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Abstract 

The presence of polymer transfer residues on graphene surfaces is a major bottleneck to overcome 

for commercial and industrial viability of devices incorporating graphene layers. In particular, how 

clean the surface must be to recover high (>2500 W/mK) thermal conductivity and maximise the 

heat spreading capability of graphene for thermal management applications remains unclear. Here, 

we present the first systematic study of the impact of different levels of polymer residues on the 

in-plane thermal conductivity (κr) of single layer graphene (SLG) fabricated by chemical vapour 

deposition (CVD). Control over the quantity of surface residue was achieved by varying the length 
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of time each sample was rinsed in toluene to remove the poly-methyl-methacrylate (PMMA) 

support layer. The level of residue contamination was assessed using atomic force microscopy 

(AFM) and optical characterisation. Thermal conductivity of the suspended SLG was measured 

using an optothermal Raman technique. We observed that the presence of polymer surface residue 

has a significant impact on the thermal properties of SLG, with the most heavily contaminated 

sample exhibiting a κr as low as (905 +155/-100) W/mK. Even without complete eradication of 

surface residues, a thermal conductivity as high as (3100 +1400/-900) W/mK was recovered where 

the separation between adjacent clusters was sufficiently large (>700 nm). The proportion of the 

SLG surface covered by residues and the mean separation distance between clusters were found 

to be key factors in determining the level of κr suppression. This work has important implications 

for future large-scale graphene fabrication and transfer, particularly where graphene is to be used 

as a heat spreading layer in devices. The possibility of new opportunities for manipulation of the 

thermal properties of SLG via PMMA nanopatterning is also raised. 

 

1. Introduction 

Graphene is an extremely promising layered material for next generation devices due to its 

atomic layer thickness, high carrier mobility1–3 and mechanical flexibility.4,5 It is also a strong 

candidate for thermal management applications,6,7 with a reported in-plane thermal conductivity 

ranging from 2000 to 5300 W/mK.8–11 However, major barriers to the use of graphene in industrial 

applications remain, particularly in the area of growth and device fabrication. Commercial 

applications require highly uniform, large-area, mass producible graphene.12 This is not achievable 

via the famous 'scotch tape' mechanical exfoliation method still commonly used in laboratory made 
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devices.13 One of the most commercially attractive and promising methods for monolayer 

graphene production is growth by chemical vapour deposition (CVD), typically on thin Cu foil 

substrates.14 Although graphene grown in this way is now widely commercially available, the 

problem of how to transfer the material to arbitrary substrates appropriate for diverse applications 

persists. The majority of transfer approaches for CVD graphene require spin coating the exposed 

graphene surface with a polymer scaffold layer such as polymethyl-methacrylate (PMMA) to 

protect it from breakage while the Cu foil substrate is etched away.15,16 However, after the transfer 

process is complete, the PMMA layer is very challenging to remove. In previous reports, 

significant levels of polymeric residue were found to remain on the graphene surface after rinsing 

in a PMMA removal solvent, even when applying relatively harsh additional post-transfer 

treatments such as high-temperature annealing in Ar/H2.
17,18 The presence of polymer surface 

residue on graphene leads to a reduction in electrical 19,20 and thermal conductivity.21 In addition, 

the use of certain techniques designed to reduce PMMA residues such as high temperature 

annealing and plasma treatments have been found to increase the number of defects17,22 and cause 

unintentional doping23,24 in the transferred graphene, further degrading the material quality.  

While a variety of transfer methods designed to eliminate the need for PMMA support layers 

have been developed,25–30 these alternatives often introduce other problems in the transfer process, 

such as increased structural damage31 and defect formation28,32, or require significant additional 

processing steps.33,34 As a result of this, PMMA-mediated transfer remains the most popular family 

of techniques for CVD graphene. Additionally, PMMA is a common mask material for e-beam 

lithography, so it is likely that even if polymer-free alternative transfer methods are improved, 

exposure of graphene to PMMA resists and their subsequent removal would remain a significant 

issue, particularly for research devices.  
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In this work, the impact of surface PMMA residues on suspended single layer graphene (SLG) 

is directly investigated, focusing on its thermal properties. The level of residue was effectively 

controlled by varying the length of time that the SLG is submerged in the PMMA removal solvent. 

