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In-situ measurement of the heat 
transport in defect- engineered 
free-standing single-layer graphene
Haidong Wang1, Kosaku Kurata1, Takanobu Fukunaga1, Hiroshi Takamatsu1, Xing Zhang2,5, 
Tatsuya Ikuta3, Koji Takahashi3, Takashi Nishiyama3, Hiroki Ago4 & Yasuyuki Takata5

Utilizing nanomachining technologies, it is possible to manipulate the heat transport in graphene 
by introducing different defects. However, due to the difficulty in suspending large-area single-layer 
graphene (SLG) and limited temperature sensitivity of the present probing methods, the correlation 
between the defects and thermal conductivity of SLG is still unclear. In this work, we developed a new 
method for fabricating micro-sized suspended SLG. Subsequently, a focused ion beam (FIB) was used 
to create nanohole defects in SLG and tune the heat transport. The thermal conductivity of the same 
SLG before and after FIB radiation was measured using a novel T-type sensor method on site in a dual-
beam system. The nanohole defects decreased the thermal conductivity by about 42%. It was found 
that the smaller width and edge scrolling also had significant restriction on the thermal conductivity of 
SLG. Based on the calculation results through a lattice dynamics theory, the increase of edge roughness 
and stronger scattering on long-wavelength acoustic phonons are the main reasons for the reduction 
in thermal conductivity. This work provides reliable data for understanding the heat transport in a 
defective SLG membrane, which could help on the future design of graphene-based electrothermal 
devices.

Being a widely studied two-dimensional (2D) material, graphene has attracted increasing attention in a broad 
range of scientific fields1. Because of its ultra-strong sp2 bonding force between two neighboring carbon atoms, 
graphene has shown a remarkably high thermal conductivity2, λ, which makes it one of the most promising 
materials for spreading waste heat generated in micro or nanoelectronic devices3. However, the 2D structure 
of graphene is not robust and stable in nature4. Edge folding, scrolling, rippling or structural defects are readily 
generated during the graphene’s growth and processing. These defects will decrease the intrinsic thermal con-
ductivity and lead to a deterioration in the performance of graphene-based devices5. On the other hand, it pro-
vides an opportunity to manipulate the heat transport in graphene by introducing different kinds of defects. 
This technique is rather useful in designing functional graphene devices. Within all these applications, the most 
fundamental problem is to achieve the quantitative correlation between the defects and thermal conductivity of 
graphene.

Recently, the Raman thermometry method has been used to measure the thermal conductivity of suspended 
single-layer graphene (SLG)6–8. The reported λ value is in a range of 1800 ∼  5300 Wm−1 K−1. Because of the lim-
ited temperature sensitivity of Raman frequency shift, it is rather difficult to accurately measure the difference 
in the thermal conductivity of graphene caused by nano-scale defects. Alternatively, electrical methods could 
provide higher measurement accuracy and the temperature sensitivity is independent of the sample’s defect. The 
thermal conductivities of supported graphene and suspended graphene with different layers have been meas-
ured by using a microresistance thermometer9–11 method and modified T-type sensor12 method. At present, the 
reported data measured by electrical methods are still quite few because the fabrication process of microresistance 
device connected with suspended graphene is much more complicated than the Raman method.
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In the present study, we report thermal conductivities of three types of suspended SLGs measured electrically 
by an in-situ T-type sensor method: (a) complete and flat graphene; (b) graphene with nanoholes induced by a 
focused ion beam (FIB) radiation; (c) graphene with edge scrolling. The highest λ value of type (a) graphene 
is found to be about 2300 Wm−1 K−1 near room temperature considering the contact thermal resistance. The 
Raman spectrum and scanning electron microscope (SEM) image were used to test the quality of fabricated 
graphene sample. Although no obvious polymeric residues or impurities were found on the suspended graphene, 
nano-scale residues may still remain after the MEMS process. In the supplementary material, the quality of sus-
pended graphene membrane is discussed in detail. In this context, in-situ measurement means that the exper-
iment was performed in an electron beam (EB)/FIB dual-beam system and the data of the same SLG sample 
were collected uninterruptedly before and after FIB radiation. By comparing these data, the influence of defect 
on thermal conductivity could be precisely captured. λ values of type (b) and type (c) SLGs are reduced by about 
42% and 38%, respectively, compared with the type (a) SLG. The underlying mechanisms are explained using the 
theory of lattice dynamics. Several phonon scattering mechanisms are discussed in detail.

