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We directly measure the nanometer-scale temperature rise at wrinkles and grain boundaries (GBs)

in functioning graphene devices by scanning Joule expansion microscopy with �50 nm spatial and

�0.2 K temperature resolution. We observe a small temperature increase at select wrinkles and a

large (�100 K) temperature increase at GBs between coalesced hexagonal grains. Comparisons of

measurements with device simulations estimate the GB resistivity (8–150 X lm) among the lowest

reported for graphene grown by chemical vapor deposition. An analytical model is developed,

showing that GBs can experience highly localized resistive heating and temperature rise, most

likely affecting the reliability of graphene devices. Our studies provide an unprecedented view of

thermal effects surrounding nanoscale defects in nanomaterials such as graphene. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896676]

Graphene, a monolayer of hexagonally arranged carbon

atoms, has been the subject of intense research due to its

thinness (�3.4 Å), unique linear band structure,1 and quasi-

ballistic electrical and thermal transport up to micron length

scales at room temperature.2,3 Graphene applications typi-

cally rely on material growth by chemical vapor deposition

(CVD) on metal substrates.4 This process can produce gra-

phene up to meter dimensions,5 but typically of a polycrys-

talline nature, with the sheet being made up of a patchwork

of grains connected by grain boundaries (GBs).6 In addition,

various transfer processes from the metallic growth substrate

onto other substrates (e.g., SiO2, BN, and plastics) can lead

to wrinkling of the monolayer material.7 Not surprisingly,

GBs and wrinkles are expected to degrade the thermal,8 elec-

trical,9,10 and mechanical11 properties of graphene. Recent

work has measured the electrical resistance of graphene

GBs,9–14 which is important as they limit the overall electri-

cal performance of graphene devices grown by CVD.6

However, the associated temperature rise resulting from

nanometer-scale resistive heating of GBs is currently

unknown. Understanding this aspect is important both from a

graphene device perspective (e.g. reliability) and also as a

unique platform directly connecting the technology of nano-

scale thermometry tools with the science of atomic-scale

heat generation at defects within realistic devices.

In this study, we measured the nanometer-scale tempera-

ture rise in CVD grown hexagonal graphene grains using

scanning Joule expansion microscopy (SJEM),15–18 a ther-

mometry technique based on atomic force microscopy

(AFM). We specifically study the resistive heating at gra-

phene wrinkles and GBs, giving insight into the coupled

electrical and thermal properties of such nanoscale defects.

We observe a small temperature rise at wrinkles and a larger

temperature rise at GBs (150%–300% greater than the sur-

rounding graphene) due to the finite GB resistivity and to

non-uniform current flow across GBs, visualized here with

nanometer-scale resolution.

Figure 1(a) shows the optical image of a typical GB

device used in this study, labeled as Device 1. Sample fabri-

cation is summarized below, while details can be found in

the supplementary material19 and in recent reports.12,20–23

CVD graphene was grown by atmospheric pressure CVD

(APCVD) on electropolished Cu foil.12,20 Graphene was

transferred21 from the Cu foil to SiO2 (90 nm) on Si (highly

p-doped) substrates. Suitable grains and GBs were located

by optical microscopy, and electrical contacts were accom-

plished by electron beam lithography and deposition of

1/70 nm Cr/Pd contacts.23 Fabrication was completed by

spin coating the samples with 55–70 nm of poly(methyl

methacrylate) (PMMA), which amplifies the thermo-

mechanical expansions of the graphene and GB device for

the SJEM technique.16–18

Figure 1(b) shows the surface thermo-mechanical

expansion Dh measured by SJEM overlaid onto the device

topography during operation. A sinusoidal waveform with

amplitude VDS was applied to the device at frequency
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x¼ 61–230 kHz. The AFM cantilever was in contact with

the surface and a lock-in amplifier at 2x, with a bandwidth

of 4–125 Hz, recorded the peak-to-peak surface expansion

Dh. (The supplementary material further discusses the SJEM

technique.19) The spatial and temperature resolution of our

SJEM measurements are �50 nm and �0.2 K, respectively,

based on our previous reports.16–18 The peak-to-peak gra-

phene temperature rise DT is proportional to the measured

Dh, and the two are related by finite element analysis (FEA)

modeling.16,17 The hexagonal graphene shape and GB are

evident from the measured Dh in Figure 1. We also observe

a decrease (increase) in Dh as the graphene device laterally
expands (contracts) due to its hexagonal shape, creating a

non-uniform current density throughout the device. The

measured Dh increases 100%–200% at the GB near the de-

vice center (x� 0 lm) compared to the graphene sheet due to

(1) localized Joule heating from the presence of the GB with

finite resistivity qGB and (2) the laterally constricting device

shape. The supplementary material discusses simulations

which show <25% increase in Dh at the GB compared to

device center due to the constricting graphene shape;19 thus,

we attribute the majority of the measured Dh increase to the

GB resistivity qGB. Figure 1(b) also reveals a local increase

(�25%) in Dh at a wrinkle, discussed below.

