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S1. Effect of solvent choice on graphene membrane quality 

The density of defects present in a single-layer graphene (SLG) sheet is known to strongly 

impact its in-plane thermal conductivity (κr).
1 Therefore, for the purpose of this work it was 

necessary to develop a transfer method capable of producing suspended SLG with consistently 

low defect densities across samples. We found that the choice of solvent for PMMA removal 

was a key factor in achieving large-area, high quality SLG membranes. The majority of 

graphene wet-transfer schemes that employ a solvent-based PMMA removal method typically 

use acetone.2–5 However, toluene is reportedly a more effective solvent of PMMA,6 allowing 

shorter rinsing times to be used. In the literature, a typical rinse time for a sample is acetone is 

usually at least 12 hours. We tested rinsing the SLG sheets for different lengths of time in 
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acetone and found that for rinse times below 12 hours, residual PMMA was often clearly visible 

on the surface when viewed through a microscope. Figure S1a-b compares the typical 'cloudy' 

appearance of a sample rinsed in acetone for only 4 hours (240 min) with a cleaner, more 

optically transparent membrane subjected to a 12-hour acetone rinse. By contrast, we observed 

that rinsing in toluene leads to a similarly effective reduction in residues after only a few hours 

(Figure 1b in the main paper). This was beneficial to SLG quality, since longer rinse times in 

acetone appeared to correspond to an increase in defect density. A minimum of 20 Raman 

spectra were sampled over the entirety of the measured sheets to achieve an accurate 

representation of the mean defect density in the membranes, as indicated by the intensity of the 

defect-activated Raman D peak (≈1350cm-1) relative to the intensity of the G band (≈1580cm-

1). Spectra shown in Figure S1c represent typical ID/IG ratios for each sample. A higher D peak 

intensity was observed for the 12-hour acetone rinse sample. Membranes rinsed in toluene 

displayed a virtually undetectable D peak in the Raman spectrum, indicating a very low defect 

density. This was attributed in part to the far shorter rinse times required to effectively clean 

the SLG surface in toluene, reducing the potential for damage to the membranes. However, we 

also observed that even with equal rinse times (4 hours) in toluene and acetone, the D peak was 

far more pronounced for the samples cleaned using acetone. 

 A possible explanation for this is the increased viscosity of toluene relative to acetone.7 The 

dropwise addition of PMMA solvent was found to be a key step in the transfer procedure where 

large membranes may be broken or damaged due to the disturbance of the suspended sheets. 

Using a higher viscosity solvent for this process reduces the forces exerted on the membrane 

by decreasing the disturbance of the solvent molecules during the application procedure. As a 

result, fewer defects are introduced to the delicate SLG sheets when rinsing in toluene 

compared with acetone. In addition, structural damage caused by the application of acetone 

may worsen with increasing rinse time resulting from the removal of the PMMA scaffold. The 
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use of chloroform solvent for PMMA removal in this process was also tested but proved 

unsuccessful. Suspended graphene membranes were more prone to breakage when using 

chloroform, most likely due to the high density of this solvent.7  

A full assessment of the defect density of each SLG sheet measured in this work is included in 

Section S5. 

 

Figure S1 Effect of solvent choice on transferred graphene membrane quality. Optical appearance of 

transferred graphene rinsed in acetone for a) 12 hours and b) 4 hours. c) Raman spectra comparison of 

monolayer graphene with PMMA removed via toluene or acetone rinsing. 

 

S2. In situ absorbance and reflectance measurements 

Optical absorbance and reflectance measurements for each SLG sample were carried out in situ 

under the conditions of the optothermal Raman experiment. The power transmitted through a 

SLG covered substrate hole (PSLG) was related to the power transmitted through an empty hole 

(Pempty) by: 

𝑃𝑆𝐿𝐺 = 𝑃𝑒𝑚𝑝𝑡𝑦 − 𝑎 − 𝑅            (S1) 
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Where a is the power absorbed by the SLG and R is the power reflected from the sample 

surface. 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 In situ SLG reflectance measurements using Raman mounted CCD. a) Calibration of linear 

CCD response using measured total pixel intensity measured in ImageJ as a function of the laser power 

reflected from a mirror (>99% reflectance). Images of the reflected laser spot with corresponding total 

pixel intensities from b) a mirror, c) an empty hole in the substrate and d) a graphene membrane (60-

minute rinse time) 

 

In the theoretical limit, monolayer graphene reflectance is expected to be close to 0%.8 

However, the presence of residues on the sample surface can potentially modify the optical 

properties. To estimate the relative reflectance of the graphene sheets we used the camera 
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mounted on the Raman system to capture images of the laser spot reflected from the sample 

surface. Figure S2a shows the result of calibration of this method by comparing the brightness 

of the laser spots reflected from a mirror (>99% reflectance) for a range of incident laser 

powers. The light reflected over the image areas was detected using processing software 

(ImageJ)9 and the sum of the individual pixel values (0-255) over the image area was used as 

a measurement of reflected light intensity. The calibration process confirms that the CCD 

response can be considered linear with power in this intensity range. 

