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Abstract 

There is a pressing need for reliable, reproducible and accurate measurements of graphene’s 
properties, through international standards, to facilitate industrial growth. However, trustworthy 
and verified standards require rigorous metrological studies, determining, quantifying and reducing 
the sources of measurement uncertainty. Towards this effort, we report the procedure and the 
results of an international interlaboratory comparison (ILC) study, conducted under Versailles 
Project on Advanced Materials and Standards (VAMAS). This ILC focusses on the comparability of 
Raman spectroscopy measurements of chemical vapour deposition (CVD) grown graphene using the 
same measurement protocol across different institutes and laboratories. With data gathered from 
17 participants across academia, industry (including instrument manufacturers) and national 
metrology institutes, this study investigates the measurement uncertainty contributions from both 
Raman spectroscopy measurements and data analysis procedures, as well as provides solutions for 
improved accuracy and precision. 
 
While many of the reported Raman metrics were relatively consistent, significant and meaningful 

outliers occurred due to differences in the instruments and data analysis. These variations resulted 

in inconsistent reports of peak intensity ratios, peak widths and the coverage of graphene. Due to a 

lack of relative intensity calibration, the relative difference reported in the 2D- and G peak intensity 

ratios (𝛪2D/𝛪G) was up to 200%. It was also shown that the standard deviation for 𝛤2𝐷 values 

reported by different software packages, was 15× larger for Lorentzian fit functions than for 

pseudo-Voigt functions. This study has shown that by adopting a relative intensity calibration and 

consistent peak fitting and data analysis methodologies, these large, and previously unquantified, 

variations can be significantly reduced, allowing more reproducible and comparable measurements 

for the graphene community, supporting fundamental research through to the growing graphene 

industry worldwide. This project and its findings directly underpin the development of the ISO/IEC 

standard “DTS 21356-2 - Nanotechnologies - Structural Characterisation of CVD-grown Graphene”.  
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1. Introduction 

 

Graphene, first isolated in 2004 [1], is impacting many application areas such as solar cells, 

biosensors, thin-film transistors, composites, flexible electronics and energy storage [2-8]. This single 

layer of carbon atoms, with each atom bound to three neighbours in a honeycomb structure [9], has 

opened up an entire area of scientific research including a whole family of other 2D materials and 

their heterostructures [10-13]. As industrial uptake increases, reliable, accurate, and reproducible 

measurements of graphene are important to maintain quality in manufacture. In particular, many 

material properties such as the flake or grain size, thickness or number of layers and chemistry can 

vary depending on the production method and related processing parameters [14-19]. To this end, 

internationally standardised measurement protocols must be developed for graphene 

characterisation [20], so that technical data sheets for all graphene products globally have 

comparable measurands with well-understood uncertainties, regardless of their producer and/or 

production method. This will help ensure material quality throughout the supply chain, as well as 

allow informed decisions in terms of application requirements and health and safety. 

Raman spectroscopy [21, 22] is a fast and non-destructive method that can provide structural, 

chemical and electronic information from a broad range of advanced materials. Today, most Raman 

spectrometers are coupled with an optical microscope and a translation stage enabling Raman 

mapping over a large area to study the variations in material properties across a sample. This 

technique has been used extensively in both fundamental and applied research for carbon-based 

nanostructures [23-31], and is also an invaluable industrial quality control (QC) method to detect 

structural damage, chemical modifications and unwanted by-products that may occur during 

manufacturing [32]. In the specific case of graphene, Raman spectroscopy is a very powerful tool due 

to the band structure of graphene, leading to resonant processes and strong electron-phonon 

coupling, which provide a strong Raman signal and unique features that can be used to characterise 

graphene. For example, Raman spectroscopy can provide an indication of the number of graphene 

layers [33-37], defects [38-41], strain [42, 43] and functionalisation [44].  

The Raman spectrum of graphene consists of an array of characteristic peaks. The three main 

features discussed in this work are: the D peak (~1350 cm-1), the G peak (~1580 cm-1) and the 

2D peak (~2700 cm-1, also referred to as the G’ peak). A representative Raman spectrum of single-

layer graphene is shown in Figure 1a, which also illustrates the D’ peak (~1620 cm-1). The G band, 

which is observed in all sp2 carbon systems, is due to the doubly degenerate zone centre E2g mode 

[33], whereas the 2D and D bands originate from a second-order process, involving two phonons 

near the K point for the 2D band or one phonon and one defect in the case of the D band [23, 45]. 

The D band is due to the radial breathing mode of six-atom rings in the graphene lattice and requires 

a defect to be activated [23, 46], where defects are associated with symmetry-breaking regions in 

the lattice such as sp3 defects, vacancy sites, as well as edges [47]. The 2D peak is the second order 

overtone of the D peak and has been commonly used to identify single-layer graphene, as a result of 

its unique electronic structure compared to Bernal/Rhombohedral few-layer graphene [33]. In this 

study, we will use the notation 𝛪 for the maximum peak height (intensity), 𝛢 for peak area, 𝜔 for the 

Raman shift of the peak centre, and 𝛤 for the full width at half maximum (FWHM) of the peak. For 

example, 𝛪D is the intensity of the D peak, 𝛢D is the area of the D peak, 𝜔𝐷 is the peak position of the 

D peak, 𝛤D is the FWHM of the D peak. Additionally,  𝛪D/𝛪G and  𝛪2D/𝛪G, refer to the peak intensity 

ratio of the D peak and the G peak, and the peak intensity ratio of the 2D peak to the G peak, 
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respectively. For clarity, single-layer graphene, bilayer graphene and few-layer graphene will be 

specifically referred to as 1LG, 2LG and FLG, respectively. 
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Figure 1: Representative images and data from a commercially-sourced, CVD-grown graphene sample on Si/SiO2 that was used in this 
VAMAS interlaboratory study, using a 532 nm excitation laser with 0.83 mW power incident on the sample. (a) Raman spectra of CVD-
grown graphene, normalised to the 2D peak intensity, showing the characteristic D- (1350 cm-1), G- (1580 cm-1), D’- (1620 cm-1) and 2D 
Peaks (2700 cm-1). (b) An optical image of the wrinkles (red arrows) in the CVD-grown graphene sheet viewed through a 100× objective, 
the scale bar is 10 µm. (c) A Raman map showing how the full width at half maximum (FWHM) of the Raman 2D (𝛤2𝐷) peak varies across a 
20 µm × 20 µm (1 µm step size) area near the edge of a CVD-grown graphene sheet. (d) A histogram showing the range of 𝛤2𝐷 across the 
20 µm × 20 µm area shown in (c) where the mean 𝛤2𝐷 value is 27 cm-1 with a standard deviation of 3 cm-1. 