Next, we turn to our AFM and SJEM measurements of a

single-grain graphene device with wrinkles, but without a

GB. Figures 2(a) and 2(b) show the measured Dh and second

resonance amplitude A2 of such a device. Figure 2(b) shows

A2 measurements from dual alternating contact AFM meas-

urements. (The supplementary material describes the dual

alternating contact AFM technique19 which contrasts the gra-

phene from the surrounding SiO2.24) The labeled wrinkle in

Fig. 2(b) has a height of 3–12 nm which varies along its

length. We observe no increase in the measured thermal

expansion along the wrinkle, and, therefore, we do not

expect a large increase in DT at this wrinkle. This observa-

tion agrees with recent theoretical work suggesting that tall

(>5 nm) wrinkles have low electrical resistance.7 The meas-

ured thermo-mechanical expansion Dh at the contacts is due

to current crowding at the graphene-metal interface.16

Figures 2(c) and 2(d) show the simulated Dh and DT for

the single grain graphene device. A three-dimensional (3D)

FEA model was used to interpret these SJEM measurements

as described in the supplementary material.19 The Fourier

transform of the heat diffusion and Poisson equations

FIG. 1. (a) Optical image of Device 1 with two hexagonal graphene grains

connected by a GB. The image has been adjusted to improve contrast. Light

areas are the Pd electrodes and the substrate is SiO2/Si. (b) Measured SJEM

surface expansion Dh as a color overlay on the device topography with

PMMA coating. SJEM operates by biasing the device with a sinusoidal volt-

age waveform with amplitude VDS to resistively heat the device, and the

AFM measures the resulting thermo-mechanical expansion of PMMA cover-

ing the device. The measured Dh is proportional to the device temperature

rise DT and is related by a FEA model.16,17

FIG. 2. (a) Measured Dh of single domain graphene de-

vice without a grain boundary. (b) Second resonance

amplitude A2 image of device, which is sensitive to the

sample surface properties.24 Wrinkles are seen as white

lines across the graphene sheet, with one labeled for ref-

erence. The image is tilted counterclockwise by �63�

with respect to (a), and the red arrow shows the x-axis

direction. Pd electrodes are shown with lighter contrast

at the top-right and bottom-left. (c) and (d) Simulated

thermal expansion Dh and temperature rise DT of the

device.
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coupled with a thermo-mechanical model simulated the fre-

quency response of Dh and DT. Fitting the measured and

simulated Dh for two measurements each at VDS¼ 0.54,

1.12, and 1.67 V yields the bulk graphene resistivity

q¼ 0.11 6 0.01 X lm (sheet resistance25 RS� 330 X/sq) and

graphene-metal contact resistivity16 qC¼ 280 6 90 X lm2

(per unit area). These values are in-line with previous studies

of monolayer graphene and graphene-metal contacts on

SiO2.16,25 The model matches measurements with a coeffi-

cient of determination r2¼ 0.78 6 0.06 for all VDS and yields

a total device resistance R¼ 388 X, close to the measured

371 X. More information for fitting measurements and simu-

lations is in the supplementary material.19

We now return to a more in-depth investigation of AFM

and SJEM measurements of Device 1 which had a single

GB. Figures 3(a) and 3(b) show the measured Dh and A2 of

two coalesced graphene grains, the same device with one GB

as in Fig. 1. Figure 3(a) shows a large, 100%–200% increase

in Dh at the GB. Figure 3(b) also reveals multiple wrinkles,

most being 1–3 nm tall and oriented parallel to the current

flow direction (along the x-axis). However, the wrinkles

show no measureable increase in Dh in Fig. 3(a). We only

measure a 25% increase in Dh at one wrinkle (2–3 nm tall),

which rests at a �56� angle to the current flow direction.

However, the measured Dh is �4–8 times larger at the GB

than the wrinkle, indicating the GB has a greater (detrimen-

tal) influence on device performance. Figures S4 and S5 of

the supplementary material show similar behavior for the

measured Dh at wrinkles and GBs for two other devices.19

Figures 3(c) and 3(d) show the simulated Dh and DT for

Device 1. Fitting the measured and simulated Dh for two

measurements each at VDS¼ 0.56, 1.13, 2.34, and 2.95 V

yields bulk graphene resistivity q¼ 8.3 6 0.1� 10�2 X lm

(sheet resistance RS� 250 X/sq), grain boundary resistance

qGB¼ 120 6 60 X lm, and graphene-contact resistivity

qC¼ 30 6 10 X lm2. (The contact resistivity is underesti-

mated, an artifact discussed in the supplementary material.19)

The GB resistivity qGB is commonly defined per unit

width,9–13 here the width of the GB being about 4.7 lm for

Device 1. One can also define an effective GB length

‘eff¼qGB/RS� 490 nm for Device 1, corresponding to the

length of graphene channel that would yield the same resist-

ance as the GB.13 (The longer the effective GB length, the

larger the resistive contribution of the GB relative to the total

resistance of the device.) Wrinkles were shown to have a

small effect on Dh and were not included in the simulation.