Images of the laser spot focussed on each sample were compared with images of the spot 

reflected from a mirror (>99% reflectance).  Stacks consisting of a set of three images for each 

sample were created in ImageJ and the mean pixel intensity, I over the image area was 

extracted. The proportion of the incident laser power reflected from the sample surface could 

then be estimated from ([Isample-Ibackground]/Imirror)×100%.  

After determining the reflected laser power, we were able to determine the optical absorption 

of the graphene sheets under thermal measurement conditions from the power transmitted 

through the membranes using Equation S1 by placing a laser power meter (Coherent 

LaserCheck) beneath each sample, as shown in Figure S3a. Results of the measurements of the 

in situ reflectance and absorbance measurements are shown in Figure S3b. The error bars 

represent the standard error on the mean of at least three measurements. The dashed line 

represents the previously reported absorption of polycrystalline CVD graphene at 488nm from 

the literature (3.2%).10 Increased absorption values were found for graphene with the shortest 

rinse times, most likely as a result of excess PMMA on the surface. For cleaner samples, the 

measured absorption converged roughly to the expected value of 3.2%. This is consistent with 

the observed variation in transmittance of SLG sheet on glass discussed in the main body of 

the paper (Figure 2f). Shorter rinse times also led to an increase in membrane reflectance due 

to higher levels of PMMA residue. For the 30-minute rinse time, where the residue layer could 
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be considered to be almost continuous (Figure 2a), the large measured reflectance (≈9%) is 

similar to that reported for PMMA thin films.11,12 The value converges to ≈0% with increasing 

rinse time, consistent with the negligible reflectivity predicted for clean graphene8. 

 

Figure S3 In situ measurement of SLG optical properties as a function of rinse time. a) Schematic of 

experimental set up for in situ optical measurements. b) Measured % absorbed and reflected power from 

SLG sheets as a function of toluene rinse time. The dashed line shows the reference value for optical 

absorption of a clean CVD SLG at 488 nm10. 

S3. Raman temperature calibration and coefficients  

Figure 3b in the main paper shows the results of Raman temperature calibration to extract the 

first-order Raman coefficients for the suspended sheets. A linear fit to the data (ω = ω0C + χGT) 

was performed in order to calculate and ω0C (Raman shift at 0C) for all samples. Extracted  and 

ω0C for suspended SLG are shown in Table S1. Values for χG and ω0C for the cleanest (240-

minute rinse) sample were found to be -0.0180 ± 0.0009 cm-1/oC and 1583.55 ± 0.05 cm-1 

respectively, in line with previous literature reports for suspended SLG.13,14 The magnitude of 

χG increased with decreasing rinse times, with the largest values of 0.0259 ± 0.0007 cm-1/oC 

and -0.0262 ± 0.0007 cm-1/oC recorded for 30-minutes and 60-minutes respectively. The 

decrease in ꭓG with longer rinse times can be explained by considering the potential influence 
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of strain from thermal expansion coefficient (TEC) mismatch between the excess PMMA 

residues and the SLG. PMMA films have a relatively high (positive) thermal expansion 

coefficient (TEC) (∼5×10-5/ oC - 10×10-5/ oC),15 whereas the TEC of graphene is negative (∼-

8.0×10-6/ oC).16 Controlled heating of the samples induces an additional tensile strain due to 

TEC-mismatch between the PMMA and graphene, which here increases the size of the Raman 

frequency downshift between consecutive temperature points and therefore, the magnitude of 

χG for more heavily contaminated samples.  

 

 

Table S1 Raman temperature coefficients (ꭓG) and Raman frequency at 0oC (ω0C) as a 

function of rinse time for suspended SLG. 

 

S4. ANSYS thermal simulation and calculation of thermal conductivity 

Optothermal Raman measurements of each SLG sample were carried out at room temperature 

as described in the main paper and shown in Figure 3c. The first order Raman coefficients (ꭓG) 

and Raman shifts at 0oC (ω0C) given in Table S1 were used to convert the ω(Q) measurements 

shown in Figure 3c, to local sample temperature (T) as a function of the absorbed heating power 

(Q) using the relationship ω- ω0C = ꭓGT. Results of this procedure are shown in Figure 3d of 
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the main paper. A linear fit was performed on the extracted T(Q) data to establish the mean 

temperature rise as a function of increasing heating power. The intercepts were fixed to the 

measured ambient temperature at the time of the experiment. Details of the measured ambient 

temperature for each sample are given in Table S2.  

The thermal conductivity of each sample can be related to the heat flux generated by the laser 

beam and the local temperature rise by Fourier’s law q=- k∇T. We used a finite element (FE) 

analysis approach to solve this equation in ANSYS Research Mechanical 19.1. The FE solution 

method allows for easy reproduction of the Gaussian laser spot profile, specific sample size 

and geometry, as well as simple consideration of the temperature drop at the boundary due to 

thermal boundary resistance (TBR) and the temperature dependence of thermal conductivity. 

