measured val-
ues for monolayer and bilayer reported in the liter-
ature. For example, Su et al find 1LG to be when
I51103/Igii00y is 0.71 and a value of 2.5 to be 2LG
[29]. Hernandez et al report I5110y /I {1100} is 0.66 for
monolayer and 2.85 for multilayer [30]. Kumar et al
find I;31101/If1100) Of 0.72 for 1LG [33] and Wang
et al find I15110y /I{1700} Values of 2 as bilayer [32].
Recently, Zhang et al report line profiles measuring
It31101 /I 11100y Of 0.55 for graphene monolayers [36].

2LG with the thermodynamically unfavourable
AA stacking will exhibit I5110y /I11100} ratios similar
to monolayer [37]. However, given the rarity of this
structure its presence can generally be ignored, as it
is in the analysis presented here. Lu et al also report
that separate graphene monolayers stacked together
with an arbitrary rotation angle, known as ‘twisted’
bilayers, show I 5110} /I {1100} 0.5-0.75 [34], similar to
single layer graphene [29, 30] while values of 2.0-
2.6 are measured for Bernal stacked bilayer materials
[34]. Other work on twisted graphene bilayers by Sun
et al show It31103 /I{1100y ratios around ~0.62 [38].
Similar analysis has also been applied to graphene
oxide materials, with Wilson et al illustrating values of
It51103 /I {1100y ~0.71 in their data [39] and Ren et al
showing line profiles measuring I15110y /I{1700} to be
0.55 [40].

Simulated monolayer and bilayer SAED data also
yields a range of values for the Its1101/I{1700} ratios
[23, 24]. Such calculations depend not only on the
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atomic scattering function but also on thermal vibra-
tions, included in simulations through the incorpor-
ation of the Debye—Waller factor. Without a Debye—
Waller factor the Iy3110} /I{1100y ratio for 1LG is unity.
Yet thermal vibrations damp higher frequencies to
a larger extent, resulting in It5110y/I{1700} Values of
less than one. The Iy3110}/If1100} Tatios in simula-
tions for 2LG and FLG samples also depend on the
choice of Debye—Waller factor as well as the accel-
eration voltage, as this changes the scattering angles.
Precise calculation of the correct Debye—Waller factor
for graphene at room temperature requires a number
of approximations [41], enabling the Debye—Waller
factor to be used as a flexible parameter to enable a
close match of the Iy31101/I{1100) Vvalues in simula-
tions with those obtained experimentally. We recog-
nise that the presence of point lattice defects can also
have the effect of a ‘static’ Debye—Waller factor as
is seen in graphene oxide materials where the high
defect density is found to reduce the It3110y/I{1700}
peak ratio [27, 42]. This explains why graphene oxide
and other very disordered graphitic samples have a
peak ratio that strongly differs from those of clean and
highly crystalline graphene samples [43]. Thus, it is
challenging to deconvolve the effect of thermal vibra-
tions from the presence of point defects from SAED
alone and corroboration with atomic resolution ima-
ging or spectroscopic techniques (e.g. Raman) is
required to assess defect density [44].

Building on our previous ‘Good Practice Guide
145: Characterisation of the Structure of Graphene’
[45], here we consider the accuracy and precision for
determining the presence of 1LG with SAED through
a large interlaboratory TEM study. This study was
run under the auspices of the Versailles Project
on Advanced Materials and Standards (VAMAS)
through Technical Working Area 41 ‘Graphene and
Related 2D Materials’ as Project 9. VAMAS was
formed in 1982 to promote the adoption of advanced
materials through international collaboration on
measurement best practice, allowing the develop-
ment of accurate and precise international meas-
urement standards. In what we believe to be the
largest TEM standardisation interlaboratory study
performed to date, 15 international laboratories
measured and analysed nominally identical samples
of commercially-produced CVD-grown graphene
prepared on Quantifoil TEM grids (Graphenea,
San Sebastidn, Spain) as shown in figure 1(a) (see
SI section 1 for details of CVD sample prepara-
tion). The coverage of 1LG for these samples was
determined to be 97%, assessed by the contrast in
optical microscopy images of the as-grown CVD
graphene across a silicon/silicon oxide substrate as
well as complementary Raman spectroscopy and
AFM measurements (see SI figures S1-S4). The
bilayer regions observed by optical imaging could
be either Bernal- or turbostratically stacked. Here we
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discuss the SAED results from the different labor-
atories, potential sources of uncertainty and how to
minimise these. The results have been used to develop
the TEM/SAED protocol for the international meas-
urement standard ‘structural characterisation of
graphene, Part 2: Graphene sheets on a substrate),
International Organization for Standardization
(ISO) Technical Specification 213562, within 1SO
Technical Committee 229—Nanotechnologies.