Results
We developed a new method for suspending SLG ribbon connected to a microsensor. The fabrication details are 
given in the method section and supplementary material. Instead of long time wet etching, we used only 20 s 
XeF2 gas etching to remove the Si beneath the sensor. The etching depth was about 5 μ m. During the etching 
process, the graphene was fully protected by EB-resist and SiO2 layer on the upper and lower surfaces, formed 
as a sandwich structure. The Raman spectrum of graphene sample is given in the supplementary material. The 
graphene microribbon was created by EB-lithography and O2 plasma etching. The O2 plasma caused unavoidable 
defect to the edges of graphene ribbon, thus a small D-band peak was found afterwards. Similar phenomenon 
was observed elsewhere in SLG13. The intensity ratio between D-band and G-band is 0.2. Based on a quantita-
tive Raman evaluation result, there is only one defect per 4 ×  104 C atoms14. This low defect level should have 
negligible effect on the heat conduction process. In this work, six graphene samples were prepared for meas-
urement, denoted from SLG1 to SLG6. These samples have different sizes, edge scrolling or defect conditions. 
High-resolution SEM images were taken for each sample. Because of the sufficient etching depth beneath SLG, the 
contrast between SLG and background is much better than the sample supported on substrate. Even the wrinkle 
and scrolled edges of SLG are clearly seen. It is worth noting that these SEM images were taken after the thermal 
measurement, because the EB radiation may cause damage to the crystal structure of graphene and decrease its 
thermal conductivity.

Figure 1 shows the SEM images of all six suspended SLG samples. SLG3, SLG5 and SLG6 are the complete and 
flat samples without any obvious defects. Therefore, their thermal conductivities are mostly close to the intrinsic 
properties of SLG. For the other samples, some edge or nanohole defects were randomly generated. In SLG1, an 
obvious edge scrolling is seen. The edges are scrolled from both sides to the center. In SLG4, two nanoholes are 

Figure 1. SEM images of SLG samples. SLG ribbon is connected to the middle of the Au nano-film sensor, 
named as “T-type” sensor method. The samples were tilted for a better observation. Six sensors have almost 
the same geometric dimensions. Six SLG samples were tested in the experiment: (SLG1) narrow sample with 
obvious edge scrolling from both sides to the center; (SLG2) narrow sample with noticeable edge scrolling; 
(SLG3) narrow sample with small edge scrolling; (SLG4) narrow sample with noticeable edge scrolling and two 
nanoholes; (SLG5 and SLG6) wide samples with small edge scrolling.
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observed near the end connected to the sensor. Meanwhile, some small wrinkles are noticed in the SLG samples, 
indicating that the suspended SLG is not completely flat even without other defects. For SLG5 and SLG6, FIB 
radiation was employed to create nanoholes. Following an in-situ measurement procedure, the reduction in ther-
mal conductivity was accurately measured.