 

Although the Raman spectrum of graphene may be relatively simple, reliable interpretation of the 

spectra is nontrivial as it is sensitive to changes in multiple phenomena, including but not limited to 

electronic structure, defects, strain and doping. Furthermore, the changes in peak shapes/intensities 

can be small, and correlations between peaks and structural/chemical changes in graphene can be 

ambiguous. For example, depending on the amount of defects, a decreasing  𝛪D/𝛪G ratio can suggest 

either an increasing or decreasing defect density. For a relatively small defect density, the 𝛪D/𝛪G ratio 

increases with increasing number or area of defects, whereas for a much higher defect density, 

𝛪D/𝛪G decreases with increasing number or area of defects [38-41, 48]. For pristine graphene this 

occurs when the inter-defect distance approaches 5 nm [40]. These two stages can be distinguished 

by looking at additional Raman parameters, such as the 𝛤 of selected peaks, because the 𝛤 increases 

for increasing defect concentration [38, 39, 41] and strain [42, 43]. Directly comparing 

measurements between different instruments can also be challenging, as factors such as laser 

excitation energy [48, 49], laser power [50], instrument calibration, microscope objectives [51], slit 
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width and grating can affect Raman peak positions, peak widths and peak intensity ratios. An 

important example of this is the difference in the D peak position and intensity for the same 

graphene sample when using different excitation lasers, as it is strongly dispersive with excitation 

energy due to a Kohn Anomaly at K [48, 52-54]. Therefore comparisons can only be made directly for 

measurements using the same wavelength laser, whilst the laser power incident on the sample is 

also important due to issues with damage to the sample due to heating effects, which can also result 

in changes in peak position [55, 56]. 

Thus, an understanding of the measurement uncertainties for these Raman spectroscopy metrics, 

such as peak intensity ratios and widths is required. To improve confidence in Raman spectroscopic 

analysis of graphene, it is important to understand the variation in results obtained from different 

laboratories, using different equipment, conditions, and data analysis methodologies. To this end, 

rigorous interlaboratory comparison (ILC) studies are coordinated through VAMAS, with the results 

feeding directly into International Organization of Standardization (ISO) and International 

Electrotechnical Commission (IEC) committees, as these ILCs are a critical component in the 

adoption of international measurement standards. Several international graphene standards are 

under development within ISO TC229 ‘Nanotechnologies’, jointly with IEC TC113. An example of a 

measurement standard is the recently published ISO/TS 21356-1:2021 ‘Structural characterisation of 

graphene — Part 1: Graphene from powders and dispersions’ technical specification [57], which 

focuses on determining the physical properties of graphene present in powders and liquid 

dispersions. However, graphene sheets covering a substrate, are also important materials for 

different technological applications such as electronics [8]. 

Here, we present the results from the first ILC coordinated under VAMAS Technical Working Area 

(TWA) 41 ‘Graphene and Related 2D Materials’ as Project 1 ‘Structural characterisation of CVD-

grown graphene: Coverage on substrate, number of layers, level of disorder’, jointly with VAMAS 

TWA 42 ‘Raman Spectroscopy and Microscopy’. The 17 participants that contributed to this study 

originated from 13 different countries and include representation from seven National 

Measurement Institutes (NMIs), five Universities, and two industrial participants.  

The aim was to understand the uncertainties associated both with Raman measurements and 

Raman data analysis, before demonstrating solutions to reduce the variance observed, so this 

technique can be used across the whole graphene community to provide more accurate and precise 

results. Firstly, the method employed for this ILC will be described (section 2), before the results are 

reported with respect to (1) Raman peak intensity ratio (section 3.1), (2) Raman peak position 

(section 3.2) and (3) Raman peak width (section 3.3), along with methods to reduce the 

measurement uncertainty due to the issues observed. 

These findings will ultimately directly support the development of the ISO/IEC standard “DTS 21356-

2 - Nanotechnologies - Structural Characterisation of CVD-grown Graphene”, which is currently 

under development in ISO TC229 and IEC TC113.  

 

2. Methods 

2.1 VAMAS Protocol and Participant Instrumentation 

The VAMAS interlaboratory measurement protocol used for this ILC is appended to the 

Supplementary Information (SI).  This includes instrumentation requirements, measurement 

protocols, data analysis procedures and reporting guidelines. Participants were required to use 
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Raman spectrometers that were capable of obtaining Raman maps, whilst operating with a 

backscattering (180°) geometry. As this ILC will be used as the basis of an international standard for 

industry, it is important to use commercially-available Raman spectrometers that are more typical of 

what would be used in a materials testing facility, whilst at the same time balancing the capability 

required to provide accurate results. To the same end, to compare the typically used methods of 

calibration available to different laboratories, the different participants were expected to at least 

perform a daily calibration using the 1st order Si peak of a silicon sample, but to record the overall 

calibration procedure used so they could be analysed alongside the data obtained. As many of the 

characteristic Raman peaks are dispersive with the laser photon energy [48, 58-60], the participants 

were also asked to use a laser with a wavelength of 532 nm (2.33 eV). If this was not possible, a laser 

wavelength of 514.5 nm (2.41 eV) was used instead, and in all cases the participants were asked to 

record the laser wavelength. Where possible the participants were also asked to use a 100× 

objective, but there were no specific requirement of numerical aperture (NA). The instrumentation 

details for each participant are included in Tables S1-1 and S1-2.  

2.2 CVD-grown Graphene Sample 

There is currently no certified reference material for graphene and so a material that was 

representative of commercially-available CVD-grown graphene [61, 62] was produced using 

commercial copper foils as a catalyst in a cold walled CVD reactor (Aixtron BM). After the synthesis, a 

polymethyl methacrylate (PMMA) sacrificial support layer was spin coated onto the graphene-

covered Cu foil. The Cu was etched using a ferric chloride containing solution. The film was cleaned 

with distilled water several times as well as an acid cleaning step and transferred onto a silicon wafer 

with a 300 nm oxide layer (Si/SiO2). After transfer the PMMA was removed using solvents by placing 

the material in an acetone bath for 30 min followed by another 30 min in clean acetone and 15 min 

in isopropyl alcohol (IPA). Finally, the samples were dried with nitrogen. The wafer was then cut into 

10 mm × 10 mm samples (one for each participant), before being sent to the Lead Participant (LP).  

To minimise damage during transport, the samples were shipped securely in 1” wafer shippers 

(Entegris, USA). Before being mailed to the participants, each sample was checked by the LP with a 

series of optical images and Raman maps. From optical microscopy analysis, the graphene appeared 

to be a continuous sheet, with no large islands or tears where the underlying substrate was visible. 

The only topological features that were visible were the wrinkles and folds that are a common 

feature for CVD-grown graphene, as shown in Figure 1b. Due to differing thermal expansion 

coefficients between graphene and the metallic growth substrates such as copper [61], wrinkles can 

form when the graphene and substrate are cooled to room temperature. Additional wrinkles may 

also occur when the graphene is transferred onto another substrate. It is worth noting that the 

corners of all the samples were damaged where they had come into physical contact with the 

hemispherical base of the 1” wafer shippers. This caused holes and tears where underlying silicon 

wafer could be observed. However, this damage only extended up to 200 µm from the edge of the 

sample (Figures S1-3 and S1-4) and did not interfere with any of the measurements in this study.  