The model matches measurements well (r2¼ 0.89 6 0.03)

and predicts the total device resistance R¼ 481 X, close to

the measured value of 471 X. Figure 3(d) shows the simu-

lated DT increases�150% at the GB center and �300% at

the GB edge compared to the middle of the graphene grains.

The �150% rise is due to qGB, and the �300% rise is due to

qGB plus the additional effects of current crowding near the

grain edges.

Table I summarizes the GB resistivity qGB extracted

from three devices in this study, compared to values reported

in the literature.9–13 The full range of qGB is from �8 to

43 000 X lm for GBs from CVD-grown graphene on Cu and

transferred to SiO2 substrates. By comparison, reported qGB

for graphene directly grown on SiC range from 7 to 100 X
lm.12,26 Although we observe a notable 150%–300% tem-

perature increase at the GB, we estimate relatively low qGB

for our devices compared to the range reported in the litera-

ture for graphene grown by CVD on Cu and transferred for

measurements to SiO2. Our devices were grown using simi-

lar methods to those of Clark et al.12 and we report similar

qGB as their study. Interestingly, the results summarized in

Table I show no evident trend between graphene grain type

and the electrical properties of GBs.9–13

In order to facilitate a simpler yet physical understand-

ing of power dissipation at GBs, we developed an analytical

model to predict their temperature rise for the range of

observed qGB in all studies summarized by Table I.9–13

Figure 4(a) shows the model geometry and associated

FIG. 3. (a) Measured Dh of Device 1

from Fig. 1. The large Dh measured at

x� 0 lm is due to Joule heating at the

GB. Joule heating of a wrinkle is also

evident. (b) Measured A2 image of de-

vice, tilted clockwise by �35� from

(a). Red arrow shows x-axis direction

and the Pd electrodes are shown with

lighter contrast at the top-left and

bottom-right. Wrinkles are evident as

white lines across the graphene. (c)

and (d) Simulated Dh and DT of the

device, including only the GB which

had stronger resistive heating than the

wrinkles.
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electrostatic and thermal boundary conditions. The steady-

state analytical model is different from our frequency-

dependent measurements and FEA predictions. The solution

to the electrostatics and heat diffusion problems with accom-

panying assumptions is provided in the supplementary mate-

rial and was verified by an FEA model.19 For the analysis

described below, we assume graphene properties similar to

Device 1 with a channel length 2L¼ 10 lm. Figure 4(b)

shows the predicted voltage V(x) and temperature T(x) pro-

file of the device schematic from Fig. 4(a). The model pre-

dicts that the small voltage drop across the GB (VGB) causes

a large localized temperature rise (TGB) due to the highly

confined Joule heating at the grain boundary. Figure 4(c)

shows the percent voltage drop V%¼VGB/V0 and percent

power dissipated P%¼PGB/P0 at the GB for the geometry

shown in Figure 4(a), where V0 and P0 are the total applied

voltage and power dissipation of the entire device. Current

continuity along the device yields V%¼P%. We estimate

V%¼P%¼ 2.9% for Device 1 shown in Fig. 3.

Figure 4(c) shows the predicted temperature ratio

between the GB and the rest of the graphene grain,

T%¼TGB/T(L/2), from the analytical model; here, the gra-

phene temperature is taken at x¼L/2, the halfway point

between the GB and contacts. The analytical model overesti-

mates T% by 20%–50% compared to FEA simulations, as it

does not account for the (two-dimensional) heat spreading

through the substrate at the GB. The analytical model pre-

dicts T%� 300% for Device 1, close to the observed value of

150%–300%. In fact, the GB dominates the temperature rise

(T%> 200%) of Device 1 for any value qGB> 60 X lm, yet

the associated V%¼P%¼ 1.6% because the GB is a highly

localized heat source versus the 10 lm long device. These

results suggest that, in relatively “large” (e.g.,> 5 lm) inter-

connects with micron-size grains, GBs may not significantly

affect electrical performance, but the GBs will dominate the

temperature rise at such “hot spots” and therefore limit the

interconnect reliability. A similarly small effect of GBs on

large graphene interconnects has been predicted for their

thermal conductivity,8 as long as grains are micron-size (or

TABLE I. Measured qGB from three devices in this study and other values reported in the literature for graphene grown by CVD, sorted in approximate order

of increasing GB resistivity. The measurement column lists the method used to estimate qGB. AC-EFM is alternating current electrostatic force microscopy.

Resistive measurements are direct electrical measurements of the grain resistance, and 4-probe scanning tunneling microscopy (STM) uses a combination of

4-probe measurements and scanning tunneling spectroscopy (STS) at the GB to measure qGB. The GB of Device 2 did not experience significant heating and

approached the resolution of our simulations and measurements (see supplementary material19).

