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

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/pagel/

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


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

N\

NDL

| Nano-Device Laboratory >

Graphene’s applications we are still hoping
and working for: transistors, sensors,
Interconnects, voltage controlled resistors
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Jackets, rackets, hair dye and satellites:
How graphene is changing the global

Commercial graphene
applications we got so cconomy

far...

SCIENCE & TECH NOV 21 2018 VICTORIA ZAVYALOVA

Graphene forms a gentle film around each and

All 1’000 graphene enhanced jackets were every hair strand. The color lasts for at least 30
. : washes, just like any conventional chemical-
sold out in less than three dayS for the price based dye. The graphene-enhanced hair is also

of $695 per item. anti-static and antibacterial so the hair will stay
clean longer. 5
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Part I: Thermal Properties of Graphene —
Fundamental Science

nature |
ma—ter lals PUBLISHED ONLINRE:EZXLIY 5¥Y0Ié1§INIMCA;I'!:JGE4

Thermal properties of graphene and
nanostructured carbon materials

Alexander A. Balandin

10P Publishing Reports on Progress in Physics OCTOBER 2009 - |EEE SPECTRUM . INT 20
Rep. Prog. Phys. 80 (2017) 036502 (21pp) doi:10.1088/1361-6633/80/3/036502
Review

Phonons and thermal transport in graphene

and graphene-based materials
https://balandingroup.ucr.edu/index.html
6

Denis L Nika'*> and Alexander A Balandin'
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Basics of Thermal Conductivity

Definitions and Basic Theor . . .
y RT thermal conductivity of important materials:

Silicon (Si): 145 W/mK

Fourier’s law:

g — —_KVT SiO,: 0.5 - 1.4 W/mK
Copper: 385 - 400 W/mK
Phonon vs. electron conduction: RT thermal conductivity for carbon materials:
K, °(Kk, ZT Diamond: 1000 — 2200 W/mK
o - 3\ e Graphite: 20 — 2000 W/mK (orientation)

DLC: 0.1 — 10 W/mK
CNT: ~3000 — 3500 W/mK

Heat current carried by phonons :

0w CNT: ~1758 — 5800 W/mK
Q= Ny;(@har(a)—, | M
n 8q According to J. Hone, M. Whitney, C. Piskoti, A. Zettl, A. Phys.
a4 Rev. B 1999, R2514 (1999) -
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Thermal Conductivity of Bulk Carbon Materials

Diamond

Pyrolitic Graphite:
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< 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).

What happens with
thermal conductivity of 3D
crystal if we thin it down to
2D crystal?
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Thermal Conductivity at Nanoscale:
Extrinsic Phonon Transport Regime

Thermal conductivity usually decreases as one goes from bulk

material to nanostructure or thin film
<Thermal conductivity of bulk Si at room

160 Ll Ll T T T T T T t ] _
~Si Bulk Diffuse Scattering (p=0)| temperature: K= 148 W/m-K
140 1
< Thermal conductivity of Si nanowire with
120 cross section of 20 nm x 20 nm: K=13 W/mK
100

- Phonon thermal conductivity:

K, =(/3)C,v A

(o))
o
L]

Si Nanowire: A

THERMAL CONDUCTIVITY (W/m-K)
o)
)

40 i - Boundary-limited MFP (A=v7):
20 SiNanowire: B
1 vl-p
%300 400 500 600 700 800 Tg D1+ P
TEMPERATURE (K)
2
J. Zou and A.A. Balandin, J. Appl. Phys., 89, 2932 (2001). Kp ~ CpUA ~ CpU Tg ~ CpUD 9
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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
10
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Divergence of the Lattice Thermal
Conductivity in 2D and 1D Crystal Lattices

The intrinsic thermal conductivity of 2-D or 1-D anharmonic crystals is anomalous.