The participants were each sent separate 10 mm × 10 mm samples from the same batch of CVD-

grown graphene, along with the measurement protocol and instructions on how to find a suitable 

location near the edge of the sample using a coordinate system and a series of optical images. The 

location near the edge (within 500 µm) of the CVD-grown graphene sheet had been measured by the 

LP before it was despatched, to check the suitability of the sample. For this type of CVD-grown 

material, additional properties, such as the wrinkles (Figure 1b), tears and residual contaminants 

from the growth and processing can cause variations of the measured Raman metrics [63, 64].  
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2.3 Raman Spectroscopy Measurements 

Due to these variations across the samples, mapping over large areas and averaging the Raman 

metrics is required to reduce the chance of variability due to sample inhomogeneity. The 

participants each performed a Raman map at two locations on the CVD-grown graphene sample: 

one area close to the edge of the sample and one area approximately the geometric centre of the 

sample. This protocol mimics the expected sampling for a 10 mm × 10 mm sample in ISO DTS 21356-

2 [57], providing an understanding of the material across the sample and not just in one position. 

Figure 1c shows the spatial variations in the fitted 𝛤2𝐷 values across a 20 µm × 20 µm area of a CVD-

grown graphene sample, where the step size of the measurement was 1 µm. Although the 

theoretical laser spot size for commercially-available Raman spectrometers, typically using green or 

red laser excitation, is a few hundred nanometres (using an objective with numerical aperture of ~ 

0.9), the actual laser spot diameter may be up to 2 µm in lateral dimensions, as a result of different 

objectives used; the laser spot size of the instrument used to generate Figure 1 was measured as 

0.8 ± 0.2 µm [65], as measured from a mechanically exfoliated graphene flake (Figure S1-1). A 1 µm 

step size is therefore a compromise for typical Raman spectrometers to provide a suitable number of 

spectra that are representative of the material. The mean 𝛤2𝐷 value for Figure 1c was calculated as 

27 cm-1 with a standard deviation of 3 cm-1. It should be noted that this standard deviation is 

comparable to the wavenumber resolution of typical Raman spectrometers and so care should be 

taken when comparing peak width measurements between instruments and when assigning peak 

width measurements to physical material properties. The wavenumber resolution of the instrument 

used by the LP was determined to be 2.4 ± 0.6 cm-1 (SI Section 1.2.4). 

An investigation with a large 110 µm × 110 µm (1 µm step size) Raman map (Figure S4-1 and S4-2) 

demonstrated that by averaging Raman metrics over an area of at least 10 µm × 10 µm (121 

spectra), localised material differences are significantly suppressed. The mean relative difference 

between the large area map and 100 randomly positioned 10 µm × 10 µm sub-maps was found to be 

(1.5 ± 1.2) % for 𝛤2𝐷 and (3.1 ± 2.2) % for 𝛪2D/𝛪G values (Figure S4-3). While the relative difference 

can be decreased by increasing the map size, this will significantly increase the measurement and 

analysis time, and only results in a limited improvement in relative difference. This suggests that 

performing Raman maps of 10 µm × 10 µm (121 spectra) is a reasonable compromise of time versus 

precision. However, for samples with greater spatial variations in the material properties, larger 

Raman maps with more Raman spectra are required to provide a representative distribution [66]. 

Each participant measured Raman maps by collecting Raman spectra over a 10 µm × 10 µm area 

with a 1 µm step size (121 total Raman spectra in each Raman map) for each of the two locations 

(edge and centre). The Raman spectra were measured with a wavenumber range of at least 1200 – 

2900 cm-1, an incident laser power of less than 1 mW measured at the focus, and an acquisition time 

of 5 seconds. However, if this did not produce spectra where the G peak intensity was at least ten 

times greater than the peak-to-peak variation in the background noise, the acquisition time was 

recommended to be increased up to a maximum of 30 seconds, in order to still avoid damage to the 

CVD-grown graphene through localised heating effects [40, 67]. Before each Raman map was 

collected, the objective lens position was first optimised by performing a series of Raman 

spectroscopy measurements about the optical focus (± 1 µm) and finding the focus position in which 

the highest Raman peak intensities were recorded. Depending on the measurement location and the 

calibration of the instrument the highest peak was either the Raman 2D peak or G peak. With these 

specific measurement requirements, all participants were able to produce Raman spectra with well-

defined D-, G- and 2D Peaks (Figure S2-1 to Figure S2-17).  
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2.4 Raman Spectroscopy Data Analysis 

When processing the acquired data, the protocol stipulates that the Raman maps should first be 

baseline corrected with a linear baseline and then the D-, G- and 2D peaks fitted with a Lorentzian 

lineshape. Note that while most participants used a linear baseline, participants #4, #5, #7, #8 used 

non-linear (e.g. polynomial) baselines. Using the resulting parameters from these peak fits, the 

participants were asked to report key Raman metrics, namely 𝛢G,  𝛪D/𝛪G,   𝛪2D/𝛪G , 𝛤G and  𝛤2D, along 

with a calculation of the graphene coverage (1LG/2LG/FLG) and the 1LG graphene coverage. The 

Raman metrics from the 121 spectra in each Raman map were averaged before being compared 

with the Raman metrics from the other participants. As there are a significant number of metrics 

that can be compared, only the 𝛪2D/𝛪G ratio and the 𝛤2D are explored in detail here due to their 

significance in the graphene community. However, the supplementary information contains a 

comparison of many more Raman metrics for graphene (Table S3-4 to S3-24).  

As the CVD-grown graphene material that was used in this ILC study was transferred on to an Si/SiO2 

substrate with a 300 nm oxide layer, the 1LG peak is expected to have a 2D Peak that is a single 

symmetrical peak with a Lorentzian line shape and 𝛤2𝐷 ≤ 35 cm-1 [60, 61, 68, 69]. It should also be 

noted that some stacking orders between consecutive graphene layers in multiple layers of 

graphene can also produce 2D peak widths of ≤ 35 cm-1 [70]. The 𝛪2D/𝛪G ratio has also been 

proposed to identify 1LG: for pristine 1LG, 𝛪2D/𝛪G is typically >2 [20]. However, this ratio can be 

reduced by several factors, including stacking order between consecutive graphene layers [71, 72], 

defects [38, 73], doping [59], interference effects [49, 74] and the proximity to the edge of the CVD-

grown graphene sheet [75]. Therefore, it cannot be conclusively used to indicate the presence of 

1LG and it is challenging to quantify the number of graphene layers from the 𝛤2𝐷 and 𝛪2D/𝛪G ratio. 