The Al substrate was simulated as a large square section of 600 x 600 µm with thickness 2.5 

µm. Since the substrate area was much larger than the measured suspended membranes these 

dimensions were chosen to be arbitrarily large so that the exact numerical solution did not 

depend on their specific values. For our experiments, three differently sized rectangular holes 

were present on the substrates used, 28 µm × 500 µm, 50 µm × 500 µm and 90 µm × 500 µm 

and considered in the simulation, depending on the sample being studied. Table S2 shows the 

measured suspended SLG sizes as used in the FE analysis. The nature of the boundaries at the 

suspended SLG edge is also indicated in Table S2, with fully covered holes indicated by ◼. 

The  symbol represents the case where the membrane was broken on one side. Examples of 

the sample geometry in ANSYS for these two cases are shown in Figures S4a and S4b, 

respectively. 

For fully covered samples, boundary conditions were applied consistently on all four sides of 

the suspended area. To account for the possible effects of TBR at the membrane boundaries, 

we set the interfacial thermal conductance, g (the inverse of TBR) at the suspended area edges 



S-9 
 

equal to the previously reported value for a single layer graphene/Al interface (45 MW/m2K)17. 

The thermal conductivity of the Al support was set to 237.5 W/mK, according to built-in 

reference data in ANSYS. For samples that were only partially covered, the same boundary 

condition was applied on the three fully contacted edges. An adiabatic boundary condition was 

applied at the fourth edge, since heat transfer between the rough broken edge and surrounding 

air can be considered negligible due to strong boundary scattering of phonons. The substrate 

(heat sink) temperature was set according to the corresponding temperature at the time of the 

measurement as shown in Table S2. The in-plane thermal conductivity of the suspended SLG, 

κr (T), was left as an adjustable parameter, varied as appropriate to match the thermal 

distribution as a function of absorbed heating power achieved in the experiment (Figure 3d).  

Since thermal conductivity is a temperature dependent quantity, assuming a single value for 

κr(T) across the full temperature range of the measurement within the ANSYS model could 

potentially be a significant source of error.18 The temperature dependence can be approximated 

using a simple power law expression which describes the proportionality of κr(T) to T (in units 

of K) using a dimensionless exponent, α: 

𝜅𝑟(𝑇) = 𝜅300 (
300

𝑇
)

𝛼

                                                           (𝑆2) 

Where 𝜅300 is the in-plane thermal conductivity at 300K. In general, the value of exponent α 

is determined by a number of different phonon scattering processes, and is impacted by not 

only by intrinsic phonon-phonon scattering, but also isotopic composition, defect density, 

interaction with support layers or residues, as well as sample and grain size.19–21 The relative 

contribution of each of these effects is itself a function of temperature, so the value of α varies 

widely from the low temperature to high temperature regimes. In particular, a cross-over from 

the dominance of phonon-boundary scattering at low temperatures (≲150 K) to phonon-

phonon scattering at higher temperatures is reported in the pristine material.22 Since the 
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temperature range of the measurements reported here focused on the high temperature regime 

only (> 300K), it is reasonable to assume that the dependence of thermal conductivity on 

temperature in this range is relatively constant, and it can therefore be approximated using a 

single value of α for each sample. Equation S2 was used to input κr as a function of temperature 

into the ANSYS model. As explained above, the value of α changes as a function of phonon 

mean free path and varies for each sample treated in this work. Details of how an appropriate 

value of α was estimated for each sample are given in Section S7. The impact on the overall 

results of assuming that κr is temperature independent compared with the approach outlined 

here is also evaluated.  

 

 

Figure S4 Example ANSYS setup geometry for the case of a) suspended SLG completely covering the 

substrate hole, contacted to the substrate on all four sides b) suspended SLG broken on one side, with 

only three sides in contact with the heat sink. Boundary conditions applied at the SLG edges are 

highlighted, where the blue edges represent an interface boundary condition characterised by the 

interfacial thermal conductance at the SLG-Al interface (gSLG-Al = 45 MW/m2K)17 and the thermal 

conductivity of the supporting substrate (κAl = 237.5 W/mK). The red line for the non-contacted edge 

in b) represents the application of an adiabatic boundary condition between the broken SLG and 
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surrounding air (dT/dx = 0). The profile of the discretised laser spot in the SLG centre is also shown 

(S4a inset). 