Varying levels of residue as a function of solvent rinse time were characterised by measuring the 

optical properties of the transferred membranes and by AFM topographical imaging.18–20,25 It is 

important to understand factors limiting the thermal properties of graphene, both for fundamental 

understanding of phonon transport and also as measure for surface contamination, in order to 

improve potential growth and transfer schemes. While it is known that the presence of residues on 

the graphene surface have a deleterious effect on its thermal properties,21 the extent of this and 

how it is related to the level of surface contamination is still poorly understood. By contrast, the 

impact of other important factors such as grain boundaries35,36, size37,38, defect density39,40 and the 

presence of a supporting substrate41–43 on thermal transport in graphene have been studied in great 

detail. In particular, it would be useful to determine the critical level of surface residue at which a 

high (>2500 W/mK) thermal conductivity can be recovered in order to balance the need for a 

thorough polymer removal process with the desire to avoid introducing additional structural 

defects to the material.  

Here, the in-plane thermal conductivity (κr) of each SLG sample was measured via an 

optothermal Raman method. Samples subjected to the shortest toluene rinse times had 

considerably lowered κr, (905 +155/-100) W/mK, which increased monotonically with increasing 

rinse time. When the rinse time was extended to 240 min, an extremely high κr of (3100 +1400/-

900) W/mK was recovered despite the clear presence of remaining surface residue, achieving 

values in line with previous reports for clean polycrystalline SLG39,42. By analysis of the residue 

layer morphology, we find that a natural variation in the spatial distribution of the residue clusters 
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was achieved by changing solvent rinse times, and that this can be directly related to the decrease 

in κr. The key factor in κr reduction is found to be the mean separation, s, between adjacent residue 

clusters. A high thermal conductivity is recovered where s exceeds the reported phonon mean free 

path at room temperature (⁓775 nm).7 These results provide important information for the further 

development of large-scale graphene manufacturing and transfer, particularly for thermal 

management applications, where the maximisation of κr is essential. Additionally, this work 

presents an opportunity for further development using previously unexplored techniques for κr 

modulation in graphene via nanopatterning with PMMA. 

 

2. Experimental Section 

2.1 CVD Graphene Transfer 

The method used to transfer SLG in this work is shown in Figure 1a. Commercial CVD-grown 

monolayer samples were obtained from Graphenea (San Sebastian, Spain), with dimensions of 

1cm x 1cm grown on 18µm Cu foil and pre-coated with 60nm 495k A2 PMMA. The sample was 

floated on top of a 50mL bath of 0.1M ammonium persulfate ((NH4)2S2O8, Sigma Aldrich) 

solution Cu side down. Once the Cu substrate was visibly fully etched, the graphene/PMMA stack 

was scooped up with a concave glass and carefully transferred to a bath of water to remove excess 

etchant. 
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The stack was then carefully transferred to a clean target substrate by slowly bringing the 

substrate into contact with the graphene surface from below. Samples were left to dry for at least 

Figure 1 Transfer of CVD graphene monolayers to support grid. a) Schematic of the wet etching 

transfer method for suspended graphene used in this work. The Cu foil substrate was etched away 

from the bottom of the graphene, the stack was cleaned in a bath of water, scooped onto the target 

substrate and left to air dry for 24 hours. The PMMA support layer was then removed by submerging 

the sample in toluene. b) A large area (220µm by 28µm) suspended SLG membrane transferred using 

the developed method (240-minute toluene rinse time). The membrane edge and portion of the 

substrate hole that is covered by the membrane have been highlighted for clarity. c) Typical Raman 

spectrum of suspended SLG transferred using this process. Graphene D (≈1350 cm-1), G (≈1580 cm-

1) and 2D (≈2700 cm-1) peak positions are also indicated. 
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24 hours. To remove the PMMA support layer, the transferred SLG was submerged in a toluene 

bath for up to 240 minutes. This step was carried out by gently adding the solvent drop by drop 

until the sample was completely covered to prevent membrane breakage. Toluene is a more 

effective solvent of PMMA compared with other solvents, such as acetone, which are more 

commonly used for this process,44 allowing shorter rinse times to be used. A more detailed 

comparison of the use of acetone and toluene as a PMMA solvent for this transfer scheme is 

included in Section 1 of the Supporting Information. After the initial PMMA removal step in 

toluene, samples were further cleaned in a bath of isopropyl alcohol and then air dried.  

