
Phononics of Graphene and 
Graphene Composites

Alexander A. Balandin

Nano-Device Laboratory: NDL
Center for Phonon Optimized Engineered Materials: POEM 

Department of Electrical and Computer Engineering 
Materials Science and Engineering Program

University of California – Riverside
http://balandingroup.ucr.edu/

The Brillouin Medal Lecture 
Arizona, June 2019

http://balandingroup.ucr.edu/


2019 Brillouin Lecture - Alexander A. Balandin, University of California - Riverside

Outline

 Introduction and Motivations
 Graphene 
 Phonons 
 Thermal conductivity  

 Thermal Conductivity of Graphene 
 Raman spectroscopy 
 Optothermal technique 
 Theoretical interpretation  

 Composites with Graphene  
 Thermal interface materials
 Thermal phase change materials
 Electromagnetic shielding 

 Outlook
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Flexible graphene sheet with silver electrodes printed on it can 

be used as a touch screen when connected to control software. 

Credit: Byung Hee Hong, SKKU. 

http://www.technologyreview.com/computing/25633/page1/

Graphene’s applications we hoped for  –
touch screens and other electronics    

http://www.technologyreview.com/computing/25633/page1/
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Graphene’s applications we are still hoping 
and working for: transistors, sensors, 
interconnects, voltage controlled resistors  
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All 1,000 graphene enhanced jackets were 
sold out in less than three days for the price 
of $695 per item. 

Graphene forms a gentle film around each and 
every hair strand. The color lasts for at least 30 
washes, just like any conventional chemical-
based dye. The graphene-enhanced hair is also 
anti-static and antibacterial so the hair will stay 
clean longer.

Commercial graphene 
applications we got so 
far…



2019 Brillouin Lecture - Alexander A. Balandin, University of California - Riverside
6

Part I: Thermal Properties of Graphene –
Fundamental Science  

https://balandingroup.ucr.edu/index.html
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Basics of Thermal Conductivity
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Fourier’s law:

Definitions and Basic Theory 

Phonon vs. electron conduction:
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RT thermal conductivity of important materials:

Silicon (Si): 145 W/mK

SiO2: 0.5 – 1.4 W/mK

Copper: 385 - 400 W/mK

RT thermal conductivity for carbon materials:

Diamond: 1000 – 2200 W/mK

Graphite: 20 – 2000 W/mK (orientation)

DLC: 0.1 – 10 W/mK

CNT: ~3000 – 3500 W/mK

CNT: ~1758 – 5800 W/mK  
According to J. Hone, M. Whitney, C. Piskoti, A. Zettl, A. Phys. 
Rev. B 1999, R2514 (1999)
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Thermal Conductivity of Bulk Carbon Materials

What happens with 
thermal conductivity of 3D 
crystal if we thin it down to 
2D crystal?

 Bulk graphite: 2000 W/mK at RT

 Order of magnitude difference in 
high-quality graphite depending on 
the method and polycrystallinity

A.A. Balandin, "Thermal 
properties of graphene and 
nanostructured carbon 
materials," Nature Materials, 10, 
569 - 581 (2011).
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Thermal Conductivity at Nanoscale: 
Extrinsic Phonon Transport Regime
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Thermal conductivity usually decreases as one goes from bulk 
material to nanostructure or thin film

J. Zou and A.A. Balandin, J. Appl. Phys., 89, 2932 (2001).

Thermal conductivity of bulk Si at room 
temperature: K= 148 W/m-K 

 Thermal conductivity of Si nanowire with 
cross section of 20 nm x 20 nm: K=13 W/mK

9

 Phonon thermal conductivity:

Λ= υpp CK )3/1(
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 Boundary-limited MFP (Λ=vτ ): 
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Thermal Conductivity of 2D Crystals in 
Intrinsic Phonon Transport Regime: Infinity

 The momentum conservation in 1D and 2D systems with anharmonicity leads to the 
divergence of the intrinsic thermal conductivity K with the system size

