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I. Governing thermal transport model 

The optothermal Raman technique was developed by Balandin et al.S1 as a non-contact 

method for determining the thermal conductivity of 2D materials from their Raman peak shifts 

due to varying laser power and temperatures. The technique as developed by Balandin et al. was 

used for suspended samples of graphene over a trench cut into an Si/SiO2 substrate;S1 properties 

such as the laser profile or substrate effects were not considered. The technique and analytical 

model was later refined by Cai et al.S2 in order to calculate the thermal conductivity for graphene 

samples that were suspended over the circular holes of a gold-coated silicon nitride (Au/SiNx) 

transmission electron microscopy grid. Their analytical model accounted for the graphene-

substrate interfacial thermal conductance (gi) in the region where the graphene is supported by the 

Au/SiNx substrate, assumed to be isothermal although the non-negligible thermal resistance of the 
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thin support will prevent its function as a perfect heat sink in practice. The laser spot profile was 

modeled as a Gaussian and factored into the volumetric heat generation term [�̇�(r)]. Additionally, 

although the model did not consider the effects of radiation or convection heat transfer; these 

effects become important for experiments performed in air where convection can become 

appreciable in heated samplesS3, or at temperature extremes where radiation effects cannot be 

ignored. 

For the purposes of the experiments analyzed here, the governing equation used to obtain 

the graphene coating's temperature profile is similar to previous reports (e.g. refs. S3, S4), but also 

accounts for the effects of substrate resistance, convection, and radiation based on conservation of 

energy asS5 
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where T∞ is the ambient temperature of the convective medium and the substrate, and Tsurr is the 

temperature of the surrounding environment radiatively exchanging energy with the sample. For 

the purpose of our room temperature experiments, both T∞ and Tsurr are 300 K. The R'' term 

combines both the interfacial conductance (gi) and the shape factor for the substrate resistance 

effects, approximated as Rsubstrate'' = tsubstrate ksubstrate⁄ . The substrate thickness was measured using a 

Keyence VHX-7000 calibrated digital microscope as tsubstrate=180 μm. The shape factor for the 

substrate resistance was assumed to be a plane wall due to the heat dissipating down from the laser 

in the z-direction being assumed to be greater than heat dissipating along the r-direction within the 

substrate. The value for ksubstrate was taken as kCu = 401 Wm-1K-1.S6 The temperature-dependent 

convection coefficient, hconv was determined by the Nusselt number correlation for free convection 

from the upper surface of a hot plate (NuL=0.54RaL1/4),  where L is a characteristic length 
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determined by the sample surface area divided by the perimeter of the sample, and RaL is the 

Rayleigh number across this length), hrad(T) = ε	σ	(T2+Tsurr2 )	(T+Tsurr), and q̇gen(r) is the laser power 

absorbed per unit volume assuming a Gaussian profile for the laser beam spot 
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where P is the incident laser power and α is the sample absorption, and r0 = 2×s where s is the 

variance. The incident power P = ò P0¢¢×exp(-2r2/r02)×rdrdϕ, thus P0¢¢ = 2P/(πr02), and we define r0 

≡ λ/(n×π×NA) as the beam radius at focus,S7 where n is the refractive index of air, λ is the wavelength 

of the laser, and NA is the numerical aperture of the objective lens. 

Calculating the absorption of the graphene sample on the Cu substrate poses its own set of 

challenges and is one of the most critical values needed to quantify thermal conductivity from 

laser-based metrology techniques. Overestimating this value also overestimates the extracted 

thermal conductivity. 

One possible direct way to calculate the absorption coefficient of graphene on the Cu 

substrate is to measure the laser line intensity on and off the graphene sample to calculate the 

reflectivity (ρ = Ilaser, sample / Ilaser, substrate), assuming no transmissivity occurs, and using the equation 

α = 1 – ρ. However, factors such as impurities in the sample, pre-strain, and the thermalization 

from laser heating can affect the reflectivity and may therefore not be a reliable method to calculate 

absorption. 

Thus, in our analyses, we instead calculate the radiative properties of graphene on the Cu 

substrate using the transfer matrix method (TMM)S8, S9 to obtain the absorptance, reflectance, and 

transmittance of the 2D coating. Since the incident angle of the laser is normal, transverse electric 

and transverse magnetic polarizations yield the same radiative properties. We obtained the 
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refractive indices of graphene at wavelengths from 200 nm to 1.0 µm from Weber et al.,S10 and 

indices of Cu from Babar & Weaver.S11 The TMM assumes that the materials in the multilayer 

structure are homogeneous and isotropic; the graphene can be assumed to be isotropic due to only 

considering the in-plane properties during Raman scattering. The matrices which compose the 

TMM are the propagation matrix and the dynamical matrix for each material, which can be 

described as 

 𝑃$ = 31 0
0 15, (S3) 
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where dl and kz,l represent the thickness and wave vector in the l-th layer of the multilayer structure 

respectively, and εl represents the l-th layer’s dielectric function. In this study the layers are 

graphene and copper. The propagation matrix and dynamical matrices are used to obtain the matrix 

product, M, as 

 𝑀 = B𝑀$$ 𝑀$6
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where the reflectance and transmittance properties, Rλ, and Tλ, respectively, can be obtained as 
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In equation S6, N represents the total number of layers in the multilayer structure and from 

equations S6–S8, the absorptance can be calculated as Aλ = 1 – Rλ – Tλ. Using the assumption that 

the thickness of the monolayer graphene is half the c-axis lattice parameter of highly ordered 

graphite, 0.335 nm,S12 the absorptance value of the graphene on the Cu substrate, which is used as 

the value of α in equation S2, is Aλ = α = 0.0106, which is 46% of the value usually recorded for 

monolayer graphene (α = 0.023)S13 and hence in our model we may underestimate the graphene 

thermal conductivity by approximately a factor of two. We note the importance of the value of a 

taken when extracting thermal conductivity from laser-based methods and ask the reader to note 

this value when comparing different reports on graphene thermal conductivity. 