The method developed here is capable of reliably producing extremely large suspended SLG 

membranes. An example of one of the samples fabricated is shown in Figure 1b. To the best of our 

knowledge, the samples presented here are some of the largest suspended SLG areas fabricated to 

date. The majority of previous optothermal Raman measurements on SLG have been carried out 

on suspended samples with a width smaller than 10µm.10,11,42,45 However, such small sample sizes 

could lead to inaccurate measurements of intrinsic thermal conductivity as a result of edge 

scattering, since previous calculations46,47 have indicated that over 90% of the total thermal 

conductivity at room temperature is contributed by phonons with mean free paths (mfps) below 

10µm.  A more detailed discussion of potential size effects on SLG thermal conductivity is 

included in Section 5 of the Supporting Information. Also included is a discussion of SLG quality 

and defect density. It was essential to minimise the defect density of the samples investigated here 

to ensure that any observed changes in thermal conductivity were as a result of changes in PMMA 

residue level and not variation in defect density, which has previously been shown to have a strong 

impact on the thermal transport properties of SLG.39 All samples measured in this work have a 

defect density of less than 2x1010cm-2
, so defects are unlikely to contribute significantly to the 
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variation in thermal conductivities with rinse time measured here. Further details of how defect 

density was calculated are included in Section 5 of the Supporting Information. Low defect density 

also ensures that the residues are physisorbed and not chemisorbed on the surface since bonding 

of residues to the SLG occurs primarily at vacancy-type defect sites.17 

3. Results & Discussion 

3. 1 Controlling Graphene Quality and Residue Level 

To examine the changes in the level of PMMA residue as a function of rinse time we used atomic 

force microscopy (AFM) topography measurements to directly examine the graphene surface. 

Scans were taken in the supported regions of the samples in order to avoid accidental breakage. A 

minimum of 3 scans were taken for each rinse time to confirm that residue coverage was relatively 

uniform. Typical scans for toluene rinse times ranging from 30 minutes to 240 minutes are shown 

in Figure 2a-e. The level of PMMA surface residue decreases with increasing rinse time. The initial 

30-minute scan shows that the submergence of the sample in toluene for this length of time has 

little impact on the PMMA support layer, and so it remains almost continuous at this stage. After 

120 minutes, the long polymer chains of the continuous support layer have been effectively broken 

by the solvent and the surface residue resembles a network of closely packed small globular 

aggregates. At increasing rinse times, the separation distance between these aggregates increases, 

until after 240 minutes the separation distance is large, and extended areas of 'clean' graphene are 

found between clusters (Figure 2e).  

UV-Vis transmittance measurements of the graphene sheets at a variety of rinse times are shown 

in Figure 2f. SLG was transferred to clean glass slides using the transfer method outlined above 

and exposed to toluene for between 0 and 240 minutes. The light power transmitted through these 

layers was compared to that of a blank glass reference slide. We observed a clear increase in 
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transmitted power at 200-220nm with increasing rinse time. There is a peak in the absorption of 

PMMA at this wavelength,48 so we attribute these changes to the reduction in polymer residue 

levels in samples cleaned for longer periods of time. The transmitted power for the 0- and 30-

minute rinse graphene was virtually the same, suggesting that 30 minutes is insufficient to break 

up the polymer support layer, which confirms our conclusions from the AFM results. The largest 

change in transmission occurs for samples cleaned for between 60 and 120 minutes, while there is 

little difference between the 180- and 240-minute rinse graphene. Based on optical characterisation 

alone, this would suggest that effective decontamination of the graphene surface was achieved 

after just 180 minutes exposure to toluene, despite the AFM data showing the presence of 

Figure 2 Characterisation of surface PMMA residue level by AFM and optical measurements. AFM 

topography of transferred CVD graphene surfaces rinsed for a) 30, b) 60, c) 120, d) 180 and e) 240 

minutes in toluene. f) UV-Vis transmittance spectra of PMMA/graphene stacks transferred to glass for 

samples rinsed in toluene for between 0 and 240 minutes. 
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significant levels of residue even after this rinse time (Fig. 2e-f). Further assessment of the optical 

properties of the SLG sheets including in situ absorbance and reflectance measurements used for 

thermal conductivity calculations are discussed in Section 2 of the Supporting Information. 