 Thermal conductivity remains finite and does not depend on the system size in 3D
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Divergence of the Lattice Thermal 
Conductivity in 2D and 1D Crystal Lattices 

K ~ log(N) in 2D
K ~ Nα in 1D, α≠1
N – system size

[1] K. Saito, et al.,  Phys. Rev. Lett. (2010).
[2] A. Dhar. Advances in Physics (2008).
[3] G. Basile et al. Eur. Phys. J. (2007).
[4] L. Yang et al. Phys. Rev. E (2006).
[5] L. Delfini et al. Phys, Rev. E (2006).
[6] S. Lepri et al. Chaos (2005).
[7] J. Wang et al., Phys. Rev. Lett. (2004).
[8] S. Lepri et al. Phys. Rep. (2003).
[9] R. Livi and S. Lepri. Nature (2003).
[10] O. Narayan et al., Phys. Rev. Lett. (2002). 
[11] A. Dhar. Phys. Rev. Lett. (2001).
[12] A. Lepri and R. Livi, J. Stat. Phys. (2000).
[13] T. Pozen et al., Phys. Rev. Lett. (2000).
[14] S. Lepri et. al. Europhys. Lett. (1998).

Thermal conductivity in 2D lattice vs. Nx. 
Data is after S. Lepri et al. Phys. Rep., 377, 1 (2003).

The intrinsic thermal conductivity of 2-D or 1-D anharmonic crystals is anomalous.
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Prior Knowledge from Carbon Nanotubes –
Experiment 
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Prior Knowledge from Carbon Nanotubes –
Computations 
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Raman Spectroscopy of Graphene

Other techniques: 

 low-temperature transport study

cross-sectional TEM

 few other costly methods

Visualization on Si/SiO2 substrates D band: A1g (~1350 cm-1); G peak: E2g; 2D band

A.C. Ferrari et al., Phys. Rev. Lett. 97, 187401 (2006).

I. Calizo, et al., Nano Lett., 7, 2645 (2007).
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Temperature Shift of the Raman 
G Peak in Graphene
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I. Calizo, A.A. Balandin et al., Nano Lett., 7, 2645 (2007).

Note: the sign is negative

N. Mounet et al, Phys. Rev. B 71, 205214 (2005).

Lifshits Membrane Effect: 
И.М. Лифшиц, Журнал Экспериментальной и 
Теоретической Физики (1952)

Phonon frequency downshift with temperature is unusual when the bond-bond distances shorten
with temperature since normally lattice contraction leads to the upward shift of the frequencies.
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Temperature Effects on the Phonon 
Frequencies in Graphene

Optothermal technique for 
measuring thermal conductivity  

N. Bonini et al., Phys. Rev. Lett., 99, 176802 (2007).
N. Bonini et al., phys. stat. sol. (b), 245, 2149 (2008) 

Comparison of Theory and Experiment 

Raman 
spectrometer as 
thermometer 

Computational data:
Prof. Nicola Marzari, MIT
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Converting Raman Spectrometer to 
Thermometer – The Plan of the Experiment 

A.A. Balandin, MRS Medal Plenary Talk at 
MRS Fall Meeting, Boston November 2013.

IEEE Spectrum illustration of the first measurements 
of thermal conductivity of graphene carried out at UC 
Riverside. 

Details: A.A. Balandin et al., Nano Letters, 8, 902 
(2008); A.A. Balandin, Nature Mat., 10, 569 (2011).