2. Internal protocol testing (Phase 1)

In Phase 1 of this study three participants at
the University of Manchester, hereafter termed
Participant A, B and C, were each provided with dif-
ferent CVD-grown graphene samples on Quantifoil
TEM grids as shown in figures 1(a)—(d) and asked to
follow the methodology described in a draft standard
protocol. Full sample synthesis methods are provided
in S section 1 and the full text of the protocol, includ-
ing marked-up details of how it was refined dur-
ing this study, are given in SI section 3. The draft
measurement protocol required each participant to
bake the graphene TEM grid for >8 h at a pressure
<1 x 10> mbar to reduce mobile hydrocarbon sur-
face contamination. Then, after checking for obvious
defects to the TEM grid using optical microscopy,
the participant was told to acquire 10-40 SAED and
TEM image pairs, and to record their instrument
parameters in a spreadsheet (SI section 3). The par-
ticipants were not told what to expect in terms of
the homogeneity or number of layers of graphene.
Tilting to the zone axis was not required due to the
high conformity of the CVD graphene with the sup-
porting grid. We also performed precession electron
diffraction (PED) studies as these can mitigate the
potential impact of local tilt because many tilt angles
are summed (SI figure S5). However, PED was not
found to significantly alter the diffraction intensity
measurements and is more experimentally demand-
ing so is not considered further (see SI figure S5).
The protocol also provided guidance on the ana-
lysis of the expected characteristic graphene SAED
patterns when assessing if one or more layers of
graphene were present. Figures 1(e) and (f) show
examples of SAED patterns for monolayer and 2LG
single crystals, respectively, each with the character-
istic sixfold symmetry expected for viewing perpen-
dicular to the basal plane. Typically published liter-
ature only includes the 2D SAED pattern with the
I51103/I{1100) ratio measured from a single intens-
ity line profile, with this line profile acquired to
include two of the six diffraction peaks closest to
the central, unscattered beam (‘first-order, {1100}
spots) and two of the next closest six diffraction
peaks, ‘second-order’, {2110} spots. However, as illus-
trated in figures 1(e) and (f) there are six possible
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locations for these intensity line scans on the SAED
pattern, and these do not produce identical meas-
urements for Its110} /I {1700}~ Factors such as sample
tilt, surface contamination, TEM calibrations and
alignment errors, the position of the beam stop,
and the modulation transfer functions of the TEM
camera can all affect the intensity of the diffraction
peaks, hence introducing variability in the measured
Ii3110y /I{1100} - To attempt to reduce these effects for
a single SAED pattern, the analysis protocol requires
participants to measure all 6 equivalent line profiles,
as shown in figures 1(e) and (f). The participants were
required to record both first-order and second-order
diffraction intensities for each profile, then calculate
the ‘mean ratio of second: first order spots’ in each
SAED pattern, and also to record ‘the standard devi-
ation error’ in a spreadsheet. Where the beam stop
obscures one of the diffraction peaks, the participant
is instructed to use just the remaining peaks when cal-
culating the mean and standard deviation.

Initial analysis of data received from Participants
A, B and C in Phase 1 (SI figure S6) revealed an
inconsistency in the method used by different parti-
cipants to calculate both the mean diffraction ratios
and the standard deviation for each diffraction pat-
tern. Participants A and B calculated the mean of
the second and first order diffraction peaks for each
SAED pattern and took the ratio of these two, which
we define as m,; for a participant, p and a SAED pat-
tern, i. The standard deviation for each pattern was
calculated as the propagated uncertainty on the aver-
age standard deviation of all first order peak heights
and of all second order peak heights, which we define
as sp;. Participant C used an alternative approach and
calculated the mean ratio for each of the six line
scans, then reported the mean and standard devi-
ation of these means for each pattern. Where there
are individual spots missing from the diffraction pat-
tern, these two methods will result in different val-
ues for Its1103 /I{1100}- The standard deviations will
also be vastly different as shown in SI figure S7, with
the approach used by Participant C generally giving
smaller standard deviation errors as the mean ratio
for each line scan already contains averaging, there-
fore not providing an accurate understanding of the
associated uncertainty. To compare the data sets in
Phase 1, we have therefore reprocessed the data of
Participant C to be consistent with A and B and com-
pare the values of the intensity ratios, #1,;, and the
standard deviations, s,;, as shown in figure 2(a).