 

3.2 Optothermal Raman Thermal Conductivity Measurements 

Raman measurements were performed using a Renishaw InVia Raman spectrometer under 

488nm laser excitation. Thermal conductivity was determined from the laser induced heating of 

the suspended graphene layers. To be able to measure the temperature of the graphene from the 

Raman signal, samples were initially placed inside a temperature-controlled stage (THMSG600, 

Linkam) and heated between ≈ 20–100oC to extract the first-order temperature coefficients (ꭓG) of 

the graphene Raman G band (≈1580 cm-1) and the Raman shift at 0oC (ω0C). These measurements 

were carried out at very low incident laser power to minimise laser-induced heating. Figure 3a 

shows the Raman shift of the G peak at four different laser powers for the 60-minute rinse sample. 

The same measurements were performed for each sample prior to thermal calibration to identify a 

sufficiently low absorbed laser power to eliminate any self-heating effects in the sample. In all 

cases this was ~10µW or below. 

Figure 3b shows the results of Raman temperature calibration to extract the first-order Raman 

coefficients (ꭓG) for the suspended sheets. For simplicity, a linear fit to the data (ω = ω0C + χGT) 

was performed, a valid assumption for the smaller temperature range considered here, to calculate 

ꭓG and ω0C for all samples. Values for ꭓG 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.49,50 Full details of the extracted ꭓG and ω0C for each rinse time 

are included in the Supporting Information (Section 3 and Table S1). 
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Figure 3 Optothermal Raman measurements of suspended SLG with different toluene rinse times. a) Raman 

shifts for the SLG G peak at four different absorbed laser powers as measured for the 60-minute rinse sample. 

Absorbed laser power was kept at ~10µW or below during the calibration procedure to eliminate self-heating 

effects. b) Raman shifts of suspended graphene samples with temperature controlled by a thermal stage are 

shown along with the corresponding linear fits to ω = ω0C + χGT. Error bars represent the standard error on 

the mean of at least 5 measurements. c) Dependence of Raman G band position on absorbed laser power for 

SLG with a variety of rinse times. d) Measured local sample temperature, T as a function of absorbed laser 

power for suspended SLG. Also shown are corresponding linear fits to the data where the intercept has been 

fixed to the ambient (heat sink) temperature for each measurement set (see Section S4 of the Supporting 

Information for details). Error bars include the contribution from the uncertainty in the measured Raman peak 

positions and the calibration procedure calculated using a standard square root sum propagation method. 

 



 

 12 

Raman measurements of each SLG sample were then carried out using different incident laser 

powers in the range 0.32mW-3.16mW on the sample surface, with the laser beam focused on the 

centre of the suspended region (Figure 3c). The optical absorption and reflectance of the graphene 

membranes were measured in situ by placing a laser power meter beneath the sample within the 

measurement set up as described in Section 2 of the Supporting Information. The values of ꭓG and 

ω0C extracted from the calibration procedure (Table S1) were used to convert the measured shifts 

as a function of absorbed laser power (Q) to local sample temperature (T) as a function of Q (Figure 

3d). Measured T(Q) profiles for each sample were compared with the results of a finite element 

(FE) model in ANSYS Research Mechanical 19.1 to extract the thermal conductivity. Further 

details of the thermal conductivity calculations are given in Section 4 of the Supporting 

Information. 

3.3 Impact of PMMA Residues on Graphene Thermal Conductivity 

Measured SLG thermal conductivity, κr, at room temperature for suspended SLG samples rinsed 

in toluene for 30, 60, 120, 180 and 240 minutes are shown in Figure 4. For the cleanest sample 

(240-minute rinse time), a κr as high as (3100 +1400/-900) W/mK was achieved, despite the clear 

presence of remaining residues on the sample surface as detected by AFM characterisation (Fig 

2e). This value is in line with previously reported values of thermal conductivity of clean CVD 

SLG.10,11,42,45 The range of reported values in the literature is represented by the shaded region in 

Figure 3 for comparison. In particular, our value is very similar to those reported by Yoon et al.11 

and Chen et al.45. In both those studies, residue-free or mostly residue-free SLG was achieved 

using either a PMMA-free transfer process11 or laser cleaning of the sample surface.45 Our result 

therefore suggests that high thermal conductivities, matching that of clean graphene can be 

achieved even without complete removal of polymer residues. 
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For rinse times shorter than 240 minutes, we found that SLG thermal conductivity was heavily 

suppressed by polymer residues. The κr was below ⁓1500 W/mK in all cases, representing a greater 

than 50% reduction compared with ‘clean’ SLG. We note however, that even the smallest thermal 

conductivity measured for the 30 minute rinse time, (905 +155/-100) W/mK, was still relatively 

large, particularly compared with the thermal conductivity of SiO2 supported graphene (⁓600 