D band: A1g (~1350 cm-1); G peak: E2g; 2D band
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Optothermal Measurement of Graphene 
Thermal Conductivity

 Laser acts as a heater: ∆PG 

 Raman “thermometer”:  ∆TG=∆ω/χG

 Thermal conductivity: K=(L/2aGW)(∆PG/∆TG)

1( / 2 ) ( / ) .G G GK L a W Pχ ω −= ∆ ∆

A.A. Balandin, et al., Nano Letters, 8, 902 (2008) – cited 9684 as of May 2019 

Bilayer graphene ribbon bridging 3-µm 
trench in Si/SiO2 wafer

Connect ∆PD  ∆PG   through calibration
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Evolution of the Intrinsic Thermal 
Conductivity in Low-Dimensional Systems

S. Ghosh, W. Bao, D.L. Nika, S. Subrina, E.P. 
Pokatilov, C.N. Lau and A.A. Balandin, 
"Dimensional crossover of thermal transport in few-
layer graphene," Nature Materials, 9, 555 (2010).

Experiment and Umklapp Scattering Theory Molecular Dynamics Simulations

Consistent with the prediction: 

S. Berber,Y.-K. Kwon, and D. Tomanek, 
Phys. Rev. Lett., 84, 4613 (2000).

W.-R. Zhong et al., Appl. Phys. Lett., 98, 113107  (2011).  

Simulations for 
graphene and FLG 
ribbons



2019 Brillouin Lecture - Alexander A. Balandin, University of California - Riverside
20

Comparison with Independent Experimental 
and Theoretical Studies

 Experimental thermal conductivity is above bulk graphite

 Theoretical thermal conductivity of graphene: ~2500 W/mK at RT for L=3 µm

 Theoretical value is size dependent and the ballistic limit for graphene: ~12800 W/mK

Li Shi and Ruoff (2011)Mingo and Broido (2011)

L. Lindsay, et al., Phys. Rev. B, 82, 161402R (2010).
S. Chen, et al., ACS Nano, 5, 321 (2011).
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Relative Contribution of Different Phonon 
Modes to Thermal Transport 

Y. Shen et al., J. Appl. Phys., 115, 063507 (2014)
T. Feng et al., Phys. Rev. B, 91, 224301 (2015)
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Klemens Model of Heat Conduction: 
Bulk Graphite vs. Graphene

2
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, 2 2

1 ss
U s

s B

M
k T

ωυτ
γ ω

=

P.G. Klemens, J. Wide Bandgap Materials, 7, 332 (2000).

Phonon Thermal 
Conductivity:  

Umklapp life-time, which defines MFP:

2D: C(ω) ~ ω K ~T-1ω-1

3D: C(ω) ~ ω2

ωωτωυω dCK jjjjp )()()( 2∫Σ=

Λ= υpp CK )3/1(
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The Role of the Long-Wavelength 
Phonons in Heat Transport in Graphene 

Graphene: 2
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, 2 2
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M
k T

ωυτ
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M
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ωυ υω
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MFP = L – physical size of the system

 Limitation on MFL: L=τ vs

 Limiting low-bound frequency:

),/ln()/()2( 412
Bmm ffTfK υρπγ −=

( ) 2/123 4/ TLkfMf BmB πγυ=

Thermal conductivity in graphene:  
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Uniqueness of Heat Conduction in Graphene
Breakdown of Fourier’s Law vs. Size-Dependent Intrinsic Thermal Conductivity

The phonon transport in graphene is 2D all the way down to zero frequency  

D.L. Nika, S. Ghosh, E.P. Pokatilov, A.A. Balandin, 
Appl. Phys. Lett., 94, 203103 (2009).

,max
,min

ss s
s

s B

M
k T L

ωυ υω
γ

=

Low-bound cut-off frequency is defined by the 
condition that the phonon MFP can not exceed 
the physical size of the graphene flake: 
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Phonon Transport  in Isotopically 
Engineered Graphene 

2/1−∝ Mω

13C and 12C difference: 
~ 64 cm-1 S. Chen, Q. Wu, C. Mishra, J. Kang, H. Zhang, K. Cho, W. Cai, A.A. Balandin

and R.S. Ruoff, "Thermal conductivity of isotopically modified graphene,"
Nature Materials, 11, 203 (2012).
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Phonon Engineering by Twisting