The common assumption of the intensity ratio of
diffraction spots, I13110}/If100}> Measuring less than
1 for 1LG, implies that all of the areas analysed by
Participant C are more than one layer thick (as shown
in figure 2(a)). This contradicts larger spatial resol-
ution optical imaging and previous Raman analyses
(ST figures S1-S3) for these samples. However, the
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Figure 1. Selected area electron diffraction (SAED) VAMAS study of the thickness of CVD-grown graphene. (a)—(c) Optical
images of the sample (CVD-grown graphene on a TEM grid) at increasing magnification. (d) TEM image of a single Quantifoil
hole containing suspended graphene. (e),(f) Example (e) monolayer and (f) bilayer SAED diffraction patterns viewed close to
[0001] with extracted intensity line profiles shown below (colours correspond to the line profile direction illustrated on (e) and
(f), respectively). (g) Schematic of the steps in the VAMAS interlaboratory study used to develop the protocol as a basis for the

Position (pixels)

standard deviation errors for the intensity ratios are
relatively large for all participants, with several reach-
ing 100% of the ratio value itself. To quantify the
relative contribution of the many potential sources
of uncertainty that could lead to a large variance,
we now consider manual analysis of SAED diffrac-
tion peaks applied to electron diffraction simula-
tions (see SI Section 4 for details of these multi-
slice simulations [46] implemented on a GPU [47]).
Manual analysis of perfect 1LG simulations (without
including phonon vibrations) gave the expected value
of Is110y /I{1700y = 1 with a standard deviation (s);)
0f 0.003 (SI figure S8). Adding a single frozen phonon
deviation into the simulation (displacements were
described by a Gaussian distribution with a stand-
ard deviation of 0.05 A) reduced the mean intensity
ratios to 0.8 with a larger measured s,; of 0.2. More
frozen phonon layers would be expected to reduce
this uncertainty by increasing the averaging, so this
is considered a worst-case scenario, yet it is notable
that a I 151101 /If1700} Value greater than 1 is within
the uncertainty for 1LG when thermal vibrations are

included in the simulations. Nonetheless, the typical
uncertainties in the Phase 1 data are much larger than
found by similar treatment of simulated data, even
with the extreme addition of only a single phonon
vibration.

One potential cause of this increased uncertainty
is imperfect alignment of the TEM, particularly dif-
fraction astigmatism or poor diffraction focus, which
can cause streaking of the diffraction data and change
the peak intensities measured in an intensity line pro-
file. Analysis of Participant A’s data showed that the
Fourier transforms of TEM images were asymmetric
(figure 2(c)) and diffraction patterns showed asym-
metric streaking of all diffraction spots (figure 2(d)),
both suggestive of TEM alignment errors. However,
Participants B and C had no obvious symptoms
of microscope misalignments yet still had larger
uncertainties than the simulations. Another poten-
tial cause of increased measurement uncertainty is
damage to the graphene sheet. This causes buckling
and local variations in sample orientation [23], and
can also induce strain in the graphene lattice, visible
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Figure 2. Phase 1 data. (a) Plot of I 13119y /I{110} intensity ratios (1) from participants in Phase 1. Participant A's and B’s data
éata has been reprocessed so the analysis is consistent with A and B (raw Participant C data is
shown in SI, SI figure S7). The error bars represent sp;. This data is compared to similar data for a model bilayer control sample.
The solid horizontal line indicates the ideal intensity ratio of 1 for monolayer graphene with no thermal vibration. (b) Mean
intensity ratios, 171, (1my;) , for participants in Phase 1 compared to similar data for a model bilayer control sample. The error bars
represent the standard deviation, 3, (sp) . (¢) TEM image with inset Fourier transform (from Participant A data) and (d) corres-
ponding SAED pattern with inset demonstrating asymmetric feature visible in all individual spots. (e) TEM image and enlarged
inset suggesting holes in the graphene (from Participant B data). (f) SAED pattern showing additional spots (from Participant C).

as streaking of the diffraction peaks [48, 49]. Both
sample tilt and streaking are known to change the
measured diffraction intensities compared to flat sus-
pended graphene [24, 50] so these factors can intro-
duce larger variability in the diffraction spot intensit-
ies within a single pattern. Optical microscopy exam-
ination of all three TEM grids returned by the Phase 1
participants revealed visible damage to the graphene
assigned to poor manual handling of the grids. It is
therefore considered that this was likely to be a major
cause of the large uncertainties.

To better assess whether the values of m,; > 1
reported in Phase 1 indicate two or more layers of
graphene, similar data was measured for a mech-
anically exfoliated 2LG sample as a control sample
(figures 1(f) and 2(a), (b)). The thickness of the
bilayer was independently verified by a combination
of optical microscopy and AFM prior to transfer-
ring the flake onto the TEM chip. The majority of
bilayer m,; values are around 2.5, consistent with
earlier experimental data reported for bilayer samples
[29, 30]. However, two outlier values were found at
around 1.7. Inspection of the raw SAED patterns for
these outliers revealed that they had a large amount
of amorphous contamination, generating a broad dif-
fraction ring peaked close to the spatial frequency of
graphene’s first order diffraction peak (SI figure S9).
In the absence of background subtraction, this will
have the effect of increasing the intensity of the first
order diffraction spots and supressing the value of

the measured intensity ratio relative to the uncon-
taminated case, so these measurements were therefore
removed from subsequent analysis of this bilayer con-
trol as erroneous values.