The thermal conductivity of SLG was measured using a T-type sensor method, which was successfully applied 
to measure the individual carbon nanotubes15. The properties of suspended metallic nanofilm sensor were stud-
ied in detail in our previous work16,17. A brief principle of this method is given in the supplementary material. A 
commercial finite-element software COMSOL multiphysics was used for thermal analysis. As shown in the SEM 
image, the size of suspended Au sensor is comparable to the SLG sample, indicating a high temperature sensitiv-
ity. On the other hand, the suspended 100 nm thick Au sensor is very fragile during the measurement. Even small 
electrical current fluctuation or static electricity may break the sensor. The suspended Au sensor serves as a pre-
cise thermometer. Its thermal conductivity, temperature coefficient of resistance (TCR) may be slightly changed 
after overnight preservation or experiencing O2 plasma radiation. In order to avoid any possible influence to the 
measurement accuracy, the experiment was conducted according to the following steps: (1) the T-type sensor 
with SLG was placed on a Peltier heating/cooling stage in FEI Versa 3D EB/FIB dual-beam system. A four-wire 
method was used for resistance measurement; (2) the thermal conductance of Au sensor connected with SLG 
was measured under different temperature and electrical power conditions; (3) EB was turned on to take SEM 
images of SLG (see Fig. 1). After that, FIB was turned on for creating nanoholes or directly cutting SLG; (4) the 
thermal conductance of bare sensor was measured again under the same conditions as in step 2. The thermal 
conductivity of SLG can be calculated by comparing two thermal conductances measured in step 2 and step 4. 
This in-situ measurement procedure guarantees a high measurement accuracy to capture the effect of defects on 
thermal transport in graphene.

As described in the method section, the final step is to remove the protection layers of SLG. We carefully 
controlled the wet etching time for removing SiO2 beneath SLG (only 10s) and left about 40 nm thick SiO2 layer 
below the suspended Au sensor and SLG. The high-magnification SEM image of the cross-section of film sensor 
is given in the supplementary material. In this way, the contact area between SLG and Au film sensor (with 10 nm 
Cr adhesion layer) is in an Au-Cr/SLG/SiO2 sandwich structure. The reported interfacial thermal resistance for 
Au-Ti/graphene/SiO2 is 4 ×  10−8 m2 KW−1 18. A complete contact thermal resistance analysis is given in the sup-
plementary material. Using a fin thermal resistance model9, the contact thermal resistance between graphene and 
thin film sensor contributes about 10% to the total thermal resistance of SLG.

Figure 2 shows the experimental results of all six SLG samples, comparing with the data from literatures. 
Table 1 shows the dimensions of SLG samples based on the SEM images. The largest SLG width at one end 
connected with Au sensor was used for calculation (see the supplementary material). The sample numbers 
(SLG1-SLG6) are ordered from small width to large width. The thickness of SLG is 0.334 nm as recommended 
in ref. 19. The temperature range of Peltier stage installed in the dual-beam system is from 263 K to 313 K. The 
temperature range in Fig. 2 is the result considering the average temperature rise of SLG during the measurement. 
It was reported that the defects and polymeric residues are the main reasons for the different λ values measured 

Figure 2. Measured thermal conductivities of SLG samples. The empty symbols are the experimental data 
from literatures. λ values measured by Raman method6–8,27 are all above 2000 Wm−1 K−1. Our experimental data 
(solid symbols) are close to the Raman measurement result.

Parameters SLG1 SLG2 SLG3 SLG4 SLG5 SLG6

Length (μ m) 1.86 1.56 1.65 1.62 1.62 1.73

Width (μ m) 0.42 0.85 1.22 1.30 1.92 2.08

Table 1.  Dimensions of SLG samples.
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by Raman and electrical methods9. In our fabrication method, the SLG sample was protected by the resist and 
SiO2 layers during the gas etching processes. Defects and polymeric residues come from the last step of removing 
the protection layers. We optimized the wet etching parameters (time and temperature) to minimize the residues 
on SLG sample. However, nano-scale polymeric residues may still remain on the graphene surface. We discussed 
about the quality of graphene based on the Raman spectrum in the supplementary material. It is noted in Fig. 2 
that the λ value extracted from the measured electric field data in ref. 20 is 2500 Wm−1 K−1 at room temperature, 
which is at the same level of our data. In this work, the SLG sample was carefully suspended and cleaned after 
removing the SiO2 layer beneath SLG. The authors also found that the clean samples mostly approached the 
intrinsic properties of graphene.