For the purposes of this ILC determining the causes of uncertainty and irreproducibility, the process 

of determining the number of graphene layers was estimated from the FWHM of the 2D peak, using 

a value of 35 cm-1 as a threshold between 1LG and 2LG. This threshold value was chosen from 

previous work on similar material [60, 61, 68, 69, 76] and is not necessarily applicable to other 

materials. 

Due to limitations in determining the number of graphene layers using Raman spectroscopy alone, 

Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM) or optical microscopy 

should be performed to complement observations from the Raman spectroscopy results [57]. To this 

end, the ISO standard under development to determine the structural properties of CVD-grown 

graphene, ISO DTS 21356-2, requires Raman spectroscopy measurements of the material under 

investigation as well as complementary optical microscopy and TEM measurements to confirm the 

conclusions with regard to the number of layers. As the G peak is characteristic of graphitic 

materials, the presence of the G peak In Raman spectra was used to estimate the coverage of CVD 

graphene. This was undertaken by attributing pixels with 𝛢𝐺 greater than 10 % of the average G 

peak area across the Raman map as areas where one or more layers of graphene are present [20]. As 

a Raman G-peak could still be detected if any holes in the CVD graphene sheet were smaller than the 

laser spot size, the resulting graphene coverage values are likely to be over estimated. Pixels that 

were recorded as having graphene layers present, but were not specifically 1LG, were recorded as 

having a thickness of greater than one layer. 

2.5 ILC Analysis of Participants’ Results 

As illustrated in a flow chart of the datasets in this study (Figure 2), after the ILC measurements were 

performed, the participants returned the CVD-grown graphene sample to the LP, as well as a 

measurement report containing their measurement details and the calculated Raman metrics which 
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they produced from their Raman maps, as well as providing the raw, unprocessed Raman spectra. 

After receiving the samples and data back from the participants, the LP analysed the participants’ 

raw spectra (see section 1.2.2 in the SI for details). To provide a direct comparison of the results 

from different participants as well as to help negate the variation in the results due to differing 

properties of the CVD-grown graphene on the microscale, the areas that were measured by each 

participant were remeasured by the LP. However, in some cases, it was not possible to conclusively 

identify and measure exactly the same area of sample after the sample had been returned to the LP, 

as some participants did not have high resolution cameras on their instruments, making it difficult to 

locate the areas they measured. Therefore, all quantitative comparisons and calculations of 

uncertainty have been determined using only the data where there is a direct comparison available 

(using the participant and LP results) of the same area.  

Therefore, for each measurement location (edge and centre) there were ultimately 3 distinct 

datasets that were compared: participant-measured and participant-processed (PM-PP), participant-

measured and lead-participant-processed (PM-LP), and lead-participant-measured and lead-

participant-processed (LM-LP), as shown in Figure 2.  

 

 

Figure 2: A flow chart showing how the measurements (green boxes) and data analysis (red boxes) were performed by the participants and 
the LP in this Raman VAMAS interlaboratory study. As measurements were carried out at both the edge and the centre of CVD-grown 
graphene sample, there are 6 total datasets per participant (edge PM-PP, PM-LP, LM-LP and centre PM-PP, PM-LP, LM-LP). 

To explore how variations in data analysis (e.g. cosmic ray removal, background subtraction, peak 

fitting) affect the reported Raman metrics, the LP processed the participants raw spectra and 

compared the resulting metrics (PM-LP) with those reported by the participants (PM-PP). To 
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understand how differences in measurement hardware and instrument calibration can influence the 

reported Raman measurements, the LP re-measured the same areas of interest as the participants 

and compared the resulting Raman metrics (LM-LP) with the participants’ results (PM-LP).  

For each Raman metric (for example 𝛪2D/𝛪G and 𝛤2D) the mean value was calculated for each Raman 

map (from the 121 spectra taken for each map). This was done for the each of the two Raman maps 

produced by each participant (edge and centre). The relative difference between the participants’ 

results and the corresponding results from the LP was then calculated: 

Δ𝑖 (%) = (
𝑉(𝑖,P)

𝑉(𝑖,L)
− 1) × 100                                                      (1) 

Where 𝑖 is the Raman metric, Δ𝑖 is the relative difference in the mean value of a given metric (e.g. 

Δ𝛪2D/𝛪G
), 𝑉(𝑖,P) is the participant’s mean Raman metric value and 𝑉(𝑖,L) is the LP’s corresponding 

mean Raman metric value.  

To then quantify the overall mean difference for each metric across all participants, the root mean 

square error (RMSE) for each metric has been calculated:  

 𝑅𝑀𝑆𝐸𝑖 =  √∑ (𝑉(𝑗,L)− 𝑉(𝑗,P))
2𝑁

𝑗=1

𝑁
  (2) 

Where 𝑖 is the Raman metric, j is the participant number, 𝑉(𝑗,L) is the Lead Participant’s Raman 

metric value, 𝑉(𝑗,P) is the participant’s Raman metric value and N is the number of comparable 

Raman metric values. These RMSE values are shown in Supplementary Information (Tables S3-3 to 

S3-23).  

While the PM-PP and PM-LP datasets are directly comparable, as they originate from the same 

Raman map, the PM-LP and LM-LP datasets can only be reliably compared when the Raman maps 

were measured at the same location by both the participant and the LP. Due to material differences 

(e.g. wrinkles and tears) across the CVD-grown graphene, a slight variation in the sample 

measurement location between the participant and the LP could result in the Raman metrics being 

skewed. If the Raman maps measured by the participants had a strong resemblance to the Raman 

maps from the same area measured by the LP, they were considered to have good alignment (Figure 

S8-1 to Figures S8-17). In total, 25 out of the 34 Raman maps measured by the participants were 

found to have a good alignment with the LP Raman maps. Only data from these 25 well-aligned 

maps were compared when calculating the RMSE for measurement differences, whereas all 34 maps 

were compared when calculating the RMSE for data analysis differences.  

 

3. Results and Discussion 

 

Raman spectrometers from 5 different manufacturers were used to collect the Raman spectra and 7 

different software packages were used to process and fit the data. While some participants used the 

software that was supplied with their Raman spectrometer to process the Raman data, others used 

custom developed software tools such as LabVIEW, MATLAB and Python. Most participants used a 

532 nm laser and 100× optical objective lens, as called for in the protocol. The most common NA was 

0.9 and all participants reported using an incident laser power below 1 mW. Although the VAMAS 

protocol suggested using a Lorentzian function for peak fitting, participant #13 used a pseudo-Voigt 
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function as it appeared to have a better fit with the data. Lastly, all participants regularly calibrated 

the peak positions of their spectrometers using a reference sample, such as a silicon wafer. Only two 

participants reported calibrating the spectral response function with a calibrated light source (e.g. a 

halogen lamp or white light source) to correct for the spectrometer sensitivity at different energies 

[77]. Table S1-1 in the Supplementary Information, has a full list of the instruments and software 

packages featuring in this study.  