W/mK).41 While only relatively small changes in κr were detected when the rinse time was varied 

between 30 and 180 minutes, a large increase from (1500 +435/-310) W/mK to (3100 +1400/-900) 

Figure 4 Thermal conductivity of suspended SLG at room temperature as a function of sample 

rinse time in toluene. Error bars include the contribution to uncertainty from optical absorption 

measurements, optothermal Raman calibration procedure and interfacial thermal conductance, 

calculated as described in Section 7 of the Supporting Information. The shaded region represents 

the range of previously reported values for CVD SLG in the literature.10,11,42,45 
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W/mK occurred between 180 and 240 minute rinse times. This is particularly interesting, since the 

AFM and optical characterisation of these samples (Figure 2d-f) revealed relatively little 

difference between the two in terms of optical properties and surface morphology. Both AFM 

topography18–20,25 and optical transmission51,52 are commonly used as indicators of graphene 

quality and surface cleanliness. The lowered thermal conductivity demonstrated in this work for 

180-minute rinse times, despite the minimal differences in the optical and AFM characterisation, 

suggests that these methods alone may not be sensitive enough to establish membrane quality. 

Direct measurement of thermal properties may in fact be a more reliable way of confirming 

sufficiently low residue levels in SLG. 

Figure 5 Thermal conductivity of suspended SLG as a function of residue level. a) Dependence of 

thermal conductivity on % sample area covered by residues. b) Variation in thermal conductivity as a 

function of mean cluster diameter, d and c) mean separation distance, s. Also shown is data extracted 

from a first-principles calculation reported by Lindsay et al.47 by assuming that the mfp for ZA 

phonons is limited by the mean cluster separation. The dashed line indicates the reported intrinsic mfp 

at 300K.7  Error bars on the x-axis in all cases represent the standard error on the mean of at least 3 

scans.  
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To examine this further, and to convert toluene rinse time to a useful metric for sample 

contamination with PMMA, a series of large area AFM topography scans were taken from the 

supported regions of each sample. From this, we estimated the percentage of the SLG surface 

covered by residues (% coverage) as described in Section 4 of the Supporting Information. Figure 

5a shows the dependence of SLG thermal conductivity with % of the total sample area contacted 

by residues. Large increases in κr were associated with only small changes to % coverage, 

particularly in the 0-10% range. By contrast, a relatively modest increase in κr, from (905 +155/-

100) W/mK to (1020 +170/-120) W/mK was achieved by decreasing % coverage from 

approximately 50% to less than 20%. It is worth noting that recently it has been shown that AFM 

scans may underestimate the levels of PMMA residue on 2D material surfaces by not properly 

accounting for continuous film-like layers on the surface.53 Nevertheless, the % coverage 

determined in this way provides a simple qualitative measure to compare the levels of 

contamination between samples. The clear modulation of thermal conductivity with % coverage 

confirms that PMMA residues dominate phonon scattering in SLG at sufficiently high levels. 

The primary impact of surface residues is likely on the low frequency out-of-plane acoustic (ZA) 

phonon modes that dominate thermal transport in graphene. Although early reports assumed that 

the contribution made by ZA phonons to overall thermal conduction was negligible at room 

temperature,9 more recently they have been predicted to contribute as much as ≈75% of overall 

lattice thermal conductivity41,54 as a result of a symmetry-based selection rule which reduces the 

available phase space for ZA phonon scattering in SLG. The most likely mechanism of κr reduction 

in SLG by polymer residues is coupling to residue sites leading to phonon leakage across the 

SLG/PMMA interface.21,55 This is the same mechanism found to be largely responsible for the 

reduction in thermal conductivity of supported SLG.41,43 Coupling of the SLG phonon modes to 
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residues is strongest for low frequency ZA phonons that dominate thermal transport in SLG, due 

to the large overlap with the low frequency vibrations in polymers and amorphous solids.56,57 

While surface roughness type scattering at the graphene-residue interface could also potentially 

lead to a reduction in κr, this type of scattering is more effective for higher frequency phonons,58 

and so it is unlikely to be sufficient to account for the level of suppression of thermal conductivity 

(> 70%) in PMMA contaminated samples reported here. This is further supported by previous 

observations55 that roughness type scattering cannot properly account for the temperature 

dependence of the thermal conductivity observed in residue contaminated graphene21 or h-BN.59  

Therefore, we attribute the modulation of κr by residue level in this work primarily to coupling of 

the ZA phonon modes in SLG to surface residues.  