The Gaussian profile of the laser beam used in the experiments was reproduced using a series 

of stacked annuli with the appropriate heat flux applied to each region. To accurately reproduce 

the profile, the laser spot radius was determined experimentally using a knife-edge method. A 

Raman line scan was performed over a cleaved Si wafer edge coated with Au, as shown in 

Figure S5a. We extracted the measured intensity of the Si Raman peak at 520.3 cm-1 as a 

function of position (dI/dx) and performed a fit to a Gaussian function 𝑒(𝑟/𝑟0)2
 to determine the 

spot radius, r0. For 30-minute and 60-minute rinse times, the full sets of data (including 

calibration of χG and ω0C) were measured using a 50× 0.5NA objective. All other samples were 

measured using a 50× 0.6NA objective. The spot radii for each objective were determined to 

be 0.72 µm and 0.6 µm respectively, as shown in Figure S5b and S5c. The appropriate value 

of spot radius used to reproduce the laser beam profile for each sample is shown in Table S2. 

 

Figure S5 Knife-edge method for measuring laser spot radius. a) Optical image of the cleaved Si 

substrate edge used for spot size determination. Change in Si peak intensity as a function of position fit 

to a Gaussian distribution for b) 0.5 NA objective and c) 0.6 NA objective. 



S-12 
 

 

Table S2 Sample parameters based on suspended area measurements for the ANSYS simulation. For 

the boundary conditions,  represents the case where the sample is contacted to the heat sink (substrate) 

on three sides only, while the fourth side is disconnected (Figure S4b). ◼ represents the case where the 

suspended region is connected to the heat sink on all four sides (Figure S4a). 

The volumetric heating in the laser spot region was defined according to: 

�̇�(𝑟) = (1 − 𝜌)𝑞′′𝑒−2𝑟2/𝑟0
2
    (S3) 

 where q’’ represents the maximum heat flux proportional to the total absorbed laser power, r 

is the radial distance from the laser spot centre and 𝜌 is the reflectance as measured in Section 

S2. The temperature rise (Tm) in the laser spot region can be expressed as a weighted average 

integrated over the spot area:  

                                           𝑻𝒎 =
∫ 𝑻𝒔𝒊𝒎(𝒓)𝒆−𝟐𝒓𝟐/𝒓𝟎

𝟐
𝒓𝒅𝒓

𝑹
𝟎

∫ 𝒆−𝟐𝒓𝟐/𝒓𝟎
𝟐

𝒓𝒅𝒓
𝑹

𝟎

                (S4) 

Where Tsim is the temperature of an individual element in the ANSYS simulation. By comparing 

Tm generated in ANSYS at different heating powers to the measured T(Q) in the experiment 

(Figure 3d), estimates of κ300 for the suspended SLG were updated until a matching thermal 

distribution was achieved. An example thermal distribution obtained by the model is shown in 

Figure S6.  
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Figure S6 Example ANSYS thermal distribution on suspended SLG for 240-minute rinse sample with 

κ300 = 3100 W/mK, heat sink temperature 20oC and 0.08 mW absorbed laser power. The inset shows the 

thermal distribution in the laser spot region only. 

Heat loss to the surrounding air resulting from conduction and radiation were considered to be 

negligible and as a result were not included in the model. The maximum radiative heat transfer 

coefficient for relatively small temperature gradients can be approximated as hrad = σΔT3,23 

where ΔT is the maximum temperature rise measured during the experiment and σ is the Stefan-

Boltzmann constant. Taking our maximum ΔT (≈300K) gives hrad < 5 W/m2K, and so the 

contribution from radiative heat loss is vanishingly small. The maximum contribution to the 

heat flux from convective transfer can be estimated via qc=hcΔT, where hc is the convection 

coefficient for graphene, previously reported as 10 W/m2.24 The convective losses are therefore 

on the order of 103 W/m2K, considerably smaller than the peak absorbed laser flux, 𝑞′′ =  
2𝛼𝑃

𝜋𝑟0
2, 

typically on the order of 108 W/m2K for our experiments. 
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S5. Graphene defect density and size effects on thermal conductivity 

To accurately assess the impact of polymer residue on SLG thermal conductivity, it was 

necessary to ensure that other factors that could potentially contribute to a lowered κr, such as 

defect density of the SLG and finite sheet size, were accounted for. For the SLG sheets 

measured in this work, we have assumed that both of these effects have only a negligible impact 

on measured κr and that variations between samples are primarily a result of the strong impact 

of surface polymer residues on thermal transport in graphene. The justification for this is given 

below.  

The thermal conductivity of SLG has previously been shown to be strongly dependent on defect 

level and graphene quality.1,25 Therefore, it was important to keep the defect densities of 

transferred sheets low to avoid difficulties in deconvoluting the contribution from phonon-

defect scattering to lowered thermal conductivity. Additionally, graphene quality needed to be 

kept consistent between samples to prevent a variation in measured κr that could be attributed 

to factors other than the presence of PMMA residues. Raman spectroscopy was used as a rapid, 

non-destructive characterisation tool for assessing sample quality. As discussed in Section S1, 

the intensity of the defect-activated26 Raman D peak (≈1350cm-1) of graphene is known to be 

proportional to the number of defects present in the graphene layer, and the relative intensity 

of the D peak to the G peak (≈1580cm-1) can be related to the density of defects (ND) in the 

sample by a simple approximation27: 

𝑁𝐷 =  
(1.8 ± 0.5) ×  1022

𝜆4
(

𝐼𝐷

𝐼𝐺
)                                                       (𝑆5) 

where λ is the wavelength of the Raman laser light in nm. Although primarily used in graphene-

based Raman metrology for determining layer number28–30, the 2D peak can also be used as an 
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assessment of quality31. Previous reports have demonstrated an I2D/IG > 2 indicates high-quality 

SLG, while lowered ratios are found for multilayer30, or defected monolayer samples31. 