Except for SLG5 and SLG6, λ values of the other samples are relatively smaller because of the following rea-
sons: smaller width, edge scrolling and nanohole defect. Comparing with SLG5 and SLG6, SLG2 and SLG3 have 
smaller widths. λ is decreased by about 15%. SLG4 has smaller width and two nanoholes. λ is decreased by about 
36%. SLG1 has smaller width and obvious edge scrolling. λ is decreased by about 43%. More detailed analysis 
is given in the following sections. Considering the uncertainties of sensor calibration, finite-element analysis, 
temperature fluctuation of stage and size measurement, the total uncertainty of λ is estimated to be about 10%.

Perfect material properties of graphene come from its unique 2D crystal structure. On the other hand, it is 
possible to manipulate the properties of graphene by designing and changing its 2D structure. EB/FIB dual-beam 
system provides us a powerful tool for doing such nano-machining on graphene. In the experiment, we focused 
Ga+ ions in a shape of 100 nm line on SLG5 and SLG6. Under the condition of lowest current 1.6 pA and 30 kV 
accelerating voltage, the exposure dose is estimated to be about 2.3 ×  10−3 pA/nm2. The thermal conductance of 
sensor was measured three times after 1s, 3s FIB radiation and complete cut-off of SLG.

Figure 3 shows the SEM images of SLG samples after FIB radiation. It was observed that SLG was very frag-
ile to FIB. Nanoholes were created after 1s radiation. The designed radiation area was 100 nm line in the mid-
dle of SLG. However, several nanoholes appeared at the same time and the size was much bigger than 100 nm. 
Meanwhile, the width of SLG at half-length decreases as the radiation time increases. This phenomenon may be 
related to the special mechanical characteristics of suspended SLG. An effective width was defined for the SLG 
with nanoholes in the thermal analysis (see the supplementary material). After 1s FIB radiation, the thermal 
conductivity of SLG5 is decreased to about 50% of the original value, even smaller than the value of the narrow 
SLG4 with naturally generated nanoholes. After 3s FIB radiation, the thermal conductivity is further decreased 
to about 20%.

Discussion
In the framework of lattice dynamics, the thermal conductivity of SLG can be calculated as21:

Figure 3. Nanoholes on SLG after FIB radiation. Nanoholes are easily created on SLG by short time FIB 
radiation. (a) SLG5 before FIB radiation; (b) SLG5 after 1s radiation; (c) SLG5 cut-off by FIB; (d) SLG6 before 
FIB radiation; (e) SLG6 after 1s radiation; (f) SLG6 after 3s radiation. SLG appears to be very fragile under FIB 
radiation. Even lowest current FIB could easily damage SLG. Another interesting phenomenon is that SLG 
‘shrinks’ after FIB radiation. Its width at half-length decreases as the radiation time increases.
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where kB, , ωs, τs, q and T are the Boltzmann constant, reduced Planck constant, phonon frequency, relaxation 
time, wave vector and temperature, respectively. δ =  0.35 nm is the interplanar spacing of graphite. vs =  dωs/dq is 
the group velocity. The subscript s stands for six different phonon polarization branches, including three acoustic 
branches (TA, LA, ZA) and three optical branches (TO, LO, ZO). ωs, vs and τs are mode-dependent variables, 
which are determined for each phonon wave vector and phonon branch. A full phonon dispersion relation from 
a valence-force field method is used for calculating λ. All six phonon branches have been taken into account22.
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where γs, vsand M are the Gruneisen parameter, average phonon velocity and mass of a graphene unit cell, respec-
tively. ωs,max =  ωs (qmax) is the maximum cut-off frequency. d is the width of graphene ribbon. p is a specularity 
parameter describing the roughness at the graphene edges.