To compare different participants in Phase 1, we
define ri, (m;) as the mean of all m,; values where, p,
refers to the participant and, i, to the SAED measure-
ment (figure 2(b)). The variability within these val-
ues can be represented by the mean of the individual
standard deviation, s,;, values defined as 3, (sp,-).
Comparing the aggregate data for Participants A—C
in Phase 1 to the bilayer control reveals a significant
difference for the CVD-grown graphene samples used
in the study relative to the mechanically exfoliated
bilayer. This gives confidence that the CVD-grown
graphene samples analysed by participants are major-
ity monolayer, consistent with expectations from
optical microscopy prior to the transfer. However, the
large error bars and limited data in Phase 1 means it
is not possible to definitively determine whether the
individual SAED with higher m,; values are evidence
of small bilayer regions.

2.1. Improvements to the measurement protocol
after Phase 1

To address the different analysis methods used by par-
ticipants in Phase 1 the measurement report spread-
sheet for Phase 2 was changed to automatically cal-
culate the mean intensity ratio (,;) and standard
deviation (s,;) from diffraction peak intensities for
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each line scan. The SAED measurement protocol was
also modified before releasing to the 16 international
Phase 2 participants. Improvements are highlighted
in SI section 2 and included emphasising care dur-
ing manual handling. An accelerating voltage of 80 kV
was also mandated for Phase 2. Although initial flex-
ibility aimed to accommodate laboratories without
80 kV-aligned TEMs, one internal Phase 1 participant
(Participant D) reported significant graphene damage
at 200 kV, preventing their submission of SAED res-
ults. The minimum number of SAED patterns to be
collected and analysed was also increased from 10 to
20 as the time required for this was not considered
prohibitive. No modifications were made with respect
to accurate TEM alignment as the scope of this study
does not include specifying the alignment or calibra-
tion of a TEM system, and the ISO/TS 21356-2 stand-
ard already refers to other ISO standards outlining the
basics of TEM operation.

3. Interlaboratory validation (Phase 2)

For Phase 2, 16 laboratories, including academia,
national scientific institutes and industry, were sent a
new CVD-grown graphene TEM grid and the revised
measurement protocol. Participants 1-16 included
representatives who regularly publish TEM measure-
ments of 2D materials as well as those without experi-
ence of graphene characterisation. It also represented
a broad geographical spread across the world, includ-
ing Asia, Africa, Oceania, Europe and America. The
calculated distributions of m,; £ s,; for Participants
1-15 are shown in figure 3(a) (total of 378 SAED
and TEM image pairs). Participant 16’s data ini-
tially appeared as an outlier with the highest accur-
acy and precision of all participants, (1,; = 0.99 and
5p (spi) = 0.04). However, closer inspection revealed
their SAED data had a very high background sig-
nal and consequently a poor signal to background
ratio (SBR) of 0.15 (where the SBR is calculated as
%, see SI figure S10). This is likely due
to incorrect detector calibration as the CCD camera
should remove such a uniform background via the
gain and dark references. Therefore, the data from
Participant 16 was not included in the analysis, as
it was determined to be erroneous. The measure-
ment protocol did not have a background subtrac-
tion step so for a high background and low SBR,
the m,,; intensity ratio will always be close to one.
The data from Participants 1-15 has SBRs in the
range 18—450, at least two orders of magnitude lar-
ger than Participant 16 (see SI figure S11) so the pro-
tocol was therefore revised to specify a minimum SBR
of 10. Without removal, a non-zero background will
reduce the measured intensity ratio in this data by up
to 5.5%, calculated by adding a background match-
ing the lowest experimental SBR to simulated data.

E Tillotson et al

Subtraction of background is therefore recognised
to be beneficial for accurate SAED measurement.
However, background subtraction was not made a
requirement in the VAMAS protocol due to the chal-
lenge of prescribed fitting of the background in indi-
vidual line profiles, because it is not usually done in
published work and because it is not significant where
the camera is properly calibrated and the graphene
is clean. The signal to noise ratio was also measured
from the experimental Phase 2 data and found to be
in the range 18-2250, with the potential to change the
measured intensity ratio by up to £1.9%.