We assessed the quality of the measured SLG sheets by collecting sets of at least 20 Raman 

spectra across the suspended regions. The mean ratios of the D peak to G peak intensity (ID/IG) 

and 2D peak to G peak intensity (I2D/IG) were calculated after fitting spectra to a Lorentzian 

function. Results of this procedure are shown in Figure S7. Using Equation S5 to estimate ND 

from ID/IG, we found that all SLG sheets measured in this work have an estimated defect density 

of less than 2x1010cm-2. Previous studies have shown that in this regime the defect density is 

unlikely to account for any large variation in thermal conductivity1. The large (>2) (I2D/IG) 

ratios also suggest high quality suspended SLG. There is no apparent correlation between 

sample rinse time and (ID/IG), providing further evidence that toluene rinsing method used here 

to remove PMMA does not introduce additional defects to the sample with increasing rinse 

time. Due to the high quality achieved and lack of variation in defect density significant enough 

to explain large changes in thermal properties between samples, these factors can be discounted 

from contributing to the measured κr here. 
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Figure S7 Ratios of the integrated area of the Raman D to G peak and 2D to G peaks as a function of 

toluene rinse time. Error bars represent the standard error on the mean extracted from at least 20 spectra. 

The length and width of graphene ribbons has been reported as an important factor impacting 

lattice thermal conductivity.32–37 Size effects can remain important for even relatively large 

samples as a result of the exceptionally long phonon mean free path (mfp) (≈775nm at room 

temperature)38,39 in SLG. Previous calculations22,40 have indicated that over 90% of the total 

thermal conductivity at room temperature is contributed by phonons with mean free paths 

(mfps) below 10µm. However, many previously reported SLG thermal conductivity 

measurements have been performed on suspended samples considerably smaller than this.23,41–

43 The suspended monolayers achieved in this work using the transfer method described above 

are, to the best of the authors’ knowledge, some of the largest ever reported, each measuring in 

excess of 150µm by 28µm (dimensions of each sample measured are shown in Table S2). As 

a result, we expect that this large size should be sufficient to mitigate potential impact of 

variable sheet dimensions on our measurements. 

However, since the suspended SLG size cannot be precisely controlled during the transfer 

process, a more detailed assessment of the potential impact of size effects is warranted. Nika 

et al.35 previously reported unusual, non-monotonic dependence of SLG thermal conductivity 

on nanoribbon size. For ribbon length L < 100 µm, L was the primary factor determining the 

upper limit of κr. For L > 100 µm, κr approaches a finite value that is independent of L, 

depending instead upon the ribbon width (w). The range of w for samples measured in this 

work was between 28 µm and 90 µm, while L varied between 150 µm and 500 µm. Due to the 

large value of L, we would therefore expect w to be the dominant factor contributing to any 

potential variation in κr due to sample size. Even so, we note that Nika et al.35 reported little 

variation in κr  connected with changes in w at this length scale (150-500 µm), further 

supporting that size effects are likely less important for the large sample sizes achieved here.  



S-17 
 

 

Figure S8 Reduction in thermal conductivity as a function of rinse time from our experimental data, 

compared with the reduction in thermal conductivity expected due to size variation of the suspended 

SLG, as reported by Nika et al.35 

To illustrate this, Figure S8 shows a comparison of the reduction in thermal conductivity as a 

function of rinse time measured in our experiment with predicted changes to thermal 

conductivity at room temperature matched to specific sample dimensions as reported by Nika 

et al.35 Thermal conductivity in each case is given as a fraction of the maximum value for each 

dataset. The reduction in κr
 resulting from size effects in the Nika model is only around 12% 

for the 30- and 60-minute rinse samples, far below the actual reduction measured in our 

experiment of ~70% in both cases. In addition, virtually no difference (<1%) between 120-, 

180- and 240-minute rinse samples would be expected as a result of sample size variation 

according to the Nika model, whereas we report an extremely large reduction in κr compared 

with the maximum achieved after a 240-minute toluene rinse (~35% and ~44% respectively). 

It should also be pointed out that the model35 does not include the scattering contribution from 

non-ideal sample effects such as grain boundaries. Given that our CVD-grown SLG is 

polycrystalline in nature, with the additional contribution from these effects, it is likely that the 
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impact of sample size variation would be even lower than predicted by the Nika model, due to 

grain boundary scattering at a much smaller length scale (⁓20µm grain size) than the sample 

dimensions. For these reasons, we conclude that at room temperature, size effects can be safely 

neglected and are not the cause of the measured variation in SLG thermal conductivity in this 

work. 