Figure 4 compares all the measured λ values of SLGs (six samples and SLG5 after 1 s FIB radiation) and the 
theoretical calculation results through equation (1). In the calculation, γLA and γTA are chosen to be 1.80 and 0.75, 
respectively, as recommended in Ref. 21. It is found that the phonons of LA and TA modes are the dominant heat 
carriers for SLG. The ZA branch is also found to have non-negligible contribution. In the latest first-principles cal-
culation, ZA branch phonons are found to have important contribution to the thermal transport in graphene23,24. 
Regarding the phonon scattering, both Umklapp and boundary scatterings are important for decreasing λ of 
SLG. For Umklapp scattering, the minimum cut-off frequency ωs,min =  ωs (qmin) plays an important role in deter-
mining λ. The acoustic phonons near the center of 1st Brillouin zone have long life time and high group velocity, 
contributing significantly to λ. Theoretically speaking, the one-atom thick SLG has no long-wavelength limit, 
because there is no coupling between the in-plane and cross-plane phonon modes21. However, the relaxation 
time of long-wavelength phonons tends to be infinite as ωs,min approaches zero, which leads to an erroneous cal-
culation result25. Based on our experimental results, ωs,min is about 0.9 THz and 0.6 THz for LA and TA branches, 

Figure 4. Comparison between the experimental data and theoretical calculation results. All the SLG 
samples are divided into four groups: (1) SLG5 and SLG6, the complete, flat and wide SLGs. λ is in a range of 
1655 ∼  2300 Wm−1 K−1; (2) SLG2 and SLG3, SLGs with smaller widths than the ones in the 1st group. λ is in 
a range of 1400 ∼  1937 Wm−1 K−1; (3) SLG4 and SLG5 after 1s FIB radiation, SLGs with several nanoholes. λ 
is in a range of 913 ∼  1611 Wm−1 K−1; (4) SLG1, edges scrolled from both sides to the center. λ is in a range of 
973 ∼  1195 Wm−1 K−1. The solid, dashed and dotted lines are the calculation results through equation (1).



www.nature.com/scientificreports/

6Scientific RepoRts | 6:21823 | DOI: 10.1038/srep21823

respectively, which is much smaller than the value of 4 THz in bulk graphite26. This is a reflection of the 2D nature 
of heat transport in SLG. The long-wave length phonons have more important contribution to the heat transport 
in graphene than in bulk graphite. It is one of the reasons that the thermal conductivity of graphene is much 
higher than graphite 27–29 (see Fig. 2). Regarding the defect and size effects on λ, the following conclusions are 
obtained:

(1) The width has a notable effect on λ when comparing the results of SLGs 5, 6 and SLGs 2, 3. Judging by their 
SEM images, there are no nanoholes or obvious edge scrolling. The specularity parameter p is between 0.85 
and 0.90, indicating that the edge roughness is at the same level. Based on equation (4), the relaxation time τB 
is longer for wider SLGs, leading to a larger λ.

(2) The defect of nanoholes decreases λ by about 42% when comparing the results of SLGs 4, 5-1s FIB and SLG6. 
It is noted that the width of SLG4 is almost the same as that of SLG5 after 1s FIB radiation. However, λ of 
SLG4 is higher. This finding indicates that the nanoholes created by FIB induce more limitation on λ than 
the naturally generated ones. This is reasonable because some additional damage to the lattice structure of 
graphene could be caused during FIB radiation. λ of SLG6 after 3s FIB radiation is further decreased to 
470 Wm−1K−1.

(3) The defect of edge scrolling decreases λ by about 38% when comparing the results of SLG1 and SLGs 2, 3. 
These SLGs have similar widths. The specularity parameter p of SLG1 is 0.53, which is much smaller than the 
value of SLG3, 0.85. Apparently, the scrolled edges are more “rough” and cause stronger phonon scattering. 
Furthermore, the scrolled graphene is no longer single layer. The interlayer phonon scattering will decrease 
the thermal conductivity of graphene. It is found that the minimum cut-off frequency ωs,min is slightly higher 
for SLG1, indicating that more long-wavelength phonons, which are the main contributors to λ, are “cut off ” 
because of the interlayer coupling.

In summary, we have developed a new method for preparing micro-sized suspended SLG. Thermal conduc-
tivities of six suspended SLG samples with different widths and defects were measured using a T-type sensor. FIB 
was employed to create nanoholes in the suspended SLG. Both edge scrolling and nanoholes have remarkable 
deterioration effect on λ. An increase of edge roughness and stronger scattering on long-wavelength acoustic 
phonons are believed to be the main reasons behind the experimental observations.