Device or study qGB (X lm) Measurement Fabrication/grain notes

Device 2 (Fig. S4) 8 6 8 This study Electropolished Cu, APCVD, hexagonal grains

Device 1 (Fig. 3) 120 6 60

Device 3 (Fig. S5) 150 6 30

Huang11 <60 AC-EFM LPCVD, dendritic/Flower patchwork grains

Clark12 43–140 4-Probe STM Electropolished Cu

APCVD, hexagonal grains

Tsen13 650–3200 Resistive LPCVD (2 Torr)

Patchwork grains

12 900–43 000 Resistive Formed Cu pocket,32

LPCVD (2 Torr), dendritic / flower grains

Yu9 8400 Resistive APCVD, hexagonal grains

Jauregui10 2000–15 000 Resistive APCVD, hexagonal grains

FIG. 4. (a) Schematic for the GB analytical model, showing two graphene

domains (L¼ 5 lm) on 90 nm SiO2 with a GB at the center (x¼ 0 lm). The

contacts are biased at V¼V0 (left) and V¼ 0 (right). (b) Analytically mod-

eled voltage V(x) and temperature T(x) of a device with similar physical

characteristics as Device 1. The figure shows the GB voltage drop VGB and

temperature rise TGB. (c) Predicted percent voltage drop V% and power dissi-

pation P% at the GB and predicted percent GB temperature rise T% relative

to the graphene sheet. The effective GB length ‘eff is the length of the gra-

phene channel with the same resistance as the GB.13 Lines and markers are

obtained with the analytical and FEA models, respectively. The black trian-

gle marker is the measured T% of Device 1. More information on the model

is provided in the supplementary material.19
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larger), i.e., greater than the graphene phonon mean free path

which is of the order of 100s of nm.3

In order to understand the effect of GB temperature rise

on “small” (e.g., <1 lm) graphene devices and interconnects

we recall recent experiments which have shown that GBs per-

turb the electronic wave functions for <10 nm of the sur-

rounding graphene.27 The electron-phonon scattering mean

free path is also of the order 20–80 nm in graphene on SiO2 at

room temperature.25 These two length scales suggest that

resistive heating only occurs within a few tens of nanometers

from the GB itself. However, the length scale of heat flow (1/e
temperature decay) away from the GB heat source is the lat-

eral thermal healing length, LH� 0.1–0.2 lm for graphene on

common SiO2 (90–300 nm) substrates on Si.19,28,29 Thus, the

average temperature of a sub-micron graphene device with

even a single GB will be significantly affected by the local

power dissipation at the GB.

In both small and large graphene devices and intercon-

nects with GBs, the temperature rise at such highly localized

nanoscale defects could lead to premature device failure29

before the average temperature of the graphene sheet has

significantly increased. Both graphene oxidation or dielectric

breakdown may be more likely to occur at GBs. These sce-

narios are similar to carbon nanotube (CNT) devices, where

breakdown30 and highly localized temperature rise at nano-

scale defects have also been studied with SJEM.18

In conclusion, we directly observed nanometer-scale

Joule heating of CVD-grown graphene using SJEM with

�50 nm and �0.2 K spatial and temperature resolution. We

noted a small increase in temperature at some wrinkles but a

large 150%–300% increase in temperature at GBs.

Comparing SJEM and electrical measurements with simula-

tions we estimate qGB¼ 8–150 X lm for our devices, among

the lowest values reported for CVD graphene.9–13 An analyt-

ical model is developed to predict power dissipation, voltage

drop, and temperature rise at GBs for the range of qGB

reported in the literature. The model predicts that the GB

may experience a large localized temperature rise which

could lead to localized device or dielectric failure at GB

locations, even before a significant increase of the average

device temperature.

Finally, methods which measure nanometer-scale tem-

peratures, such as SJEM and SThM (scanning thermal

microscopy), have greater sensitivity to study graphene GBs

than electrical techniques alone due to the large and local-

ized temperature rise at GBs and similar atomic-scale

defects. Knowledge of the nanoscale temperature rise and

Joule heating at graphene GBs is important for understand-

ing graphene devices and their reliability, as well as the

physics of polycrystalline graphene sensors, which have

increased sensitivity at their GBs and defects.6,31
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I. Graphene Fabrication 
 Graphene was grown on 125 μm thick Cu foil by atmospheric pressure chemical vapor 
deposition (APCVD) similar to previous reports.1,2 The Cu foil was electropolished in 
concentrated H3PO4, and the foils were then annealed for 1 hour at 1000 °C under 500 sccm flow 
of 2.5% H2 in Ar. The growth was performed by addition of 8 sccm 0.1% CH4 for 90 min.1,2 

Graphene was transferred to the 90 nm SiO2/Si substrates by coating one side of the Cu 
foil with a bilayer of poly(methyl methacrylate)  (PMMA), 495 K A2 and 950 K A4, at 3000 rpm 
followed by a 200 °C bake for 2 min. An O2 plasma etch of the graphene backside is performed 
prior to overnight exposure to the Cu etchant (Transene CE-100). The resultant PMMA/graphene 
film is transferred to a series of rinses to remove residual metal particles and etchants.3 The film 
is then transferred onto the receiving substrate and left to dry in ambient conditions before 
removing the supporting PMMA in a 1:1 methylene chloride to methanol solution for 20 min. As 
a final step, the samples undergo a 400 °C anneal under 500 sccm Ar and 100 sccm H2 flow to 
remove residual PMMA.4 