 

II. Analytical extraction of thermal properties 

From equation S1, the only undefined variables that affect the temperature profile are the 

graphene-substrate interfacial thermal conductance and graphene thermal conductivity, gi and k, 

respectively. This work presents two cases for obtaining the values for k and gi. The first method 

is where gi is calculated separately from k where only one power dependent Raman measurement 

is needed (one-objective method, denoted method 1); gi was calculated here using the Diffuse 

Mismatch Model (DMM)S14 based on the phonon group velocities obtained from literature of 

grapheneS15 and CuS16; this method is further outlined in literature as a way to calculate gi between 

two interfaces and can incorporate vibrational density of states as a factor as well.S9, S14, S16 The 

calculated value of gi using the DMM is gi = 4.42×108 Wm-2K-1. Using this value for gi, the 

extraction of k can be performed as a back calculation using the temperature measured within the 

laser spot radius, Tm. The second method for calculating the values for k and gi is to vary the laser 

heating profile. This is typically performed by taking power dependent Raman measurements with 
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two different microscope objectives (two-objective method, denoted method 2). To approximate 

this temperature using equation S2 for the laser heating profile, a weighted mean temperature, Tm, 

is defined as 

 𝑇D = ∫ #"(#)1̇(#)!#<
0
∫ #1̇(#)!#<
0

 . (S9) 

Equation S9 yields a numerical solution which converges once ∂Tm/∂P = χP/χT, where χP is the 

coefficient of Raman shift with respect to laser power (in units of cm-1W-1) and χT represents the 

coefficient of Raman shift with respect to temperature (in units of cm-1K-1). In the case of the two-

objective method, the numerical solution is said to have converged once the ratio of ∂Tm/∂P values 

for both objectives equal the ratio of the χP/χT values. In this work, the higher signal-to-noise ratio 

of the 2D peak along with the 12-minute reduction in acquisition time gained by solely measuring 

the 2D peak as opposed to the full spectra is why we have ultimately decided to focus on the 

Raman shift of the 2D peak for the strained graphene coating. We note that in principle any Raman 

peak can be used for this analysis as long as it is calibrated by the χT measurement. 

 The uncertainty in k can be quantified using the uncertainty propagation formula 

considering uncertainties in sample thickness, power and temperature dependent Raman shifts, 

and absorption coefficient as 
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where u denotes the uncertainty of the parameter in the subscript. Likewise, the uncertainty values 

for gi can be defined as 

 
FCD
ID
= GH

F>'()*+,

,'()*+,
I
6
+ 0

F?@
G@
1
6
+ 0

F?A
GA
1
6
+ 0FB

H
1
6
 . (S10b) 



 S–7 

III. Additional experimental results 

 

Fig. S1. To confirm test geometry would not lead to stress concentration at the shoulders, a simple 

static stress analysis was performed on the geometry using Inventor Professional 2023. (a) 

Geometry of the tensile specimen (top view). (b) Meshing used for the static analysis. Fixed 

constraints were placed on the one end of the tensile bar (lower end). For the tensile simulation, 

we prescribe a 100 𝜇m displacement on the three holes on the other end of the tensile bar (top end). 

(c) Normal stress distribution along the loading direction. The stress is concentrated at the gauge 

section. There is no stress concentration near the shoulders. Note that there is some degree of stress 

concentration near the holes where displacement is applied. However, in the experiment, we 

secured the cross head with screws to prevent deformation near the holes. (d) Normal strain along 

the loading direction.   
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Fig. S2. Stress-strain curve taken to validate the engineering strain in the Cu substrate up to the 

plastic deformation regime. The strain cell was first pre-strained to its maximum travel before the 

specimen was mounted, ensuring the full displacement range during testing. Linear fits of the red- 

and orange-highlighted elastic regions give elastic moduli of 104.2 ± 2.0 GPa and 106.4 ± 2.9 GPa, 

respectively. 
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Fig. S3. Comparison of strain-induced Raman peak shifts in graphene transferred onto a polished 

Cu substrate. Unannealed coating [fit with a symmetric Gaussian-Lorentzian peak (red squares) 

and fit with an asymmetric Gaussian-Lorentzian peak (blue circles)] and annealed coating fit with 

a symmetric Gaussian-Lorentzian peak (green triangles)] are shown for comparison. The 

unannealed graphene yields a drastically lower strain transfer rate (egraphene/esubstrate = 0.9±0.3%) 

than the annealed case (47%). 
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Fig. S4. Comparison of thermal conductivity values for the one-objective method analyzed 

according to method 1 with either only the 20× or only the 50× objective data. This analysis 

assumes an interfacial thermal conductance of gi=4.42×108 Wm-2K-1 according to the diffuse 

mismatch model. The cases where the graphene was annealed after transfer to the copper substrate 

show a trend where the thermal conductivity decreases as substrate strain increases while the 

unannealed case shows a stepwise trend where thermal conductivity increases substantially only 

after 0.25% likely due to a change in gi not captured by method 1. These results demonstrate that 

increasing the interfacial interaction by annealing the graphene coating after transfer to the 

substrate is important for increasing strain transfer, as can be expected. 
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Fig. S5. Atomic force microscopy surface image of graphene coated onto copper after annealing 
at 475 K. 
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