The mean value of all m,; values for Participants
1-15 in Phase 2 is found to be 0.93 (middle and bold
line in figures 3(a) and (b), respectively) with a root
mean squared deviation (RMSD) of 0.20. Taking an
uncertainty of the RMSD, values of m,; > 1.13 are
here considered to contain some bilayer contribution.
This is consistent with our understanding from com-
plementary analysis that the sample is predominantly
monolayer. From other analyses (see SI figures S2-S4)
we know that the sheets do contain some bilayer, and
therefore some of the SAED data is likely from 2LG
areas. In the further analysis we therefore exclude the
clear outliers beyond twice the RMSD from the mean
(my; > 1.4,and my,; < 0.5). The upper limit excludes
three of the 378 measurements (one from Participant
6 and two from Participant 10), meaning <1% of
the sampled patterns are assigned to represent fully
bilayer. This is consistent with Raman and AFM ana-
lysis although we note thatideally a similar SAED ana-
lysis of bilayer samples would be performed to more
accurately assess variation in diffraction intensities
for bilayer samples specifically, through a statistically
relevant amount of data. The lower bound of m,; <

0.5 excludes two SAED patterns (both Participant
4, which are believed to be the result of erroneous
data, discussed subsequently). Yet, even when exclud-
ing these outliers, the Phase 2 data shows large differ-
ences in the mean intensity ratio values and standard
deviations across participants (figures 3(a) and (b)),
despite the improvements to the protocol introduced
after Phase 1. We therefore seek to understand the
factors that may contribute to this variability in order
to develop improved recommendations for optimal
acquisition, analysis and confidence in interpretation
of SAED data for CVD-grown graphene films.

3.1. Contamination

Participant 4 reports an SAED pattern with the smal-
lest measured intensity ratio, m,;, value (0.33), as
well as the largest mean uncertainty for their data
set, 5, (spi) = 0.84. Inspection of the accompanying
TEM images shows the presence of particles on the
graphene, with a diameter of 10-200 nm, in most of
their data (see example in figure 3(c)). Subsequent
STEM EDS analysis of the returned sample revealed
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Figure 3. Phase 2 data. (a) Distributions of intensity ratios, m,;, from Participants 1-15 showing kernel density estimates (KDE)
via blue-shaded violin plots. The violin plots display the measured intensity ratios ranges with blue extrema indicators, while

the red error bars and horizontal lines show the uncertainties and mean intensity ratios, respectively. The middle horizontal

line at 0.93 indicates the mean value for all 11,;. The upper grey line shows the threshold of 1.2 above which the line is assigned

to partial coverage of more than 1 layer of graphene. The lower grey line at 0.7 shows the threshold below which values of 1,;,

are indicative of sample damage and/or contamination. Stars indicate that the vast majority of diffraction patterns show some
presence of turbostratic graphene whilst crosses show datasets inclusive of purely bilayer datapoints. (b) #, (1m,;) aggregate data
after excluding SAED patterns assigned to contain completely bilayer, where error bars represent 3, (s,i). (c), (d), (e), (f) TEM
images and SAED patterns, showing contamination particles on, and a tear in, the graphene, respectively, as well as distortion due
to projector lens astigmatism (Participant 4 data). (g), (h) TEM image and SAED pattern showing creases in the graphene (from
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that these particles are composed of the elements Si,
O, Au, Ca and Cl (SI figure S12). The presence of
these nanoparticle contaminates produces a polycrys-
talline background with extra spots in the diffrac-
tion pattern, which can overlap with the graphene
peaks. The very low value of intensity ratio obtained
by Participant 4 is therefore likely due to these peaks
contributing to increase the Iy 190} peak intensities
for the graphene. Such large contamination particles
may also cause local deformation to the morphology
of the graphene sheet, and it is recommended that
such contaminated regions be avoided when seek-
ing accurate thickness determination. Although the
origin of this contamination is unknown, a poten-
tial source is hypothesised to be baking at too high
a temperature or in a contaminated furnace. Other

participants occasionally imaged similar particles but
to a far lesser extent. Participant 4’s data also showed
tears in the carbon support film figure 3(e), similar to
those that can be caused by surface tension from the
drying of solvents or accidental exposure to moisture.
Nonetheless, it is unclear what caused the contamin-
ation in this case.