Electron beam (e-beam) lithography 
was used to pattern contacts for the graphene 
devices.  Suitable devices were located using 
optical microscopy to find isolated hexagonal 
graphene grains which coalesced forming a 
grain boundary (GB). First, e-beam 
lithography was used to pattern a region 
around each lead to remove undesired 
graphene by O2 plasma etching. Then, e-beam 
lithography was used to pattern electrical 
contacts. Electrical contacts were deposited by 
e-beam evaporation of 1/70 nm of Cr/Pd. 
Fabrication was completed by spin coating the 
samples with 55-70 nm of PMMA for the 
scanning Joule expansion microscopy (SJEM) 
measurement.5,6 

II. Scanning Joule Expansion 
Microscopy (SJEM) 
 Figure S1 shows a schematic of the 
SJEM experiment. A sinusoidal waveform 
with amplitude VDS biases the device and 

 
FIG S1. Schematic of scanning Joule expansion 

microscopy (SJEM) measurements. An AFM 

cantilever in contact with the surface measures 

thermo‐mechanical expansion of the sample due 

to periodic resistive heating of the device. From 

top to bottom the device is composed of 55‐70 

nm PMMA, 70 nm Pd, a graphene monolayer, 

and 90 nm SiO2 on a highly p‐doped Si substrate. 
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generates resistive heating within the device. The resulting thermo-mechanical expansions of the 
sample were measured by the AFM cantilever, laser, and photodiode. A lock-in amplifier 
recorded the peak-to-peak (twice the amplitude) surface expansion Δh. A constant back-gate 
voltage VG = 0 V was applied to control the carrier concentration of the graphene sheet during 
the measurements. 

III. Joule Heating due to Grain Boundary (GB) Geometry 
 Figure S2 shows the simulated Δh and ΔT of Device 1 due to the device geometry and the 
presence of a grain boundary with finite resistivity ρGB ≠ 0. The constriction of the graphene 
grains at the GB causes an increase in current density and Joule heating at the GB. Figures S2 (a) 
and (b) show the increased current density at the GB causes <25 % and <50 % increase in the 
simulated Δh and ΔT at the GB compared to the graphene sheet. The simulated VDS for Figs. 
S2(a) and (b) was decreased to account for the lack of simulated grain resistance. Figures S2(c) 
and (d) show the same device with a resistive GB and show a 100-200 % and 150-300 % 
increase in the simulated Δh and ΔT at the GB, relative to the graphene sheet. The additional 
simulated increase in Δh 
and ΔT of Figs. S2(c) 
and (d) compared to Fig. 
S2(a) and (b) is due to 
the presence of a 
resistive GB. The 
simulated ρGB = 180 Ω 
μm was obtained from 
fitting measurements and 
simulations of Device 1 
at VDS = 2.34 V, shown 
in Fig. 3. Fitting 
measurements and 
simulation at other bias 
conditions yielded ρGB = 
60-180 Ω μm with the 
average and deviation of 
the simulated ρGB 
reported in Table I of the 
main text. 

 
IV. Finite Element Analysis Model 
IV-A. Model Equations 

A three dimensional (3D) frequency domain electro-thermo-mechanical finite element 
analysis (FEA) model was developed to simulate graphene device behavior. The heat diffusion 
and Poisson equations are shown in Eqs. S1 and S2.7 
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FIG S2. Simulated Δh and ΔT of Device 1 of the main text for ρGB = 0 Ω 

μm (a,b) and ρGB = 180 Ω μm (c,d) for VDS = 2.34 V. The grain boundary 

is located at x ≈ 0 μm. The simulation results shown in (c) and (d) are 

the same as Figs. 3(c) and (d). 
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The density, heat capacity, thermal conductivity, electrical conductivity, temperature, and 
voltage are given by ρd, cP, k, σ, T, and V. Equations S3 and S4 show the expected voltage and 
thermal waveforms. 

 0 1 cos(2 )V tV V      (S3) 

 0 1 2cos(2 co) s(2 2 )tT T T T t        (S4) 

The subscripts denote the amplitude of V and T at the zero, first, and second harmonics. 
The frequency of the applied bias ω = 61-230 kHz for all experiments. The peak-to-peak 
graphene temperature rise is ΔT = 2|T2ω|. We applied V0ω = 0 V which implies T1ω = 0 K for a 
Joule heated device. The Fourier transform of Eqs. S1 and S2 with Eqs. S3 and S4 yields Eq. S5. 
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Equation S5 was coded into the PDE physics and coupled with thermo-mechanical 
physics in COMSOL. Transforming and solving the equations in the frequency domain reduced 
computation time and convergence issues.6 

IV-B. Model Geometry 
 Figure S3 shows the 3D FEA model geometry. Device geometry was modeled from 
optical images and the e-beam lithography pattern of the device. The model consisted of 55-70 
nm PMMA, 70 nm Pd, 1 nm graphene, and 90 nm SiO2 on top of a 200 μm diameter, 100 μm tall 
Si cylinder. The large domain was chosen to be larger than the Si thermal penetration length.6 
The graphene was 
modeled 1 nm thick to 
decrease computation 
time, and all graphene 
properties were adjusted 
by the graphene 
thickness. The thermal 
properties of the graphene 
do not significantly affect 
the simulations.5,6 The 
minimum mesh size was 
~100 nm, larger than the 
measurement resolution. 