30 — T 0.5 T 1
% 20 " %031 i
15k - 02F '
10, 1I6 i 5:4 i 01— 116 . f:4
(a) N (b) N

Thermal conductivity in 2D lattice vs. N,.
Data is after S. Lepri et al. Phys. Rep., 377, 1 (2003).
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K ~log(N) in 2D
K~N%in 1D, a#1
N — system size
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Prior Knowledge from Carbon Nanotubes —

Experiment
PHYSICAL REVIEW B VOLUME 59, NUMBER 4 15 JANUARY 1999-11

Thermal conductivity of single-walled carbon nanotubes

J. Hone, M. Whitney, C. Piskoti, and A. Zettl
Department of Physics, University of California at Berkeley, Berkelev, California 94720
and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 15 October 1998)

A room-temperature thermal conductivity of 1750-5800
W/m-K (the range derived above for the longitudinal thermal
conductivity of a single rope) implies that (30 K)~60-180
W/m-K, and that /~0.5—1.5 pum. The ropes mn the sample
are generally a few microns long, although individual nano-
tubes are generally observed to be ~1 um: both values are of
the same order of magnitude as the range of mean free paths
derived above.

12
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Prior Knowledge from Carbon Nanotubes —
Computations

VOLUME 84, NUMBER 20 PHYSICAL REVIEW LETTERS 15 MAy 2000

Unusually High Thermal Conductivity of Carbon Nanotubes

Savas Berber, Young-Kyun Kwon,* and David Tomanek
Department of Physics and Astronomy, and Center for Fundamental Materials Research, Michigan State University,

East Lansing, Michigan 48824-1116
(Received 23 February 2000)

4x10? : Our results suggest an unusually high value

W 3x10° [ A = 6600 W/mK for an isolated (10, 10) nanotube at

— 3x10t | \ 519 ] room temperature, comparable to the thermal conductivity

¥E ) R L 8 @E of a hypothetical isolated graphene monolayer or graphite.
= IO E S et bt e] ]

< 4 2200 300 400 FIG. 3. Thermal conductivity A for a (10, 10) carbon nanotube

Ix10° | " 1 (solid line), in comparison to a constrained graphite monolayer

Al ® . " t‘——‘——-L (dash-dotted line). and the basal plane of AA graphite (dotted

0x10 line) at temperatures between 200 and 400 K. The inset repro-

200 250 300 350 400 duces the graphite data on an expanded scale.

T [K]
13
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Raman Spectroscopy of Graphene

Visualization on Si/SiO, substrates

D band: A, (1350 cm™?); G peak: E,,; 2D band

40000
35000 |- J ‘
x50~ _
7 30000 | m;.m..f_ e 2691 em”
s [ Graphwne |  si0,
5 20w =t
] || Si substrate
E ] 1582 cm”
> 20000 - gingle layer
£ L A
5 W G peak 2D peak
= -—1580 cm” 2708 cm'’”
10000 |-
1pm EHT = 20.00 kV L
"—| WD= 7mm ﬁ 5000 -
) | bi-layer
Other techniques: N T S A Tk W Sl S W A

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

- low-temperature transport study
—>cross-sectional TEM

- few other costly methods
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Raman Shift (cm™)

A.C. Ferrari et al., Phys. Rev. Lett. 97, 187401 (2006).
|. Calizo, et al., Nano Lett., 7, 2645 (2007).

14
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Temperature Shift of the Raman
G Peak in Graphene

Note: the sign is negative

1584 —
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w Graph -1
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|. Calizo, A.A. Balandin et al., Nano Lett., 7, 2645 (2007).

4.67f
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N. Mounet et al, Phys. Rev. B 71, 205214 (2005).

Lifshits Membrane Effect:
.M. Nlucpwuy, XKypHan SkcrnepumeHmarbHoU U
Teopemuyeckou Pusuku (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. 15
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Temperature Effects on the Phonon

Frequencies in Graphene

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

Optothermal technique for

measuring thermal conductivity -
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Computational data:
Prof. Nicola Marzari, MIT

Raman
spectrometer as
thermometer

16
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Converting Raman Spectrometer to
Thermometer — The Plan of the Experiment

D band: A, (1350 cm™); G peak: E,,; 2D band

40000

35000 |-

-~
30000 - objective © by 4880

2691 cm’”’

t
[ Graphene | 80,
20000
L | Si substrate A
1582 cm
Al "~ single Ia%

e G peak 2D peak

; -—1580¢cm’ 2708 cm”
10000 |-
5000 |-
| bi-layer
1 L | 1 L | N | 4 1 N | . 1 L 1 N

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman Shift (cm”)

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

Laser light

Reflected light

Graphene layer
Heat sink

Silicon - 4 > 4
dionide ra

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).
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Optothermal Measurement of Graphene
Thermal Conductivity