3.2. Turbostratic graphene diffraction data

Some SAED patterns in Phase 2 also contained mul-
tiple sets of graphene diffraction spots with a rota-
tional off-set between different sets (turbostratic
graphene, as shown in figures 3(f) and (h)). Such
additional lattice spots demonstrate that two differ-
ent orientations of graphene coexist within the region
sampled by the selected area aperture. This can occur
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in 1LG due to a grain boundary, fold or tear. It can
also occur in 2LG, where the second graphene layer
is rotated in plane relative to the first (turbostratic
2LG) [51]. Inspection of the accompanying TEM
images can often suggest whether tears or folds are
likely to be responsible for the additional lattice spots
(figures 3(f) and (h)), yet it is not possible to definit-
ively distinguish if turbostratic graphene is respons-
ible using the simple procedure outlined in the pro-
tocol provided to Phase 2 participants. The protocol
was therefore modified after Phase 2, to include a
further analysis step where more than one set of
graphene spots are present in the SAED. In such cases,
the sample is moved laterally by a distance corres-
ponding to the radius of the selected area aperture on
the sample while observing the SAED pattern. If the
two sets of diffraction spots can be imaged separately
the sample is then assumed to contain a grain bound-
ary, tear, crease or fold. A representative SAED pat-
tern should be recorded with only one set of diffrac-
tion spots and these are then analysed according to
the normal procedure. On the other hand, if the two
sets of diffraction spots cannot be separated by mov-
ing the sample, then the region is assumed to contain
turbostratic graphene with a thickness of bilayer or
greater and must be reported as such.

More than 40% of the m,; measurements from
Participants 4 and 11 contained turbostratic and/or
defective regions within their SAED pattern and
they also had the largest mean uncertainty (5, >
0.75). The turbostratic patterns for Participant 4 are
assigned to damage and contamination as already
discussed but Participant 11 does not show similar
issues. Instead, they are believed to have a high fre-
quency of turbostratic patterns due to their use of a
large selected area aperture (see SI figure S13). This
is double the diameter of the aperture used by any
other participant, meaning a larger sampling area and
therefore more chance of measuring a second grain of
CVD-grown graphene with a different crystal rota-
tion. This larger sampling area will also result in a
higher chance of detecting larger sample tilt or dam-
age, which may be the origin of the larger standard
deviations in Participant 11’s data. The protocol was
therefore modified after Phase 2 to require a selected
area aperture size of less than 250 nm.

More accurate determination of the relative pos-
itions of the different crystals and their overlap
for CVD-grown graphene can be obtained through
centred dark field TEM imaging (see SI figure S14)
[25], nano beam electron diffraction [16, 52, 53] or
4D-STEM [54] analysis. Analysis of the electron dif-
fraction data from these techniques could be done
in a similar way to that described in the SAED pro-
tocol, and all have the potential to improve the spatial
resolution of the analysis from approximately hun-
dreds of nanometres for SAED analysis to ~1 nm for
4D-STEM. However, these techniques are more time
consuming, more experimentally challenging and
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require more specialist TEM instrument alignment.
Consequently, they are not included in the measure-
ment protocol for the international standard which
must take into account the cost for industry to under-
take these standardised measurements and the avail-
ability of the measurement techniques. Here we con-
fine our further analysis of the Phase 2 data to separ-
ating monolayer from more than one Bernal stacked
graphene layers in single crystal SAED patterns. To do
this we exclude the SAED patterns that contain more
than one set of diffraction spots (highlighted by aster-
isks above the datasets in figure 3(a)). In addition, we
exclude all data for participants where >40% of the
submitted SAED patterns contain diffraction spots
from turbostratic graphene. The data from these par-
ticipants (4 and 11) are considered erroneous due to
the sample having been heavily damaged and the use
of a large SAED aperture, respectively.

3.3. Electron fluence

Some of the TEM images from Phase 2 showed holes
suggestive of electron beam induced damage to the
graphene (SI figure S15). To assess the potential of
electron beam damage reducing the accuracy of the
measurement, we plot 5, for each participant in Phase
2 as a function of their reported electron fluence and
flux (SI figure S16(a) and (b), respectively). Excluding
the unusually large error of Participant 4 (the origin
of which has already been discussed), this data shows
a trend of increasing uncertainty at higher electron
dose. The three participants with the lowest uncer-
tainty in their reported measurements (Participants
3, 6 and 9) all report an electron flux of less than
~10 e~ A72s7! and therefore this value of maximum
flux was added to the revised protocol. Although a
lower electron flux will also reduce the intensity of the
diffraction spots relative to the background, examin-
ation of the data from Participants 3, 6 and 9 show
that SBRs of >10 are still readily achievable (see SI
figure S11). The effect of varying flux, fluence, SBR
and aperture size on the uncertainty is compared in SI
figure S17. However, we recognise that there is signi-
ficant interdependence in these factors, which makes
separating their effects challenging.