Table S1 lists the 
thermophysical properties 
used in the model. We set 
the electrode resistivity to 
zero for the current 
model. Therefore, the 
FEA model directly 

FIG. S3. (a) Top and (b) side view of model geometry. The PMMA is 

modeled as a cylinder covering the SiO2 and graphene surface with 

two additional PMMA rectangles on top of the Pd electrodes as 

shown. The PMMA has a minimum overhang of ~200 nm over the Pd 

electrodes to reduce the mesh intensity. (b) Side view of the model 

center about the x‐axis. The schematic is not to scale. 
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simulated the device resistance R, without simulating additional lead resistance. The model does 
not include the effects of wrinkles or temperature dependent graphene properties. 

Table SI. Electro‐thermo‐physical properties of materials used in the simulation. From left to right the 

listed properties are the thermal conductivity, density, heat capacity, coefficient of thermal expansion, 

Poisson’s ratio, and elastic modulus. 

Material 
k 

W m-1 K-1 
ρ

d
 

kg m-3 

c
P
 

J kg-1 K-1 

α
CTE

 

K-1 ×106 
ν 

E 
GPa 

Graphene 300 2,100 710 -5 0.2 1000 
Pd 30 12,000 244 11.8 0.39 121 

PMMA 0.18 1,200 1,500 50 0.35 3 
SiO2 1.4 2,220 745 0.5 0.17 64 

Si 80 2,330 712 2.6 0.28 165 

 

Figure S3 also shows the boundary conditions for the 3D FEA model. The device is 
biased at the contacts and has a heat sink at the bottom as shown. The top surfaces are not 
mechanically constrained. All other surfaces are electrically and thermally insulated and 
mechanically constrained. 

IV-C. Fitting Measurements and Simulations 
 Fitting FEA simulations and SJEM measurements of Δh yielded the graphene device 
properties and temperature rise. The model varied the graphene resistivity ρ, graphene-Pd contact 
resistivity ρC (per unit contact area) and GB resistance ρGB (per unit GB width). The best fit 
between measurements and simulations was found by the largest coefficient of determination r2 
(typically > 0.75) between measured and simulated Δh with a simulated device resistance R 
similar to measurements. 

The measured graphene resistance R and voltage drop VDS was calculated from two 
terminal resistance measurements. We calculated and subtracted the resistance and voltage drop 
of the Pd leads from the two terminal measurements. We prepared two sets of samples, and we 
found the Pd resistivity of each to be ~2.5×10-7 and ~5.0×10-7 Ω m, similar to our previous 
work.5,8 Devices with higher resistivity Pd leads had higher simulated ρC indicating low quality 
Pd. We note that varying the Pd thermal conductivity between 15-30 W m-1 K-1, calculated from 
the Wiedemann-Franz law, did not significantly change the simulations. The model did not 
account for wrinkles or temperature dependent graphene resistivity. Unknown probe resistance 
and contact resistance of our home-built atomic force microscopy (AFM) probe station 
introduced additional uncertainty in our measurements. Therefore, we adjusted the simulated Δh 
by -20 to +10 % depending on the device and bias condition to account for these discrepancies. 

IV-D. Contact Resistivity Underestimation 
The FEA simulations underestimate the graphene-Pd contact resistivity ρC due to inexact 

modeling of the graphene-Pd contact shape, which is tapered not rectangular, owing to the shape 
of the grains. Optical measurements were used to estimate the graphene shape for the FEA 
models; the limited resolution of this approach before Pd deposition may have led us to under-
estimate the area of graphene under the contacts in the FEA model, which increases the 
simulated current crowding and contact heating. We also assume the PMMA has a square, 
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stepped profile at the Pd edge, instead of the measured conformal PMMA coating. Therefore, we 
simulate a thicker PMMA layer at the Pd edge. Figure S3 shows we model a 200 nm thick 
overhang of PMMA at the electrode edge, which is larger than the ~100 nm thick PMMA 
overhang experimentally observed.5 We were unable to simulate a thinner PMMA overhang. The 
thicker PMMA layer at the Pd edge would increase the simulated Δh at the contacts. The 
inaccurate modeling of the graphene shape and PMMA coating at the contacts would increase 
the simulated contact heating and Δh at the contacts. Therefore, a lower than expected ρC (per 
unit area) could match the measured contact heating and Δh at the contacts. However, the 
simulated contact resistance did not significantly affect the simulated device resistance. 