A series of optical images of the CVD-grown graphene samples were obtained before they were sent 

to participants making it possible to determine if the samples had been damaged during transport. 

While a small number of samples were found to have visible changes when they were returned to 

the LP (Figure S1-5), the optical images showed the original measurement locations remained intact. 

As such, the areas that were measured by the participants could be, on the most part, located and 

re-measured by the LP. While the participants were asked to measure Raman images from both the 

edge and the geometric centre of the sample, for simplicity only the centre measurements will be 

presented in Figures 3 and 4, with more analysis of the edge areas included in Section 5 of the SI. It is 

worth noting that the 𝛤2𝐷 is consistently 10 % greater (~3 cm-1) at the centre of the CVD-grown 

graphene sheet compared to the edge (Figure S5-21). This difference is likely due to strain at the 

centre of CVD-grown graphene sheet, which has been released at the edges of the sample due to 

the original wafer being cut into multiple samples [78]. For completeness, the tables in the SI show 

the raw data and relative differences from the edge, the centre and across both measurement areas 

combined.  

Table S3-1 and Table S3-3 show a summary of the relative differences, absolute differences and root 

mean square error due to data analysis and measurements, respectively. 

 

3.1. Peak Intensity Ratio 

I2D/IG Peak Intensity Ratio 

Figure 3a shows the peak intensity ratio,  𝛪2D/𝛪G measured by each participant, with data analysis 

performed by either the participant (PM-PP) or the LP (PM-LP). As the Raman measurements 

presented in Figure 3a were performed by the participants, any resulting variance in 𝛪2𝐷/𝛪𝐺 between 

the participants and the LP is due to differences in data analysis methodologies. Most participants 

reported a mean 𝛪2𝐷/𝛪𝐺 ratio between 1 and 3, however participant #2 reported an 𝛪2D/𝛪G ratio of ~ 

6. The data in Figure 3a shows that the 𝑅𝑀𝑆𝐸𝐼2𝐷 𝐼𝐺⁄ due to analysis is ~0.03. This suggests that the 

data analysis methodologies used by the participants (cosmic ray removal, background subtraction 

and peak fitting) are relatively consistent with the LP, and the resulting 𝛪2D/𝛪G ratios are not 

significantly affected by the data analysis methodology/software tools used by the participants.  

To study the differences due to the measurement, the same area of interest that was measured by 

the participant was re-measured by the LP and the datasets compared; this compares differences in 

instrument hardware and calibration. The 𝛪2D/𝛪G ratios reported by the participants (PM-LP) and the 

LP (LM-LP) from the same areas are shown in Figure 3b. To mitigate any differences caused by data 

analysis methodologies, the participants’ unprocessed Raman spectra was processed by the LP and 

compared with the LP’s measurements from the same area of interest.  
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Figure 3: The mean Raman peak intensity ratios, 𝛪2𝐷/𝛪𝐺 measured from a 10 µm × 10 µm area (121 spectra) at the centre of a CVD-grown 

graphene sheet on a Si/SiO2 substrate. All peaks were fitted with a Lorentzian function except participant #13 who used a pseudo-Voigt 

function. Participants used a 532 nm laser, other than three participants who used a 514.5 nm laser, as denoted with an *. By comparing 

𝛪2𝐷/𝛪𝐺 measurements from the participants and the LP dataset, differences that arise due to data analysis methodologies and the 

measurements themselves can be highlighted. (a) shows how the 𝛪2𝐷/𝛪𝐺 ratios are affected by differences in the data analysis, and (b) 

shows how the 𝛪2𝐷/𝛪𝐺 ratios are affected by differences in the measurement, with participant numbers labelled as red if the participants’ 

and LP’s measurement locations were classed as not well aligned. The error bars for (a) and (b) are the standard deviation in the 𝛪2𝐷/𝛪𝐺 

ratios within each Raman map. (c) A box plot showing the relative difference in 𝛪2𝐷/𝛪𝐺 ratios (∆𝛪2𝐷/𝛪𝐺 ) due to data analysis (RD-A) and 

measurements (RD-M); the RD-M data excludes ∆𝛪2𝐷/𝛪𝐺 values from Raman maps that are not well aligned. Each box shows the 25th, 50th 

(median) and 75th percentiles, and the whiskers show the standard deviation multiplied by 1.5. The raw data is also shown as data points, 

randomly offset on the X-axis in a way to allow ease of viewing. The raw data for this figure is in Table S3-4. 
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Figure 3c shows that there is a significantly larger distribution of Δ𝛪2D/𝛪G
 values for measurement 

differences than for data analysis differences. As participant #2 reported that their Raman 

spectrometer was specifically optimised for infrared Raman measurements, the large variation in the 

reported 𝛪2D/𝛪G with the LP (> 200 %) is likely related to a non-linear intensity response in the visible 

range. Even though participant #2’s Raman measurements were not well aligned with the LP, and 

are therefore excluded from the 𝑅𝑀𝑆𝐸𝐼2𝐷 𝐼𝐺⁄  statistics, such a larger 𝛪2D/𝛪G ratio would not be 

expected when compared to the other areas measured for this sample of CVD-grown graphene on a 

Si/SiO2 substrate. This outlier clearly demonstrates that the comparison of peak intensity ratios 

between instruments can be misleading without an understanding of how the value was obtained. 

The 𝑅𝑀𝑆𝐸𝐼2𝐷 𝐼𝐺⁄  values from all participants were 0.031 for data analysis and 0.69 for measurements 

(Table S3-3). Because the peak area scales with the peak intensity, the 𝐴2D/𝐴G peak area ratios 

showed a similar result in the 𝑅𝑀𝑆𝐸A2D 𝐴G⁄   values to the 𝛪2D/𝛪G peak intensity ratios: 0.3 for data 

analysis and 1.2 for measurements. While the LP reported 𝛪2D/𝛪G ratios of ~2 across most samples, 

the participants reported more varied 𝛪2D/𝛪G ratios of between ~1 and ~4 (excluding participant 

#2), even for directly comparable data measured at the same positions of the sample.   

As spectrometers have differences in their wavelength-dependant optical transmission 

characteristics and the quantum efficiency of their optics and detectors (Figure S6-1), spectra 

captured from different Raman spectrometers will show variations in measured peak intensity ratios 

and peak areas if these effects have not been corrected [49, 75]. The error in the recorded spectral 

intensity can be especially pronounced in peaks that have large differences in Raman shift between 

them, such as the G peak and the 2D Peak [49]. This variance can be corrected using either 

calibrated light sources with defined spectral output, such as the sources used by participant #6 and 

#14, or by using Standard/Certified Reference Materials (SRMs / CRMs). In this study the LP used 

SRM (2242a) from the National Institute of Standard and Technology (NIST) [79]. The two 

participants that carried out relative intensity corrections reported the lowest 𝑅𝑀𝑆𝐸𝐼2D 𝐼G⁄  values 

(Table S6-3), which demonstrates that the large value of 𝑅𝑀𝑆𝐸𝐼2D 𝐼G⁄  for measurement differences is 

caused by a lack of instrument intensity-wavelength response calibration, clearly showing the need 

for this type of calibration to allow comparable Raman spectroscopy data from more than one 

instrument. 