The dependence of thermal properties on the % residue coverage alone does not necessarily give 

full insight into the role of PMMA residues in influencing κr. For example, it does not reveal 

whether the specific arrangement or size of residue clusters across the sample surface impacts 

thermal transport. To investigate this further, the residual PMMA was approximated as a lattice-

like arrangement of circular clusters with mean diameter (d) and mean separation (s). The 

treatment of residues in this model is similar to that previously described by Seol et al. 41 for SLG 

supported on amorphous SiO2. Both d and s were extracted from analysis of a series of AFM 

topography scans, as described in Section 6 of the Supporting Information. A schematic showing 

the assumed cluster arrangement is shown in Figure S9e. Figure 5b and c show the dependence of 

thermal conductivity on the mean cluster diameter (d) and mean cluster separation (s). We found 

that residue clusters generally both reduce in size and increase in separation as rinse time is 

increased (Figure S9f). This is likely a natural consequence of the nature of the dissolution process 

in toluene. Polymer dissolution in an organic solvent proceeds in two stages, beginning with 
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swelling of the network of polymer chains due the diffusion of solvent molecules into the material. 

Then, during the second stage, the polymer chains are driven to disentangle and disperse into the 

solution. Full solvation of polymers in organic solvents is a relatively slow process60 and removal 

of the SLG samples from the toluene bath earlier in the dissolution process is the probable cause 

of the decrease in s and increase in d observed here at shorter rinse times (< 240 minutes). 

The individual dependence of SLG thermal conductivity on d and s are shown in Figure 5b and 

c, respectively. In general, κr increases with increasing s and decreases with increasing d. 

Relatively small changes were seen in d for longer rinse times, but these changes corresponded to 

a large variation in κr. From this, it can be inferred that thermal transport in the SLG is only weakly 

affected by cluster diameter. On the other hand, a steady rise in thermal conductivity is achieved 

for changing cluster separation, s, in the 0 – 650 nm range, suggesting that there is strong 

dependence on the amount of ‘clean’ area between residue sites, rather than the size of the 

contaminated areas themselves. A large increase in thermal conductivity from (1500 +430/-310) 

W/mK to (3100 +1400/-900) W/mK occurred as s was increased from ≈650 nm to ≈950 nm.  

Lindsay et al.47 have previously shown that the majority of the overall thermal conductivity in 

SLG is contributed by ZA phonons with a mean free path (mfp) of greater than 1µm at 300K. As 

discussed above, surface residues on SLG are expected to have a disproportional impact on these 

phonons, only minimally affecting other phonon branches. To investigate this further, we have 

extracted data from the calculation by Lindsay et al.47 based on the assumption that the mfp for 

TA and LA phonons is relatively unaffected, while the mfp for ZA phonons is strongly limited by 

the presence of residues to values close to the characteristic mean cluster separation, s. Thus we 

have assumed that the contribution for the TA and LA branches to the overall thermal conductivity 

is constant and equivalent to the maximum contribution where phonons of all mfps are considered 
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(≈ 750 W/mK), while the contribution from the ZA branch is determined by setting the maximum 

mfp for these phonons equivalent to s. The calculation includes the contribution from phonons of 

all frequencies with a mfp below the set value of s. Based on these assumptions, reasonably good 

agreement with the calculation is obtained, particularly up to s ≈ 650 nm, supporting that the main 

factor contributing to lowered κr here is a shortened mfp for ZA phonons due to scattering from 

residues. Extrinsic phonon-residue scattering dominates thermal transport in this regime and 

relatively efficient PMMA-SLG coupling at residue sites leads to significant phonon leakage 

across the interface. There is some deviation as s increases, where our measured κr is somewhat 

larger than would be predicted by the calculation. This could be partially explained by considering 

that the cluster diameter d is also reduced with increasing rinse time. It is likely that this contributes 

to a reduction in interfacial thermal conductance between the SLG and PMMA at the residue sites, 

reducing the efficiency of the PMMA-SLG coupling for these samples. We also note that the 

experimentally determined average mfp for phonons at room temperature has been previously 

reported as ≈775 nm.7 It would follow that provided s is sufficiently larger than this value, phonon-

residue scattering no longer dominates the thermal transport characteristics, allowing high values 

close to intrinsic CVD SLG κr to be recovered (≈ 3100 W/mK).  