3.4. Diffraction defocus and line profile
positioning

Analysis errors are introduced in the diffraction
peak intensity analysis where the line profile meas-
urement is not precisely positioned over the max-
imum of the four diffraction peaks, which can be
assumed to be in a straight line for an 80 keV elec-
tron beam. Most participants chose to use parallel
illumination and a well-focussed (small) diffraction
spot as this is commonly recommended for acquir-
ing SAED diffraction data. However, small diffrac-
tion spots increase the challenge of ensuring that the
intensity line profile accurately captures the highest
intensity present in all the diffraction peaks it bisects.
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Figure 4. Simulations illustrating potential errors for measuring the peak intensity ratio from a single line scan for monolayer
graphene in the presence of translational and rotational misalignment of the line profile. (a) 2D plot illustrating the mean intens-
ity ratio for a line profile as a function of translational offset and rotation angle measured using a single pixel line scan. Examples
of single pixel width intensity line profiles for (b) 1.0° misorientation but perfect positioning and (c) 1.0° misorientation with a
10-pixel offset from perfect orientation. The location of (b) and (c) within (a) are illustrated by the red and violet crosses. (d)—(f)
Shows identical data as (a)—(c) but when processed using a 20-pixel wide line profile, illustrating increased resilience of the mean
intensity ratio for a line profile to misalignment errors. Simulations are for the ideal case of zero background and no noise, with

Figures 4(a)—(c) and supplementary video 1 show
simulations to illustrate the large variation in meas-
ured intensity ratio that can arise due to inaccur-
ate lateral or angular positioning of a single pixel
line profile for perfect 1LG. When a single-pixel-
width line profile is misaligned by an angular mis-
alignment of 1° together with a 10-pixel translation
(both possible within human error), a perfect 1LG
SAED yields an erroneous value for I13101/I{1100) Of
2.4, which would be assigned as bilayer. Increasing
the line profile width to 20 pixels makes the ana-
lysis significantly more robust to positioning accur-
acy; retaining the Iz} /I{1100y Value of 1.0 for the
same (1°, 10 pixels) misalignment (figures 4(d)—
(f), supplementary video 2). Additionally, the pres-
ence of asymmetric distortion due to projector lens
astigmatism, as seen in Participant 4’s data (see
figures 3(c)—(f)), will increase the likelihood of miss-
ing the diffraction peaks when positioning the line
profile.

Increasing the width of the line profile also
improves robustness of diffraction intensity meas-
urements for Bernal stacked 2LG (SI figure S18) but
can prevent diffraction patterns from turbostratic
graphene being analysed where there is a small
rotational misalignment. An alternative approach is
acquiring the data with a slightly convergent beam or
an under focused diffraction spot, as this broadens
the individual diffraction peaks making it easier to

correctly align the line profile. This approach is used
by Participant 6 whose data shows under focused
diffraction spots with the peak intensity spread over
more than 25 pixels (see SI figure S19 for SAED pat-
tern examples). Their measurements have one of the
lowest deviations, with a 5, value of 0.17 (8.6%).
Inspection of all the participant data submitted in
Phase 2 (see SI figure S20) showed that Participants
4, 10 and 11 used single pixel line profiles to ana-
lyse their SAED patterns and that they also had some
of the largest individual uncertainties (s, = 1.97,
2.19 and 1.93 for Participants 4, 10 and 11, respect-
ively). These participant’s patterns were all reanalysed
using line profile widths that exceeded the FWHM of
the largest diffraction spot to ensure the maximum
peak intensity was included in the line scan. However,
although an improvement was observed (see SI figure
S21), this had only a modest effect on the standard
deviation, sp;, likely due to the challenge of avoid-
ing overlap with other diffraction peaks from con-
tamination and turbostratic graphene. Nonetheless
the protocol was revised to specify that line pro-
files must be extracted with a line profile width of
greater than twice the FWHM of the largest diffrac-
tion spot. We note that the accuracy of the SAED ana-
lysis also depends on the type of camera used, through
the camera’s modulation transfer function, pixel res-
olution and area, as well as the TEM parameters
used to acquire the diffraction data (camera length,
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convergence angle, diffraction focus). However, these
are highly interdependent and as there are a wide
range of possible instrument configurations and suit-
able geometries, it is neither necessary nor prac-
tical to prescribe settings for these parameters in the
protocol.