—> Laser acts as a heater: APg
- Raman “thermometer”. ATg=Aw/yg

—> Thermal conductivity: K=(L/2agW)(4Ps/AT)

a L T T T T T T T T ]
_ SUSPENDED GRAPHENE
TE 2L B EXPERIMEMTALPOINTS |
k=3 ] - = LINEAR FITTING
— - =
L ~ .
% 0F S n ] .
= [l B -
Ig 2t ol “a N g 4
7, o - "
Bilayer graphene ribbon bridging 3-um < N - |
trench in Si/SiO, wafer = gl .
w |
_ QO gL . ]
K=(L/2aW)y.(Aw/AP,)™. [ SLOPE: -1.202 em™/mW

Connect AP, € 2 AP through calibration 0 : 2 3 4
POWER CHANGE (mW)

A.A. Balandin, et al., Nano Letters, 8, 902 (2008) — cited 9684 as of May 2019 18
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Evolution of the Intrinsic Thermal
Conductivity in Low-Dimensional Systems

Experiment and Umklapp Scattering Theory Molecular Dynamics Simulations

L] v T M 1 v T v T " 1 4 L] v I v 1 4
6000 Thermal Conductivity of Few-Layer Graphene el
o B Room Temperature Measurements ] o _ )
:é ®m  Maximum [Balandin et al, Nano Letfers, 2008] - 2000 Simulations for
S 5000 : ?::;“51 E;'f';‘fed‘”w*"’" . = \ Graphene  graphene and FLG
— = \ .
> A Theory Prediction with Rough Interface = 8\ ribbons
S 4000 =— Average Value for SLG J = 1500 F ™
S = N\
3 g
o = \
S 3000 | i 2 1000
6] 5 o
© 1 2
E 2000} ----------meeee- ?. P S High Quality Bulk Graphite _ S s00l \*___ &\ Graphite
g ! ; ! E —&— zigzag \i %ﬁ § é
1000 |- Regular Bulk Graphite I 2 — 0 +armchalr
T 1 2 3 4

0 1 2 3 4 5 6 7 8 g Number of |d._‘_vl.rh

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

S. Ghosh, W. Bao, D.L. Nika, S. Subrina, E.P. Consistent with the prediction:

Pokatilov, C.N. Lau and A.A. Balandin,

"Dimensional crossover of thermal transport in few- S. Berber,Y.-K. Kwon, and D. Tomanek,

layer graphene," Nature Materials, 9, 555 (2010). Phys. Rev. Lett., 84, 4613 (2000). 19
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Comparison with Independent Experimental

and Theoretical Studies

Mingo and Broido (2011)

Graphene: L=3 um

™
Graphite: Theory and Experiment

zigzag
zigzag
armchair
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chiral

chiral

[ ol Rol I::

S OO O
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Diameter d . (nm)

1500 |

=

[=]

=

[=]
T
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=
T

L. Lindsay, et al., Phys. Rev. B, 82, 161402R (2010).

Li Shi and Ruoff (2011)

oA U In vacuum  (p)
AN ° 29um
C Balandin et al. :[ e 3.9um
o ® 50um
%, O Lindsay © 8.0um
T} Y, © etal ] o 97 pm
i ﬂx@j:;-v In air, g=0
° s s 9.7pm
v A L
¥ AO
3 i ]
=~ o PG-Hooker a A
i PG24-Slack Lee et al. a
, A PG -Taylor Faugeras et al.
“100 200 300 500 600 700

Temperature (K)

S. Chen, et al., ACS Nano, 5, 321 (2011).

- Experimental thermal conductivity is above bulk graphite

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

- Theoretical value is size dependent and the ballistic limit for graphene: ~12800 W/mK
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Relative Contribution of Different Phonon
Modes to Thermal Transport

—
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Y. Shen et al., J. Appl. Phys., 115, 063507 (2014) 21
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Klemens Model of Heat Conduction:
Bulk Graphite vs. Graphene

Phonon Thermal

4
Conductivity: Ko =@/3)Cuo A |
2 — J =~
K, =2 [ C;(0)v} ()7, (0)de |

1800 3__2 .

1600 =l

1400r _(,.._ ZA
-.;' IEII}D'_ _Bl

1000 L |

Umklapp life-time, which defines MFP:

Frequency (¢
=]
=

.g.