 Electron properties as in single layer graphene 
 New peaks in the Raman spectra at1100-1625 cm-1 and ~1375 cm-1 

Twisting only weakly affects the 
interlayer interaction in van der 
Waals materials but it breaks the 
symmetry of the stacking 
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Thermal Conductivity of Twisted BLG

The twist angle was 
verified with SAED and 
Raman spectroscopy 

H. Li, H. Ying, X, Chen, D.L. Nika, W. Cai, A.A. Balandin 
and S. Chen, Nanoscale, 6, 13402 (2014) 

Experimental Data 

From graphene to other twisted van 
der Waals materials   
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Effects of the Defects Introduced by 
Electron Beam Irradiation 

H. Malekpour, et al, Nanoscale, 8, 14608 (2016).
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31Source: the composite image consists of photos available on Internet 

Part II: Thermal Management with 
Graphene  
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Current TIM based on polymer, grease filled with silver, alumina require 50-70% loading 
to achieve 1-5 W/mk.

 Conventional TIMs:  K=1-5 W/mK at the 
volume fractions f of filler ~50% at room 
temperature 

 Companies need K=10-30 W/mK

Thermal Interface Materials 
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Graphene Enhanced TIMs

aqueous solution of sodium cholate

K.M.F. Shahil and A.A. Balandin, "Graphene - multilayer graphene nanocomposites 
as highly efficient thermal interface materials," Nano Letters, 12, 861 (2012).

Definitions: “graphene” vs. FLG vs. thin film of graphite 
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Graphene Thermal Interface Materials 

K.M.F. Shahil and A.A. Balandin, "Graphene - multilayer 
graphene nanocomposites as highly efficient thermal 
interface materials," Nano Letters, 12, 861 (2012).

Independent Experimental Confirmation: 
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Composites with High Loading of Graphene 
and Boron Nitride

F. Kargar, et al., "Thermal percolation threshold and thermal 
properties of composites with high loading of graphene and 
boron nitride fillers," ACS Appl. Mater. Interfaces, 10, 37555 
(2018).
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Thermal Percolation Threshold 

Thermal conductivity of the epoxy composites with (a) graphene and (b) h-BN fillers. The thermal
conductivity depends approximately linear on the loading fraction till fT≈30 vol.% in graphene
composites and fT≈23 vol.% in h-BN composites. The maximum thermal conductivity
enhancements of ×51 and ×24 are achieved for the epoxy composites with graphene (f=43
vol.%) and h-BN (f=45 vol.%), respectively.
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Thermal Percolation Threshold in 
Graphene Composites 

The semi-empirical model of Lewis-Nielsen:

⁄𝐾𝐾 𝐾𝐾𝑚𝑚 = ⁄1 + 𝐴𝐴𝐴𝐴𝐴𝐴 1 − 𝐴𝐴𝐵𝐵𝐴𝐴

𝐵𝐵 = 1 + ( ⁄1 − 𝜙𝜙𝑚𝑚 𝜙𝜙𝑚𝑚2 )𝐴𝐴

𝐴𝐴 depends on the shape of the fillers and their 
orientation with respect to the heat flow. 

The parameter 𝐴𝐴 takes into account the relative thermal 
conductivity of the two phases: the fillers (𝐾𝐾𝑓𝑓) and the 
base matrix (𝐾𝐾𝑚𝑚), respectively. 

This parameter relates to the maximum packing fraction 
(ϕm) of the fillers.

The apparent thermal conductivity values of 
𝐾𝐾𝑓𝑓~37 Wm−1K−1 and 𝐾𝐾𝑓𝑓~16 Wm−1K−1 have been 
extracted for graphene and h-BN fillers, respectively. 
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Reflection, absorption, and 
transmission coefficients of (a) 
pristine epoxy; (b) epoxy with 5 wt% 
graphene and (c) epoxy with 50 wt% 
graphene.