V. Dual Alternating Contact AFM Measurements 
Dual alternating contact, or bimodal, AFM measurements can enhance the material 

contrast of an AFM image due to changes in surface mechanical properties.9 The AFM cantilever 
is excited at the first and second resonances. The amplitude of the first resonance is held constant 
and used in the AFM feed-back loop to measure sample topography. The second resonance 
amplitude A2 and its phase are recorded as the AFM cantilever raster scans the surface. Previous 
work has shown the second resonance has increased sensitivity to surface mechanical properties9 
and can identify monolayer from bilayer graphene.10 In this study we post-process our AFM data 
by subtracting the average SiO2 A2 signal from each line scan. This process improves the image 
contrast and creates a uniform image by adjusting for changes of the AFM cantilever tip due to 
interaction with debris or tip wear while scanning. 

VI. Additional Devices 
VI-A. Device 2 

Figures S4(a) and 
(b) show the measured Δh 
and A2 of two coalesced 
graphene grains, Device 2. 
The analysis of Device 2 is 
similar to Device 1 of the 
main text and duplicate 
details are omitted here. 
Figure S4(a) shows a ~10-
50 % increase in Δh at the 
GB. An increase in Δh of 
~10-40 % is measured along 
two (1-2 nm tall) labeled 
wrinkles in Fig. S4(a). The 
two wrinkles rest at an angle 
51 and 79 ° to the carrier 
flow direction (along the x-
axis). We do not observe an 
increase in Δh at other 
wrinkles (1-4 nm tall) 
oriented parallel to the 

 

FIG. S4. (a) Measured Δh of Device 2. The large Δh measured at x ≈ 0 

μm is due to Joule heating of the GB. Joule heating of two wrinkles 

are also evident. (b) Measured A2 image of device tilted 

counterclockwise by ~32 ° from (a). Red arrow indicates the x axis 

direction, and the Pd electrodes are shown with lighter contrast at 

the bottom‐left and top‐right. Wrinkles are evident as white lines 

across the graphene. (c) and (d) Simulated Δh and ΔT of the device. 
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current flow direction. 
Figures S4(c) and 

(d) show the simulated Δh 
and ΔT for Device 2. 
Fitting the measured and 
simulated Δh for two 
measurements each at VDS 
= 0.35, 0.47, 1.03, and 1.72 
V yields ρ = 6.3 ± 0.8×10-2 
Ω µm (RS ≈ 190 Ω/sq.), ρGB 
= 8 ± 8 Ω µm, and ρC = 25 
± 10 Ω µm2. The model 
matches simulations with a 
coefficient of determination 
r2 = 0.89 ± 0.02 and 
simulates the device 
resistance R = 213 Ω, close 
to the measured 196 Ω. 
Figure S4(d) shows the 
simulated ΔT increases 
~10-30 % at the GB. 

VI-B. Device 3 
Figures S5(a) and 

(b) show the measured Δh 
and A2 of two coalesced 
graphene grains, Device 3. 
The analysis of Device 3 is similar to Device 1 of the main text and repeated details are omitted 
here. Figure S5(a) shows a large 50-300 % increase in Δh at the GB. Figure S5(b) shows 
multiple wrinkles (1-6 nm tall) orientated perpendicular to the current flow direction (along the 
x-axis). No increase in Δh is observed at each wrinkle. However, the high wrinkle density makes 
it difficult to discern if all or none of the wrinkles experience uniform heating. 

Figures S5(c) and (d) show the simulated Δh and ΔT for Device 3. Fitting the measured 
and simulated Δh for two measurements each at VDS = 0.95, 1.45, and 1.9 V yields ρ = 0.1 ± 0.01 
Ω µm (RS ≈ 300 Ω/sq.), ρGB = 150 ± 30 Ω µm, and ρC = 130 ± 25 Ω µm2. The model simulates 
ΔT increases ~100-300 % at the GB. We note the model under estimates Δh, and therefore ΔT, at 
the GB edges due to the limited (~100 nm) mesh resolution, and we expect the actual ΔT to be 
larger than FEA simulations. 

VII. Analytical Model 
VII-A. Derivation 

A two dimensional (2D) analytical model was developed to predict the temperature rise 
and power dissipation for the range of observed ρGB (~10-104 Ω μm).1,11,12,13 Figure 4(a) shows 
the model geometry and associated electrostatic and thermal boundary conditions. The analytical 
model assumes the device is uniform in width and does not capture the non-uniform current 

 
FIG. S5. (a) Measured Δh of Device 3. The large Δh measured at x ≈ 0 

μm is due to Joule heating of the GB. No Joule heating from 

individual wrinkles is evident. (b) Measured A2 image of device tilted 

counter‐clockwise by ~30 ° from (a). Red arrow indicates the x axis 

direction, and the Pd electrodes are shown with lighter contrast at 

the bottom‐left and top‐right. Wrinkles are evident as white lines 

across the graphene. (c) and (d) Simulated Δh and ΔT of the device. 
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density observed experimentally. The analytical model is a steady-state model and differs from 
our previously derived frequency domain FEA model used to interpret SJEM results. Solving the 
electrostatic component of Fig. 4(a) for the voltage profile V(x) yields Eq. S6: 