S6. Residue separation and cluster diameter statistics 

Detailed analysis of the PMMA residue cluster size and distribution as a function of rinse time 

was carried out to find a metric for the level of residue contamination in our samples. A series 

of large-area atomic force microscopy (AFM) topography scans were taken in the supported 

region of the SLG sheets with different toluene rinse times. The resulting images were 

processed in Gwyddion 2.4244.  The significant height variation caused by surface residues 

allowed selective masking of the scan area by threshold height to cover only areas where 

residues were present. Examples of an unmasked scan and a scan masked using this procedure 

are shown in Figure S9a and S9b, respectively. The % area covered by residues for each sample 

was then determined by comparing the total projected area of the scan to the projected area of 

the masked region. The results of this procedure for each sample set are shown in Figure S9c, 

where the error bars represent the standard error on the mean calculated from at least 3 separate 

AFM scans. 

To examine the impact of the varying size and distribution of residues across the sample 

surfaces, we also used statistics from AFM scans to define mean cluster separation (s) and 

diameter (d). We assumed that given the large size of the samples and the relatively large 

number of residue clusters present on the surface, it was possible to approximate the PMMA 

as a regular lattice-like arrangement of circular residue characterised by s and d as shown in 

Figure S9e. Using the Gwyddion software, we extracted data on the projected area of individual 
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clusters, where an individual ‘cluster’ was defined as a continuous area of the height threshold 

mask. An example histogram for the 120-minute rinse sample is shown in Figure S9d. 

Typically, the distributions were heavily skewed towards smaller cluster areas as seen in the 

example. The distributions were used to extract an effective mean for cluster area (Acluster). The 

characteristic cluster diameter, d could then be calculated assuming residue clusters could be 

considered approximately circular: 

 𝑑 = 2√
𝐴𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝜋
                                                                       (𝑆6)  

To find the mean cluster separation s, we first estimated the mean number of clusters along one 

edge of the scan. In the case of square scan areas this could be trivially calculated from the 

square root of the total number of clusters (Nclusters), extracted directly from the cluster statistics 

in Gwyddion. By considering that each cluster of mean diameter d must be separated from the 

next by the separation distance, we can estimate s using: 

𝑠 =  𝐿𝑥 −
(𝑑 × 𝑁𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠

𝑥 )

𝑁𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠
𝑥                                                          (𝑆7) 

where 𝐿𝑥 is the length of the AFM scan in the x direction and 𝑁𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠
𝑥  is the number of clusters 

in the first row of the scan along the x direction (number of cluster columns in the lattice 

arrangement). The extracted s and d for each rinse time are shown in Figure S9f.  
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Figure S9 PMMA residue characterisation with AFM. a) Example 50µm x 50µm AFM scan (120-

minute rinse time) b) with a mask applied by threshold height to cover the residue sites. c) Mean % area 

of sample covered by residue as a function of toluene rinse time for full set of scans d) Distribution of 



S-21 
 

projected surface area of residue clusters extracted from processed example scan in Gwyddion. e) 

Schematic showing approximation of a regular lattice of PMMA residue cluster sites with separation, s 

and diameter, d on a graphene surface. Lx is the length of the AFM scan in the x direction and  𝑁𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠
𝑥  

is the number of cluster columns in the lattice arrangement as shown in Equation S7. f) Mean cluster 

diameter, d and mean separation distance, s in nm as a function of toluene rinse time for all scans.  

S7. Temperature dependence of thermal conductivity and uncertainty analysis 

Thermal conductivity is a temperature dependent quantity. Typically, thermal conductivity 

measurements of graphene have assumed fixed values of κr in the thermal model due to the 

difficulty of incorporating the temperature dependence in the analytically calculated solutions. 

One of the advantages of employing a numerical FE solution method is that the temperature 

dependence of the thermal conductivity can be easily incorporated in the model45. Since the 

change in local sample temperature induced by laser heating in this work is up to ≈300oC, the 

assumption that κr is temperature-independent across this range could otherwise be a significant 

source of error. 

 

Figure S10 Impact of the temperature dependence of thermal conductivity in our measurements. a) 

Comparison of values of the α coefficient (Equation S2) as a function of effective phonon scattering 

length taken from various sources in the literature.37,46,47 The dashed line is a guide for the eye. b) 
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Comparison of values extracted from the FE model assuming temperature-dependent and temperature-

independent κr.    

The temperature dependence of thermal conductivity can be approximated by a power law 

expression given in Equation S2. For pristine SLG with a 20µm average grain size, α ≈ 1.45,47 

but it is significantly reduced in the case of defected graphene, or in the case where the phonon 

mean free path is otherwise reduced. In this work, all of the samples measured have some level 

of residue contamination which, as discussed in the main paper, shorten the phonon mfp. 