The recovery of high thermal conductivity (3100 +1400/-900) W/mK in SLG despite the 

presence of residual PMMA on the surface (Figure 2e) has important implications for the 

fabrication of devices and scale-up of CVD graphene transfer and manufacturing. In particular, it 

is important to consider the trade-off with defect density, which can be increased as a consequence 

of more thorough PMMA removal via additional annealing treatments following initial solvent-

based removal.17,22 Although we observed strong suppression of κr due to PMMA contamination, 

employing effective residue reduction schemes such as high temperature annealing processes can 
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induce additional defects that have a similarly detrimental impact on κr. For example, it has 

previously been shown that temperatures greater than 400oC are required for annealing in Ar/H2 

to be an effective PMMA removal strategy.22 However, graphene displays large increases in the 

ID/IG ratio (>0.25) at such high temperatures, corresponding to defect densities in excess of 

5x1010cm-2.61 The reduction in κr at similar defect densities has recently been reported to be as 

high as 30-60% compared with pristine SLG values.39 This is similar in magnitude to the reduction 

in κr demonstrated in this work as a result of excess residues, negating the potential positive impact 

of removing the additional contamination. Although other studies have suggested that alternative 

annealing processes such as vacuum annealing lead to lower increases in defect density,23 increases 

are still typically observed and are more probable when the process is carried out for longer periods 

of time or at higher temperatures.17,18,22 The detrimental impact on the electrical properties of 

graphene from these processes may also be a concern, depending on the intended application.19,20 

Based on the results presented here, to optimise thermal transport properties of graphene, it would 

seem better to forgo additional annealing treatments that may introduce extra defects into the 

graphene in favour of controlling residue level through solvent-based cleaning alone. The work 

presented here therefore exposes the need for careful consideration of polymer removal schemes 

in regard to the trade-off between graphene quality and residue contamination.  

The modulation of κr achieved here by controlling the polymer residue level and cluster 

separation also raises the possibility of tuning thermal transport in graphene by deliberate 

nanopatterning with PMMA. A crude version of this has been achieved here by varying the rinse 

time in the PMMA removal solvent, but it could likely be refined using existing lithographic 

processes. While the maximisation of κr is important for thermal management applications, 

reducing κr in graphene could be beneficial for a variety of other uses, such as in thermal rectifiers62 
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or thermoelectric (TE) devices. This approach could be especially promising for TE device 

applications, since maximising the TE figure of merit (ZT), requires the simultaneous 

maximisation of electrical conductivity and minimisation of thermal conductivity.63 While 

electrical conductivity in graphene has also been found to be significantly impacted by excess 

polymer residues,19 in reports where this effect has been studied, the separation between residue 

clusters appears to be quite small (s ≈ 100-200 nm), as judged from AFM topography scans.19 By 

contrast, in our experiment, a greater than 50% reduction in κr is achieved for even relatively large 

s, for example with a 180-minute rinse time (s ≈ 650 nm). By adjusting s to just below the threshold 

where high κr is recovered, it is possible that a large reduction in κr could be achieved, with a 

smaller impact on the electrical conductivity. While more work is needed to relate the electrical 

conductivity suppression to differing levels of residue and their distribution, the results presented 

here may open up a multitude of avenues to explore in terms of tuning properties by PMMA 

nanopatterning or deliberate contamination with residues. 

 

4. Conclusions 

We have investigated the impact of different PMMA residue levels on the thermal conductivity, 

κr, of suspended SLG and found that provided the mean separation between adjacent clusters is 

sufficiently large, it is possible to recover high value of κr ((3100 +1400/-900) W/mK) similar to 

that reported for clean CVD graphene. We have also demonstrated effective modulation of κr to 

between ~30-50% of the maximum value by controlling the polymer residue level and cluster 

separation. The change in κr is attributed primarily to the suppression of the out-of-plane acoustic 

(ZA) phonons which dominate thermal transport in SLG at room temperature. Our results suggest 

that while polymer residues have a strong impact on κr, the effect may be weaker than the impact 
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of additional structural defects that have previously been shown to be induced by harsh PMMA 

removal methods such as high temperature annealing, highlighting the trade-off between achieving 

low levels of surface contamination and low defect densities in SLG. The work presented here 

therefore has important implications for future industrial growth and transfer schemes. In addition, 

the control over κr achieved by varying the level off PMMA contamination opens up the possibility 

of deliberate nanopatterning with PMMA to modulate the thermal properties of SLG. 
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