 
( ) for 0

( )
( ) for 0

effE L x x
V x

E L x x

   
    


  (S6) 

where E = V0 / (2L + ℓeff) and ℓeff = ρGB/RS. The effective GB length ℓeff is the length of the 
graphene channel with resistance equal to that of the GB.13 

The percent voltage drop and power dissipated at the GB relative to the whole device are 
given by V% = VGB/V0 and P%. The voltage drop across the GB is VGB = V(0-)-V(0+), and the 
voltage drop across the entire device is V0. The power dissipated at any point is given by P(x) = 
V(x)×I, where I is the current. The constant (continuous) current density in the device implies V% 
= P%. Equation S7 shows a simple relation for P%, V%, ℓeff, and the device length 2L. 

 %% 100 / (1 2 / )effP V L      (S7) 

Equation S8 shows the associated temperature rise profile T(x) for the device voltage 
profile from Equation S6. Equation S8 is derived assuming the graphene is isothermal along its 
width and heat flows 1D (vertical) in the substrate to the heat sink at Ts. 
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where ts is the insulating substrate thickness (here 90 nm SiO2), t = 0.34 nm is the graphene 
thickness, ks =1.4 Wm-1K-1 is the SiO2 substrate thermal conductivity, and k = 300 Wm-1K-1 is 
the graphene thermal conductivity (here encased between SiO2 and PMMA).14 The thermal 
healing length15 LH = (k×t×ts/ks)1/2 is approximately 80 nm for our geometry. 

Equation S10 yields the percent increase in GB temperature T% = TGB/T(L/2) relative to 
the graphene sheet. The GB temperature rise TGB is divided by the temperature rise at T(L/2), 
halfway between the GB and contacts.  To derive Eq. S10 we assume Ts = T0 = 0 K and LH ≪ L. 

 T% = 
/

/(2 )
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e Q

e

L
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VII-B. Verification of Analytical Model 
 A FEA model of the device in Figure 4(a) was developed to verify Equations S6-S10. 
The FEA and analytical model yield the same results for Equations S6 and S7. The FEA and 
analytical model yield similar results for Equations S8 and S10. The predicted T(x) of the FEA 
and analytical model deviate slightly at the contacts and GB as the FEA model accounts for 2D 
heat spreading in the substrate. Lateral substrate heat spreading is significant within a few LH of 
the GB and contacts. The analytical model does not account for lateral substrate heat spreading, 
overestimates TGB by 20-50 %, and is an upper bound of the predicted T%. 
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VIII. Thermal Measurements of Grain Boundaries 
The measurement column of Table I lists the measurement technique used to measure the 

GB resistivity ρGB. For high ρGB (≥103 Ω μm) electrical (resistive) based measurements are able 
to measure ρGB, as the GB resistance RGB and GB voltage drop VGB are large.12,13 For low ρGB 
(≤100 Ω μm) electrical measurements are unable to measure ρGB, as VGB and RGB are small11 and 
only electrically based scanning tunneling microscopy (STM) measurements have been able to 
observe low resistivity GBs.1 Low ρGB GBs do not significantly affect graphene electrical 
performance, particularly for longer devices (e.g. >5 μm).11 However, we have shown the GB 
temperature rise can be large for low ρGB devices. The large GB temperature rise is due to highly 
local Joule heating at the GB. Recent work has estimated the GB influences <10 nm of the 
surrounding graphene,16 and even a low VGB will cause significant and highly localized Joule 
heating across such a small area. Therefore, nanometer-scale based thermometry methods, such 
as scanning thermal microscopy (SThM)17 and SJEM,5,6,18 have potential to study graphene GBs 
due to the large temperature rise at the GB. 

IX. Raman Measurements 
Figure S6 shows a typical Raman 

spectrum of the graphene used in this study. 
We note a large amorphous carbon baseline at 
~1100-1500 cm-1 due to unstitched areas of 
carbon, wrinkles in the graphene grain, or 
leftover polymer residue from the transfer 
which carbonized during the anneal. The 
amorphous carbon baseline was present on 
other samples transferred with PMMA, 
poly(bisphenol A carbonate), and poly(lactic 
acid) (PLA) scaffolds.19 The baseline persists 
on all samples, regardless of the transfer 
scaffold used, suggesting that it originates 
during the CVD growth process. Regardless, 
the presence of the amorphous carbon baseline 
does not allow us to determine quantitatively if 
the graphene is monolayer from solely the 
2D/G peak ratio [I(2D)/I(G)]. Therefore, we measured the full width at half maximum (FWHM) 
of the 2D band and found it to be ~25 cm-1 which implies the graphene is monolayer.20 We also 
do not observe a pronounced nucleation point from our Raman scans, which would indicate 
bilayer graphene, or additional optical absorption peaks from turbostratic graphene. These 
observations support the conclusion that the graphene is monolayer. 
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