Therefore, to find approximate values of α appropriate for our samples, we examined the 

variation of α as a function of sample size or effective scattering length (Leff) in various reports 

from the literature as shown in Figure S10a. These values were interpolated to find α for 

corresponding values of s, mean residue cluster separation, for each sample. The results of this 

procedure are shown in Table S3. The value of 𝜅300 was an adjustable parameter which was 

varied within the FE model to reproduce the appropriate temperature profile (T(Q)) for each 

sample (Figure 3d). 

 

Table S3 Extracted values of the κr temperature dependence coefficient α as a function of mean 

residue cluster separation, s used in the FE model. 

Figure S10b shows the difference in values of κr at room temperature extracted from the FE 

model when assuming a temperature dependent thermal conductivity compared with the 
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assumption of a temperature independent value. Assuming a temperature independent κr leads 

to an underestimation of the final extracted value of between 10-20%. The temperature 

dependence of other quantities, such as the optical absorption, may also impact the 

measurement. However, it has previously been demonstrated that the change in the optical 

absorption of SLG at this wavelength (488 nm) across the maximum temperature change 

induced by the laser (≈300oC) is <0.5%48. This is on a similar order to the error in the optical 

absorption measurement itself which, as discussed below, is already accounted for in the 

overall measurement uncertainty, so the impact of the temperature dependence of optical 

absorption here is considered to be negligible. 

The main contributions to measurement uncertainty in this work are the uncertainty in the 

optothermal Raman calibration coefficients (ꭓG, ω0C) and the uncertainty in the measurement 

of SLG optical absorption. Uncertainties in these measured values are shown in Table S1 and 

S2 respectively. The impact of the calibration uncertainty was assessed by assuming the upper 

and lower bounds of ꭓG and ω0C to convert the measured ω(Q) (Figure 3c) to a minimum and 

maximum temperature profile (T(Q)) using the equation ω- ω0C = ꭓGT. These temperature 

profiles were then matched to the thermal profile obtained in the ANSYS model as described 

in Section S4 to determine the upper and lower bounds of κr as a result of uncertainty in the 

calibration procedure. Similarly, to quantify the effect of optical absorption uncertainty on our 

results, the upper and lower bounds of total absorbed laser power were applied to the FE model 

via the discretised Gaussian laser spot profile shown in Figure S4. The lower bound of κr due 

to absorption uncertainty corresponds to the lower bound of absorbed laser power and vice 

versa.  

A smaller, but still significant contribution to the overall uncertainty that is also considered 

here is the assumed value of interfacial thermal conductance, g = 45 MW/m2K. Since this value 

is taken from previous literature results rather than direct measurements, we have included the 
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impact of varying this value by ±30% on the overall uncertainty given in the main paper. A 

more detailed discussion of the influence of varying, or completely neglecting, the thermal 

boundary resistance (TBR) on our results is given below (Figure S13).   

 The total combined uncertainty from the influence of these three effects was obtained by 

applying the upper/lower bound absorbed laser power to the FE model and matching the 

obtained thermal profile to the measured profile extracted by using the upper/lower bound 

calibration factors and g values. Shaded regions in Figure S11 represent the spread in our 

measured values as a result of the uncertainty in these parameters. Y-axis error bars shown in 

the results of the main paper (Figure 4, 5) represent the total combined uncertainty from these 

three contributions.  

We note that the uncertainty range is significantly larger for the 240-minute rinse time 

compared with the other samples. This is a consequence of various sources of uncertainty 

scaling with increased thermal conductivity. Notably, the uncertainty on thermal boundary 

conductance (g) increases significantly as a function of thermal conductivity. This is due to 

TBR representing a greater proportion of the overall measurement thermal resistance for high 

thermal conductivity samples. Additionally, the calibration uncertainty, which as can be seen 

from Figure S11 represents the largest factor in overall uncertainty for 240 minutes, also scales 

with increasing thermal conductivity. Although the magnitude of the error on ꭓG shown in 

Table S1 is similar across all rinse times, this represents a larger percentage error for longer 

rinse times due to the significant reduction in ꭓG.  
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Figure S11 Contribution to thermal conductivity measurement uncertainty from Raman coefficient 

calibration, absorption measurements and assumed interfacial thermal conductance, g (±30%) to the 

total combined uncertainty. In each case uncertainty was obtained by using the upper and lower bounds 

for the relevant parameters in the FE model.  