At the graphene loading of 50 wt%, 
only 0.002% of EM power is 
transmitted through the composite 
while most of the energy is reflected 
from the surface. 

(d) Comparison of the reflection, 
absorption, and the total shielding 
efficiency of pristine epoxy, epoxy 
with 30 wt% graphene and epoxy 
with 50 wt% graphene at the 
frequency of 8.2 GHz. 

At the graphene loading of 50 wt%, 
the total shielding efficiency of the 
composite exceeds 45 dB.  

Dual Function of Graphene Composites: EMI 
Shielding and Thermal Management   
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TIMs with Oriented Graphene Fillers

US Patent 
granted  
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Testing Graphene TIMs in Real-Life 
Conditions

TIMs with different concentration of 
graphene (left); graphene TIM applied to 
CPU (bottom left); CPU attached to the heat 
sink (bottom)



2019 Brillouin Lecture - Alexander A. Balandin, University of California - Riverside
41

Practical Testing of Graphene Enhanced 
TIMs in Desktop Computers 

Temperature Rise Testing 

J. Renteria et al., Magnetically-functionalized self-aligning graphene fillers for
high-efficiency thermal management applications, Materials and Design 88, 214–221 (2015)
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P. Goli, et al., “Graphene-enhanced hybrid phase change materials for thermal 
management of Li-ion batteries,” J. Power Sources, 248, 37 (2014).

Hybrid Graphene – Paraffin PCM for Li-Ion 
Batteries
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Graphene Coatings - Quilts - for GaN Devices

Z. Yan, G. Liu, J.M. Khan and A.A. Balandin, Graphene-Graphite Quilts for Thermal
Management of High-Power Transistors, Nature Communications (2012).

GaN HFETs were used as examples of high-power density transistors; PMMA was utilized as the
supporting membrane for graphene transfer to a desired location; the alignment was achieved with
the help of a micromanipulator
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Reduction of the Hot-Spot Temperature

The hot-spots temperature near drain contacts can be lowered by as much as ~ 20oC in such devices
operating at ~13-W/mm – translates to an order of magnitude improvement in MTTF
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Graphene Laminate Coating  

Cooperation with 
Professor Konstantin 
Novoselov, University of 
Manchester 

H. Malekpour, K.-H. 
Chang, J.-C. Chen, C.-Y. 
Lu, D.L. Nika, K.S. 
Novoselov and A.A. 
Balandin, “Thermal 
conductivity of graphene 
laminate,” Nano Lett., 14, 
5155–5161 (2014). 
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H. Malekpour, K.-H. Chang, J.-C. Chen, C.-
Y. Lu, D.L. Nika, K.S. Novoselov and A.A. 
Balandin, “Thermal conductivity of 
graphene laminate,” Nano Lett., 14, 5155–
5161 (2014). 

Thermal Conductivity of Graphene Laminate: 
Scaling with the Flake Size and Orientation 
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RT Thermal Conductivity 
of Carbon Materials:

Diamond: 1000 – 2200 
W/mK

Graphite: 20 – 2000 W/mK

DLC: 0.1 – 10 W/mK

a-C:  0.01 – 1 W/mK

NCD-MCD:  1 – 1000 
W/mK

CNTs: 1000 – 3500 W/mK

Graphene: 2000 – 5000 
W/mK

Take Home Message: Thermal 
Properties of Carbon Materials
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 Thermal conductivity of graphene reveals unusual size-dependent 
phenomenon – different from ballistic transport

 Few-layer graphene is an excellent system to study phonons in low-
dimensions 

 Few-layer graphene can be used as fillers in thermal composites 

 Demonstrated thermal percolation in graphene composites and 
thermal conductivity of ~12 W/mK (SRC recent target: 10 W/mK)

 Optimization of graphene composites (length scales, aspect ratios, 
orientation, composition) can bring revolutionary changes to TIMs

 Multi-functional composites with graphene: example of EMI shielding 
and thermal management 

Conclusions 
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