Methods
In order to achieve micro-sized free-standing graphene sample for electrical measurement, we developed a new 
fabrication method. A SLG grown by chemical vapor deposition (CVD) method was transferred onto SiO2/Si 
substrate using a traditional PMMA method. Then the graphene layer was cut into micro ribbons by electron 
beam (EB) lithography and O2 plasma etching. After that, a pattern of T-type sensor was drawn by EB lithography 
on 300 nm thick EB-resist layer, which was spin-coated onto the graphene ribbon. 100 nm Au film was deposited 
by EB physical vapor deposition (PVD) method. After lift-off process in 45 °C ZDMAC solution, the T-type 
sensor was created and the graphene ribbon was located in the middle of the sensor. Subsequently, 600 nm thick 
EB-resist layer was spin-coated and patterned by EB lithography on the chip as a protection layer for graphene. 
After that, the SiO2 layer not covered by EB-resist was removed by 60 s reactive ion etching (RIE). The graphene 
ribbon was sandwiched between the EB-resist and SiO2 layer. Then the T-type sensor connected with graphene 
ribbon was suspended from the substrate after 20 s XeF2 gas etching. The etching depth was about 5 μ m. Finally, 
the EB-resist and SiO2 layer were removed by ZDMAC solution and buffered hydrofluoric acid, followed by 
sufficient DI water rinse. A supercritical point dryer was used to release the device from water to avoid possible 
damage caused by the surface tension. It is worth noting that we carefully controlled the etching time to minimize 
the defects and chemical residues on graphene. Please refer to the supplementary material for more fabrication 
details.

References
1. Pop, E., Varshney, V. & Roy, A. K. Thermal properties of graphene: Fundamentals and applications. MRS Bull. 37, 1273–1281 (2012).
2. Balandin, A. A., Thermal properties of graphene and nanostructured carbon materials. Nature Mater. 10, 569–581 (2011).
3. Yan, Z., Liu, G. X., Khan, J. M. & Balandin, A. A. Graphene quilts for thermal management of high-power GaN transistors. Nature 

Commun. 3. 827 (2012).
4. Meyer, J. C. et al. The structure of suspended graphene sheets. Nature 446, 60–63 (2007).
5. Banhart, F., Kotakoski, J. & Krasheninnikov, A. V. Structural defects in graphene. ACS Nano 5, 26–41 (2011).
6. Cai, W. W. et al. Thermal transport in suspended and supported monolayer graphene grown by chemical vapor deposition. Nano 

Lett. 10, 1645–1651 (2010).
7. Chen, S. S. et al. Thermal conductivity of isotopically modified graphene. Nature Mater. 11, 203–207 (2012).
8. Balandin, A. A. et al. Superior thermal conductivity of single-layer graphene. Nano Lett. 8, 902–907 (2008).
9. Pettes, M. T., Jo, I., Yao, Z. & Shi, L. Influence of polymeric residue on the thermal conductivity of suspended bilayer graphene. Nano 

Lett. 11, 1195–1200 (2011).
10. Seol, J. H. et al. Two-dimensional phonon transport in supported graphene. Science 328, 213–216 (2010).
11. Bae, M. H. et al. Ballistic to diffusive crossover of heat flow in graphene ribbons. Nature Commun. 4, 1734 (2013).
12. Jang, W., Bao, W., Jing, L., Lau, C. N. & Dames, C. Thermal conductivity of suspended few-layer graphene by a modified T-bridge 

method. Appl. Phys. Lett. 103, 133102 (2013).
13. Cancado, L. G. et al. Quantifying defects in graphene via raman spectroscopy at different excitation energies, Nano Lett. 11, 3190 

(2011).
14. Shivaraman, S. et al. Free-standing epitaxial graphene, Nano Lett. 9, 3100 (2009).
15. Fujii, M. et al. Measuring the thermal conductivity of a single carbon nanotube. Phys. Rev. Lett. 95, 065502 (2005).
16. Zhang, X. et al. Thermal and electrical conductivity of a suspended platinum nanofilm. Appl. Phys. Lett. 86, 171912 (2005).
17. Zhang, X. et al. Thermal and electrical properties of a suspended nanoscale thin film. Int. J. Thermophys. 28, 33–43 (2007).



www.nature.com/scientificreports/

7Scientific RepoRts | 6:21823 | DOI: 10.1038/srep21823

18. Koh, Y. K., Bae, M. H., Cahill, D. G. & Pop, E. Heat conduction across monolayer and few-layer graphenes. Nano Lett. 10, 4363–4368 
(2010).