However, it should be noted that relative intensity calibration with calibrated light sources have 

practical challenges: they require periodic re-calibration and may require additional optical 

components such as an integrating sphere [80]. In contrast, SRMs are secondary emission standards 

that are luminescent with laser irradiation, and this luminescence can be calibrated against primary 

light source standards to provide a source of known relative irradiance. These luminescent glass 

standards have advantages over calibrated light sources as they require no additional equipment, do 

not require periodic re-calibration, and account for the entire length of optical path in the Raman 

spectrometer. However, these SRMs can be expensive, are often out of stock, and a different 

reference material is required for each laser wavelength.  

When applying a relative intensity correction to the LP’s Raman spectrometer, the peak intensity 

ratio, 𝛪2D/𝛪G, increased by ~10 % and the 𝛪D/𝛪G ratio increased by ~ 8 % (Table S6-1). However, in 

triple-grating monochromator Raman spectrometers the correction factor can be much higher, as 

shown in Klar et al. [49, 81]. Details on the relative intensity calibration carried out by the LP and 

participants #6 and #14 are included in Section 6.2 in the Supplementary Information. 

ID/IG Peak Intensity Ratio 
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As well as 𝛪2D/𝛪G, the participants were also asked to report the 𝛪D/𝛪G ratio, which is indicative of 

the level of disorder. The CVD-grown graphene samples used in this study had a low level of disorder 

and the resulting D peaks in the graphene spectra had a consistently low relative intensity compared 

to that of the G peak, with the D peak occasionally indistinguishable from the background noise 

(Figure S2-1 to Figure S2-17). The mean 𝛪D/𝛪G reported by the participants and the LP from well 

aligned Raman maps was (0.06 ± 0.06) and (0.13 ± 0.01), respectively. However, fitting peaks with 

low absolute intensities can result in substantial fitting errors; the mean R-Squared value for the 

D peak, G peak and 2D peaks fits across all the spectra measured and processed by the LP in this ILC 

was 0.6 ± 0.3, 0.990 ± 0.009 and 0.996 ± 0.005, respectively. The RMSE value due to data analysis 

was 0.031 for 𝛪D/𝛪G.  

In some cases, large relative differences can occur due to fitting errors. For example, some 

participants reported negative peak intensities, which were clearly erroneous. These findings show 

that peak fitting bounds should be carefully applied to mitigate erroneous and non-physical peak 

fits, especially when attempting to fit peaks with low absolute intensities. In the case where clearly 

erroneous peak fits occur, standardised methods should describe that these data should be removed 

from the statistics. 

 

3.2. Peak Position 

 

While many participants did not calibrate their instrument intensity response functions, all 

participants reported frequent Raman spectral calibrations using reference samples such as silicon, 

Teflon, polystyrene, cyclohexane, highly oriented pyrolytic graphite (HOPG), and AgNe or HgAr lamps 

(Table S1-1) [82]. The consistency of these wavelength calibrations was explored by comparing the 

peak position of the characteristic D-, G- and 2D Raman peaks measured by the different 

participants. As the participants were not required to calculate the peak positions in the VAMAS 

protocol, this analysis directly compares relative differences in spectral calibration between the LP 

and participants instruments through analysis of the participants and LP raw data by solely the LP. In 

the aligned Raman maps measured with a 532 nm laser the relative difference in peak position was 

less than 0.3% for all peaks, and the RMSE values for the D-, G-, and 2D peak positions were 5.7 cm-1, 

3.3 cm-1 and 2.9 cm-1, respectively. These results demonstrate that the wavelength calibrations 

procedures employed by the participants result in relatively consistent peak position measurements 

of the characteristic Raman D-, G-, and 2D Peaks across all participants, but with a non-negligible 

uncertainty of at least 3 cm-1 that should be considered when comparing Raman spectroscopy 

studies of graphene.  

However, as the D- and 2D peaks are dispersive with laser frequency (~50 cm-1/eV for the D peak 

[58] and ~90 cm-1/eV for the 2D peak [59]), it was expected that the D- and 2D peak positions would 

vary between participants that employed different laser wavelengths. Participants #3, #8 and #17 

used a 514.5 nm wavelength laser (2.41 eV), whereas all other participants and the LP used a 532 nm 

(2.33 eV) wavelength laser. While the D peak position shifts varied inconsistently between the LP 

and the participants #3, #8 and #17 (- 2 cm-1 to 16 cm-1), with the variability in the D peak position 

likely due to the uncertainty associated with fitting a low intensity peak. However, there were more 

consistent peak shifts for the 2D peak. When compared to the LP data, the 2D peak was consistently 

~6 cm-1 higher for participants #3, #8 and #17, which is consistent with the expected peak shift of 

7.2 cm-1 [59]. See Table S3-8 to Table S3-10 for a full breakdown of these peak position comparisons, 
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and how they compare to the spectral dispersions and laser wavelengths of the spectrometers used 

to measure them. 

 

 

3.3. Peak Width 

 

Figure 4 compares Δ𝛤2𝐷
 and how it is affected by differences in analysis methodologies and 

measurements. The 𝑅𝑀𝑆𝐸Γ2D
 value from all participants was 2.2 cm-1 for data analysis and 1.2 cm-1 

for measurement differences.  

When estimating the 1LG coverage from these 𝛤2𝐷 values, the relative difference between the LP 

and the participants increases considerably. If a process of identifying the percentage of 1LG 

coverage versus a greater number of graphene layers is performed using 𝛤2𝐷, and 𝛤2𝐷 for 1LG is 

assumed to be less than 35 cm-1, the 𝑅𝑀𝑆𝐸1𝐿𝐺 values (for 1LG percentage coverage) across all 

participants were 27% for data analysis and 9.4% for measurements. However, these large 1LG 

coverage variations can be significantly skewed by small changes in the 𝛤2𝐷 threshold value. Despite 

there being inconsistent reports of 1LG coverage, only 1 % of measurements found no evidence of 

1LG/2LG/FLG when measured by either the participants or the LP (Table S3-10) as determined from 

the aforementioned 𝐴𝐺 calculation. Such large differences in 𝑅𝑀𝑆𝐸1𝐿𝐺 due to data processing are 

especially concerning when considered in the context of using Raman spectroscopy as a quality 

control (QC) method for CVD-grown graphene. 