3.5. Degrees of equivalence analysis

To determine the accuracy and confidence in the
comparability of measurement protocols tested
through interlaboratory comparisons, particularly
for international measurement standards, the ‘degree
of equivalence’ (DoE) for the participants should
be analysed. This illustrates the degree to which the
values obtained following a standard measurement
protocol are consistent with the reference value,
expressed quantitatively as the deviation from the
reference value and the uncertainty of this deviation
[55]. The challenge for our analysis is that the ref-
erence value of the SAED intensity ratio for 1LG
is unknown, due to the uncertainty in the effect of
temperature on the scattered intensities through the
Debye Waller factor. We therefore calculate a compar-
ison reference value Tyf from uncertainty-weighted
mean equations as part of the DoE analysis, as is
typical for VAMAS studies [13, 56]. We perform
this DoE analysis after removing partial bilayer data
points with higher m1,,; values (,; >1.2 as a threshold
value with a realistic precision that encompasses the
variance observed in this study). We also removed
the turbostratic SAED data points and erroneous
data sets from Participants 4 and 11, where > 40%
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of their data was turbostratic. The resulting calcu-
lated DoE data for the as-received measurements in
Phase 2 are shown in figure 5, with the participants
ordered by their deviation from the reference value
(di = m, (mpi) — Tret). To calculate the uncertainty
on this measurement, u;, the mean uncertainty s'p
(demonstrating the repeatability) and the sample
homogeneity sy; values for each participant are com-
bined in quadrature. Analysis of 5, and sy; values
across all participants shows 5, dominates over sp;,
(0.38 compared with 0.08). This reflects the expecta-
tion here that the inherent uncertainty of SAED data
measurement, resulting from the many factors men-
tioned previously, is much larger than the inherent
variability in the CVD 1LG. A comparison refer-
ence value T is calculated from u; and T;, yielding
a value of T = 0.95. The DoE expanded uncer-
tainty, U; = 2u; provides a confidence range of 95%
[56], with U; = 0.14. This DoE analysis suggests that
CVD-grown graphene measured in this way can be
assigned as monolayer for SAED data with a single
set of graphene diffraction spots close to the [0001]
zone axis where the intensity ratio of second to first
order graphene diffraction peaks, m,; = 0.95 £ 0.14.
Increased confidence regarding not excluding poten-
tial monolayer erroneously can be achieved with error
bars of 3u;, yielding m,; = Trer £ 3u; = 0.95 £ 0.21.
Values of m,; that are lower than this range sug-
gest errors in the data, such as background due
to contamination, sample damage and/or excessive
fluence, all of which can cause an increase in the
peak intensity for first order compared to the second
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order diffraction peaks. Values of m,; that are higher
than this can be assigned to the presence of at least
some fraction of two or more Bernal stacked graphene
layers within the sampled SAED area, or significant
translational and/or rotational misalignment of the
line profile drawn when conducting analysis. Values
of my; greater than ~2 for non-erroneous data indic-
ate full bilayer coverage. Figure 5 shows that the meas-
urement protocol is robust and qualified, with no out-
liers. The DoE analysis can also assess the improve-
ment when data previously analysed with single pixel
intensity linewidths were reanalysed with integrated
linewidths greater than twice the FWHM of a diffrac-
tion spot. We show this for a DoE analysis includ-
ing all turbostratic data with Participants 4, 10 and
11 showing improvements to their DoE u; (d;) of 0.4,
0.3 and 0.1 (24%, 19%, and 8%), respectively (see SI
figure S21).

4. Conclusions

This large interlaboratory TEM study highlights the
many sources of uncertainty associated with the use
of SAED analysis for determining the presence of 1LG
by TEM. The ratio of second: first order diffraction
spot intensities in a SAED pattern is found to be a reli-
able means of determining the presence of 1LG but
requires the sample be free from tears, strain and sig-
nificant contamination. In the literature, a boundary
condition of 1.0 is typically used as the limiting value
for the intensity ratio of the second to first order dif-
fraction spots (I{3110y /I{1700} <1.0) when identifying
1LG. However, our results indicate that for practical
measurements a higher threshold is appropriate. DoE
analysis from our large data set of 294 SAED patterns
shows that values of I{5110) /I{1100y = 0.95 £ 0.14
(TretE Uyef) are areliable indicator of pristine 1LG. Yet
within our combined data set from 15 international
laboratories values of It3103 /I{1100y = 0.93 £ 0.20
(m+ RMSD) were still assigned to 1LG, with this lar-
ger variability assigned to measurement inaccuracies.
To this end, we recommend a simple and realistic
threshold value of I 5110y /{17001 <1.2 to assign 1LG,
fully encompassing the relatively large uncertainties
found through this study, even when following best
practice. Values of I{5110} /I{1i00} >1.2 indicate the
presence of at least partial bilayer material while val-
ues of I31101 /I11700y <0.7 usually result from sample
damage and/or amorphous surface contamination
erroneously increasing the background for the first
order graphene peaks. At an accelerating voltage of
80 kV, an electron flux of less than 10 e"A=2s~!
is recommended to minimise the chance of electron
beam damage to the specimen, which can alter dif-
fraction intensities. A small SAED aperture is pre-
ferred to reduce the chance of including multiple
grains in the SAED pattern. Care should be taken
when manually positioning the line profile on the
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SAED pattern, using a sufficiently large linewidth
in the profile when recording the diffraction data.
Overall, poor manual handling of the graphene was
found to be the largest contributor to uncertainty in
the ability to distinguish monolayer from 2LG using
the SAED patterns.
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