19. Pati, S. K., Enoki, T. & Rao, C. N. R. Graphene and its fascinating attributes, 1st edn, Ch. 8, 146 (World Scientific Publishing, 2011).
20. Dorgan, V. E., Behnam, A., Conley, H. J., Bolotin, K. I. & Pop, E. High-field electrical and thermal transport in suspended graphene. 

Nano Lett. 13, 4581–4586 (2013).
21. Nika, D. L. & Balandin, A. A. Two-dimensional phonon transport in graphene. J. Phys.: Condens. Matt. 24, 233203 (2012).
22. Nika, D. L., Pokatilov, E. P., Askerov, A. S. & Balandin, A. A. Phonon thermal conduction in graphene: role of Umklapp and edge 

roughness scattering. Phys. Rev. B 79, 155413 (2009).
23. Lindsay, L. et al. Phonon thermal transport in strained and unstrained graphene from first principles. Phys. Rev. B 89, 155426 (2014).
24. Lindsay, L., Broido, D. A. & Mingo, N. Flexural phonons and thermal transport in graphene. Phys. Rev. B 82, 115427 (2010).
25. Nika, D. L., Pokatilov, E. P. & Balandin, A. A. Theoretical description of thermal transport in graphene: the issues of phonon cut-off 

frequencies and polarization branches. Phys. Status Solidi (b) 248, 2609 (2011).
26. Klemens, P. G. Theory of the a-plane thermal conductivity of graphite. J. Wide Bandgap Mater. 7, 332 (2000).
27. Chen, S. S. et al. Thermal conductivity measurements of suspended graphene with and without wrinkles by micro-Raman mapping. 

Nanotech. 23, 365701 (2012).
28. Xu, X. F. et al. Length-dependent thermal conductivity in suspended single-layer graphene. Nature Commun. 5, 3689 (2014).
29. Taylor, R. The thermal conducivity of pyrolytic graphite. Philos. Mag. 13, 157–166 (1966).

Acknowledgements
The work is supported by the JSPS KAKENHI Grant-in-Aid for Young Scientists B (No. 15K17987), Research 
of Development of Young Researchers in Kyushu University (2015) and National Natural Science Foundation of 
China Grant Nos. 51327001, 51136001 and 51356001.

Author Contributions
H.T. and X.Z. proposed and supervised the project. H.W. designed and performed the experiments. K.K., T.F., 
T.I., K.T., T.N. and Y.T. provided kind help in MEMS technology and operating EB/FIB dual-beam system. H.A. 
provided high quality graphene samples. H.W. wrote the manuscript. The authors show their appreciation to Prof. 
Khellil Sefiane for checking and revising the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, H. et al. In-situ measurement of the heat transport in defect-engineered  
free-standing single-layer graphene. Sci. Rep. 6, 21823; doi: 10.1038/srep21823 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	In-situ measurement of the heat transport in defect- engineered free-standing single-layer graphene
	Introduction
	Results
	Discussion
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                In-situ measurement of the heat transport in defect- engineered free-standing single-layer graphene
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21823
            
         
          
             
                Haidong Wang
                Kosaku Kurata
                Takanobu Fukunaga
                Hiroshi Takamatsu
                Xing Zhang
                Tatsuya Ikuta
                Koji Takahashi
                Takashi Nishiyama
                Hiroki Ago
                Yasuyuki Takata
            
         
          doi:10.1038/srep21823
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21823
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21823
            
         
      
       
          
          
          
             
                doi:10.1038/srep21823
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21823
            
         
          
          
      
       
       
          True
      
   