Alongside the 𝑅𝑀𝑆𝐸Γ2D
 values, Figure 4c shows that there is a larger distribution of ΔΓ2D

 values due 

to data analysis than for measurements. Some variation in the relative differences due to 

measurements may be expected as a result of material damage during shipping, misaligned 

measurement areas and spectrometer differences (e.g. slit width and spectral resolution, for 

example between single and triple monochromators). However, the Raman maps used to calculate 

the relative difference due to data analysis are identical. Therefore, the larger relative differences 

due to data analysis are unexpected and need to be investigated further.  
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Figure 4: The mean FWHM of the Raman 2D peak, 𝛤2𝐷, measured from a 10 µm x 10 µm area (121 spectra) at the centre of a CVD-grown 

graphene sheet on a Si/SiO2 substrate. Participants used a 532 nm laser, other than three participants who used a 514.5 nm laser, as 

denoted with an *. By comparing 𝛤2𝐷 measurements from the participants and the LP dataset, differences that arise due to data analysis 

methodologies and measurements can be separated. (a) shows how the 𝛤2𝐷 values are affected by differences in the participant’s analysis 

methodologies, and (b) shows how the 𝛤2𝐷 values are affected due to differences in the measurements themselves, with participant 

numbers labelled as red if the participants’ and LP’s measurement locations were classed as not well aligned. The error bars for (a) and (b) 

are the standard deviation of 𝛤2𝐷 from each Raman map. (c) A box plot showing the relative difference in 𝛤2𝐷 ratios (∆𝛤2𝐷
) due to data 

analysis (RD-A) and measurements (RD-M); the RD-M data excludes ∆𝛪2𝐷/𝛪𝐺 values from Raman maps that are not well aligned. Each box 

shows the 25th, 50th (median) and 75th percentiles, and the whiskers show the standard deviation multiplied by 1.5. The raw data is also 

shown as data points, randomly offset on the X-axis in a way to allow ease of viewing. The raw data for this figure is in Table S3-6.  
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Peak Fitting Functions 

Participant #13 used a pseudo-Voigt function rather than a Lorentzian function and some differences 

in peak metrics such as 𝛤2𝐷 may be expected, as a pseudo-Voigt function is a linear combination (not 

a convolution) of Lorentzian and Gaussian curves [83]. To explore the effect of peak fit function on 

the relative difference due to data analysis, participant #13’s data was re-fitted with a pseudo-Voigt 

function in OriginPro as used as for a comparison between the participant and LP data. Surprisingly, 

when using a pseudo-Voigt function, the resulting Δ𝛤2𝐷
 for participant #13 due to data analysis 

decreased by up to three orders of magnitude, to less than 0.05 % (Table S7-1) and the distribution 

in 𝛤2𝐷 values were almost identical (Figure S7-1). Furthermore, these small relative differences 

occurred despite participant #13 and the LP using different software packages to analyse the Raman 

spectra; participant #13 used Witec Project FIVE and the LP used OriginPro 2020. These findings 

suggest that the Lorentzian peak function may produce inconsistent fit metrics when fitting Raman 

spectra from CVD-grown graphene on Si/SiO2. To investigate this further, the same Raman map was 

fitted with a Lorentzian and a pseudo-Voigt function separately in a variety of common software 

packages for processing Raman data. 

Before fitting, the Raman map was pre-processed by removing signals due to cosmic rays and then 

performing background subtraction and normalisation in WiRE (Renishaw). When fitting the Raman 

D-, G- and 2D Peaks, each peak was isolated from the spectrum, with a window of ± 100 cm-1 either 

side of the centre of the peak, and then fitted using a consistent set of fitting constraints (Table S1-

3). Isolating each peak from the spectrum ensured the fitting optimisation of each peak was carried 

out independently. Details of these fitting constraints and software details are supplied in Section 

1.2.2 in the Supplementary Information. A pseudo-Voigt function (Eq. 3) was chosen instead of a 

Voigt function as it is simpler to fit and it allows the ratio of Lorentzian and Gaussian components to 

be quantified. 

𝑦 =  𝑦0 + 𝐴 [𝑚𝑢

2

𝜇

𝑤

4(𝑥 − 𝑥𝑐)2
+ (1 − 𝑚𝑢)

√4𝑙𝑛2

√𝜋𝑤
𝑒

−
4𝑙𝑛2
𝑤2 (𝑥−𝑥𝑐)2

]                                           (3) 

Where 𝑦0 is the background, 𝐴 is the pseudo-Voigt peak area, 𝑤 is the pseudo-Voigt FWHM, 𝑥𝑐 is 

the pseudo-Voigt peak centre, and 𝑚𝑢 is the profile shape parameter; this pseudo-Voigt function 

originates from OriginPro 2020 (“PsdVoigt1”). For a peak with an increasing Gaussian component, 

𝑚𝑢 shifts from 0 to 1. As WiRE (Renishaw) and Labspec (Horiba) do not allow fitting with user 

specified peak functions, a “mixed” and “GaussLoren” peak fitting function was used in WiRE and 

Labspec respectively, which are also a combination of a Lorentzian and Gaussian functions.  

Figure 5a shows that due to peak broadening at the base of the 2D peak, which can occur as a result 

of doping [35, 84], strain variations [85, 86], substrate roughness [69], and increasing defect density 

[87] in graphene, a Lorentzian function cannot reliably fit both the peak shape and the peak tails. 

When comparing measurements from different spectrometers, the hardware in different 

instruments may also contribute to peak broadening [88]. As a (pseudo-)Voigt function is a (pseudo-

)convolution of a Gaussian and Lorentzian function, any broadening at the base of the peak can be 

accounted for by an increasing Gaussian component, resulting in a more reliable fit of both the peak 

shape and the background. This is shown in Figure 5(b), where the pseudo-Voigt function produces a 

more convincing fit. 

Due to the optimisation challenges associated with fitting peak data with a suboptimal peak 

function, different software packages may result in different peak fits. This is shown in Figure 5(c) 

where the distribution of 𝛤2𝐷 values fitted from a variety of different software packages is almost 

identical using pseudo-Voigt functions, whereas it is quite inconsistent using Lorentzian functions. 
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The mean value of 𝛤2𝐷 varied from 30.4 cm-1 to 33.6 cm-1 when using a Lorentzian function. The 

mean 𝛤2𝐷 values reported across all software packages was (33.80 ± 0.08) cm-1 and (32 ± 1) cm-1 for 

pseudo-Voigt and Lorentzian fit functions, respectively. Considering the standard deviation in the 

𝛤2𝐷 values is 15× higher for Lorentzian fit functions, this demonstrates the consistency of pseudo-

Voigt fit functions across different software packages. However, the distribution of 𝛪2D/𝛪G values 

was more consistent for the different fit functions (Figure 5d), as such, peak intensity ratios fitted 

from different software packages should be more comparable than peak widths. 
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Figure 5: A Raman 2D peak fitted with a (a) Lorentzian and (b) pseudo-Voigt function using OriginPro 2020, and box plots of the (c) 𝛤2𝐷 and 
(d) 𝛪2𝐷/𝛪𝐺values that were fitted from the same Raman map using either a Lorentzian or a pseudo-Voigt function in a variety of different 
software packages. (e) A Raman 2D peak fitted with a Lorentzian where the 2D peak was either isolated from the spectrum and fitted 
independently (single) or all the Raman peaks (D, G, 2D) were fitted simultaneously (combined). (f) A Raman 2D peak fitted with a pseudo-
Voigt where the 2D peak was either isolated from the spectrum and fitted independently or all the Raman peaks (D, G, 2D) were fitted 
simultaneously. Box plots of the (g) 𝛤2𝐷 and (h) resulting 𝛪2𝐷/𝛪𝐺 values that were fitted from the same Raman map in OriginPro 2020 using 
either a single (independent) or combined (simultaneous) fitting methodology with Lorentzian and pseudo-Voigt functions. Each box in the 
box plots ((c), (d), (g) and (h)) shows the 25th, 50th (median) and 75th percentiles, and the whiskers show one standard deviation.  