 

We also considered the potential impact of strain as a result of thermal expansion coefficient 

(TEC) mismatch between the SLG and Al support. TEC mismatch induced strain has been 

found to impact Raman shift measurements even on fully suspended areas of graphene and 

other 2D material samples due to the influence of the connecting supported regions.14 To 

quantify the impact of this effect on our samples, we followed the method first described by 

Tian et al. to obtain the strain contribution to measured suspended SLG shifts (𝛥𝜔𝐺
𝑆). Raman 

measurements of supported SLG regions adjacent to the suspended membrane sites were 

carried out as shown in Figure S12a. The contribution of TEC mismatch induced strain to the 

overall measured Raman shift in the suspended SLG is given by:14 
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𝛥𝜔𝐺
𝑆 (𝑇) =  𝛽. 𝑅𝑟𝑒𝑙 ∫ 𝛼𝐴𝑙(𝑇)𝑑𝑇 − 

𝑇

𝑇0

𝛽 ∫ 𝛼𝑆𝐿𝐺(𝑇)𝑑𝑇 
𝑇

𝑇0

                                              (𝑆8) 

Where β is the biaxial strain coefficient of the G band,16 αAl  and αSLG are the temperature 

dependent TECs of Al (23x10-6/oC)49 and SLG (∼-8.0×10-6/ oC)16 respectively. Rrel is a 

weighting factor that can be determined from the ratio of the Raman shift measured in the 

suspended to supported region. The magnitude of the correction to the suspended shifts and 

calculated χG in the case of each rinse time was found to be minimal, <1%. To confirm the 

small influence of TEC mismatch induced strain on SLG thermal conductivity, we evaluated 

κr by matching the strain-corrected temperature profiles (uncorrected data shown in Fig. 3d) to 

our FE model. Results of this procedure for the 240-minute rinse time are shown in Figure 

S12b. We found that the inclusion of the strain correction had a minimal impact on the resulting 

κr at 300K, increasing the value only slightly from 3100 W/mK to 3150 W/mK. This represents 

an error of less than 2% and is far smaller than the calculated uncertainty due to other factors. 

For other rinse times, we found the impact to be much smaller still, typically on the order of 

0.5%. The minimal impact of TEC mismatch induced strain here is most likely due to the very 

large size of the suspended SLG.  
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Figure S12 Impact of thermal expansion coefficient (TEC) mismatch induced strain on thermal 

conductivity measurements of SLG. a) Raman shift measurements as a function controlled thermal stage 

temperature of supported SLG regions for samples with varying sample rinse times. b) Comparison 

of original data for sample temperature as a function of absorbed laser power, with data 

incorporating strain correction calculated from the procedure outlined by Tian et al.14 Thermal 

conductivities extracted from the FE model corresponding to original and strain-corrected data 

are also indicated. 

Another factor frequently neglected from optothermal Raman characterisations of low-

dimensional materials is the impact of thermal boundary resistance (TBR). Often it is assumed 

that the interface between the 2D material and supporting substrate is perfectly conducting, 

with zero TBR, but this is rarely valid, particularly given the small size of conventional 

suspended samples.45 In this work we have accounted for the temperature drop at the interface 

by including interfacial thermal conductance (g = 45 MW/m2K) between the SLG and the Al 

support as described in Section S4. Figure S13a shows the impact of assuming zero TBR 

(infinite interfacial thermal conductance) on calculated κr in our FE model. The largest impact 

is on the 240-minute rinse sample, where the neglecting TBR leads to an underestimation of κr 

by more than 30%. This is a consequence of the proportionally larger contribution of TBR the 

total measured thermal resistance in samples with very high thermal conductivity. Even for the 

remaining samples, neglecting TBR in these cases was found to result in underestimations of 

κr on the order of 10-20%, suggesting that even in the case of large, suspended areas such as 

those measured here, TBR can rarely be reasonably neglected from the thermal model. 

The value of SLG-graphene interfacial conductance (g) used in this work (45 MW/m2K) was 

based on previously reported values for these materials in the literature. We further investigated 

the impact of varying this value on our final κr calculation for the 240-minute rinse sample to 

evaluate the effect of uncertainty in TBR on thermal conductivity. Figure S13b shows the 
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calculated thermal conductivity for the 240-minute rinse sample as a function of g. The 

variation in measured thermal conductivity with g is relatively small, with deviations from the 

assumed value of up to 30% corresponding to a change in κr of around 10%. Again, we found 

the impact of changes in the value of g is even smaller for the samples with shorter rinse times. 

We therefore conclude that unless the deviation in g from the assumed values is extremely 

large, variation in this factor has a relatively small impact on the calculated κr beyond that 

already accounted for in our uncertainty analysis.  

 

 

Figure S13 Impact of the variation of thermal boundary resistance (TBR) between SLG edges and Al 

support layer on the results of the FE thermal model. a) Comparison of calculated thermal conductivity 

values extracted assuming interfacial thermal conductance, g = 45 MW/m2K and assuming infinite g 

(no TBR). b) Calculated thermal conductivity of 240-minute rinse sample as a function of varying g. 

The blue data point corresponds to the value obtained using our original FE model assuming g = 45 

MW/m2K. Shaded regions show ±10%, 20% and 30% (red, yellow and green respectively) variation in 

g from the originally assumed value. The dashed blue lines represent ±10% variation in the calculated 

thermal conductivity. 
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