 

By plotting the absolute difference between the Lorentzian and pseudo-Voigt 𝛤2𝐷 values as function 

of pseudo-Voigt 𝛤2𝐷 values (Figure S5-25a), it was clear that different software packages fit 

increasingly broad 2D peaks very differently. While WiRE and OriginPro produced similar Lorentzian 

and pseudo-Voigt 𝛤2𝐷 values regardless of the 2D peak width, the difference between the Lorentzian 

and pseudo-Voigt 𝛤2𝐷 values increased as a function of 2D Peak width in Python, LabVIEW and 

MATLAB (up to 8 cm-1) and decreased for Labspec. These results suggest that in the case of CVD-

grown graphene, the pseudo-Voigt functions produce more reliable fits than Lorentzian functions, 

and pseudo-Voigt fits are also more consistent across different software packages when using the 

same fitting methodology.  

Voigt lineshapes have also found to be more useful in fitting the symmetric Raman peaks of crystal 

structures [89]. Furthermore, pseudo-Voigt functions also allows the determination of the Gaussian 

component of the peak, which can be a useful additional metric for exploring variations in strain and 

doping [85, 86, 90]. Here, the 2D peak contained (36 ± 5) % Gaussian character across all of the CVD-

grown graphene samples in this study (Table S3-23) and there did not appear to be a systematic 

difference in the 𝑚𝑢 values between the edge and centre of the sample (Figure S5-23).  
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In combination with the peak fitting function, different peak fitting protocols can also directly affect 

the resulting 𝛤2D values. Figure 5(e-f) demonstrate how the choice of either isolating a single peak 

before fitting or fitting all the peaks simultaneously can alter the shape of a fitted Lorentzian peak 

function. When fitting multiple peaks at the same time (e.g. D-, G-, and 2D Peaks), the fitting 

algorithm must simultaneously optimise for the other peaks in the spectrum and any variations in 

the background noise between them. Because of this, peak fitting with a simultaneous fitting 

procedure will be adversely affected if the background subtraction protocol is not adequately 

optimised. Unlike the Lorentzian function, the pseudo-Voigt function can accommodate broadening 

of the 2D Peak and produces a relatively consistent fit regardless of the choice in individual or 

simultaneous fitting (Figure 5 (e-f)).  The robust nature of the pseudo-Voigt peak is shown in Figure 

5(g-h), where the distribution of 𝛤2D values and 𝛪2D/𝛪G values from Lorentzian peak fits were found 

to be dependent on whether an isolated or simultaneous peak fitting methodology was used, 

whereas the distribution of these values from pseudo-Voigt peak fits was relatively consistent for 

both protocols. This is further demonstrated in Figure S5-25(b), where the absolute difference 

between single 𝛤2𝐷 fit values and combined 𝛤2𝐷 fit values was found to increase as function of 2D 

peak width for a Lorentzian fit function, but was consistent for a pseudo-Voigt fit function.  

These findings suggest that the variations in 𝛤2D reported by the participants are due to the 

challenges associated with fitting the 2D Peak with a Lorentzian function, and how different 

software packages account for this. While the participants were asked to isolate each of the 

characteristic Raman peaks from the spectrum before fitting, some software packages do not allow 

such a granular control over the peak fitting protocol. The variations in 𝛤2D that arise due to 

different software packages, peak fitting functions, and peak fitting protocols can result in unreliable 

and inconsistent Raman metrics for graphene. As many graphene applications will be critically 

dependent on robust analysis, such variations could dramatically increase the difficulty in developing 

and commercialising graphene technologies. To produce more reliable, consistent and comparable 

fitting of the Raman peaks in CVD graphene, the findings in this study demonstrate that a pseudo-

Voigt function should be used to fit Raman 2D Peaks and each peak should be isolated from the 

spectrum before fitting.  

 

4. Conclusion 

 

CVD-grown graphene samples that were transferred onto Si/SiO2 substrates were measured by 17 

international participants consisting of National Measurement Institutes, Universities and industry. 

By comparing measurements performed on the same sample, contributions from the data analysis 

and the Raman measurement steps were separated. Comparisons of key Raman metrics such as 

𝛪2D/𝛪G and 𝛤2𝐷, which are commonly described indicators for graphene in the graphene community, 

were performed. Whilst the peak fitting methods used in this study to calculate the 𝛪2𝐷/𝛪𝐺 peak 

intensity ratios and peak positions were consistent across all participants, there were significant 

variances in the absolute values of the 𝛪2𝐷/𝛪𝐺  ratios, and 𝛤2𝐷, in one case showing a variance of 

>200 % in 𝛪2𝐷/𝛪𝐺. The RMSE𝐼2D 𝐼G⁄  value from all participants was 0.031 for data analysis and 0.69 

for measurements and the RMSE𝛤2𝐷
  value from all participants was 2.2 cm-1 for data analysis and 

1.2 cm-1 for measurement, demonstrating how both the differences in measurement and the data 

analysis are important considerations for Raman spectroscopy analysis, depending on the 

measurands under investigation.  
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These sources of uncertainty can make developing and commercialising graphene technologies more 

challenging. However, we have shown that such variances can be substantially mitigated, in some 

cases by orders of magnitude, by following additional processes in addition to the protocol used 

here, as part of using a consistent and standardised procedure: 

1) Performing a relative intensity calibration of the Raman spectrometer, using a certified 

reference material.  

2) Use a pseudo-Voigt function, rather than a Lorentzian function, when fitting the Raman 2D-

peak of CVD-grown graphene.  

3) Peak fitting boundary parameters should be employed that ensure negative peak intensities, 

and therefore negative ratios, are not recorded. 

Therefore, these important steps should be followed in addition to the original VAMAS project 

protocol (contained in the SI). These findings from this VAMAS project and protocol improvements 

will directly support the development of the ISO/IEC standard “PWI 21356-2 - Nanotechnologies - 

Structural Characterisation of CVD-grown Graphene”.  
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