S

2
. 1 Mv,” @ ey
Us =
S 732 Kg T N

2D: C(w) ~ v 2 K~T1lwl
P.G. Klemens, J. Wide Bandgap Materials, 7, 332 (2000). 3D: C(w) ~ &?

rgu

0

VDOS
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The Role of the Long-Wavelength
Phonons in Heat Transport in Graphene

Thermal conductivity in graphene:

Graphene:
50

o W -
= = =]

Frequency (THz)

[
=]

ZA

dewm

1

0
o

o

)

0

r

M

K

r

MFP = L — physical size of the system

- Limitation on MFL: L=7 v,

o 1 Mo @ e
DSy k.,T o

S

—> Limiting low-bound frequency:

v, |[Mu, @ .y
Qg min =
| 7/5 kBT L

K =(@22°) p(o* 1 £, TYIn(F 1 f,),

fo =(Mo°f, /4y 2k, TL)"
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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

Low-bound cut-off frequency is defined by the

condition that the phonon MFP can not exceed 8000 [ v _'1 8.y "136 A | ' i
the physical size of the graphene flake: 7000 - LA S
Ya=186,Y7=0.75
Us MUs a)s,max 6000 B
Wy min = KT L 2
Vs B e 5000 r
8000 Iy =18y,=075 ' T=300K | %4000 ) “}{(mf;-g»"{mfg-;:
B s LA™ &M fra™
7000 L=100 pm 3000 = = 7]
Yia=1.8,Y7,=0.9
s | T 1 w00 H------—5--—=-=-=—=——==——=
S 5000 F— L=50 pm 3 \Mbulk graphite
X 4000 F { . L=20 im 1000 | . .
Sl NN Zoum ] 1 10 20 30 40 50
. o L (um)
2000 - , - :
250 300 350 400 450 D.L. Nika, S. Ghosh, E.P. Pokatilov, A.A. Balandin,
T (K) Appl. Phys. Lett., 94, 203103 (2009). 24
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ARTICLE

Received 9 Oct 2013 | Accepted 19 Mar 2014 | Published 16 Apr 2014 DOI: 10.1038/ncomms4689

Length-dependent thermal conductivity
in suspended single-layer graphene

Xiangfan Xu"%37, Luiz F.C. Pereira®’, Yu Wang®, Jing Wu'2, Kaiwen Zhang"?®, Xiangming Zhao'%®,

Sukang Bae’, Cong Tinh Bui®, Rongguo Xie®?, John T.L. Thong®8, Byung Hee Hong'®, Kian Ping Loh28" Davide
1,2,3,8

Donadio?, Baowen Li"*%®8 & Barbaros Ozyilmaz
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NANO
; ETTER S pubs.acs.org/NanoLett

Thermal Conductivity of Graphene and Graphite: Collective
Excitations and Mean Free Paths =

—_— otk , .1, T g - i,
Giorgia Fugallo,®" Andrea Cepellotti,” ¥ Lorenzo Paulatto," Michele Lazzeri,’ Nicola Marzari, 8
and Francesco Mauri'
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Figure 4. Lattice thermal conductivity as a function of temperature for
different g—rain size dimensions of Singlc-laycr naturaﬂy ocmn’ing Figure 7. Thermal COﬂdUCti\’ity as a function of temperature for
polycrystalline graphene (98.9 '*C and 1.1 “C). naturally occurring graphene (black)

For graphene, we point out that a meaningful value of intrinsic
thermal conductivity at room temperature can be obtained only for sample sizes of the order of 1 mm, something not considered
previously.
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Phonon Transport in Isotopically
Engineered Graphene
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~ 64 cm! S. Chen, Q. Wu, C. Mishra, J. Kang, H. Zhang, K. Cho, W. Cai, A.A. Balandin
_1/2 and R.S. Ruoff, "Thermal conductivity of isotopically modified graphene,”
Q) oC M Nature Materials, 11, 203 (2012).
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Phonon Engineering by Twisting

_.
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Phonon frequency (ecm™

Twisting only weakly affects the
interlayer interaction in van der (b)

Waals materials but it .breaks the - Electron properties as in single layer graphene
symmetry of the stacking - New peaks in the Raman spectra at1100-1625 cm™ and ~1375 cm'!
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Thermal Conductivity of Twisted BLG

Experimental Data
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H. Li, H. Ying, X, Chen, D.L. Nika, W. Cai, A.A. Balandin

and S. Chen, Nanoscale, 6, 13402 (2014)
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Effects of the Defects Introduced by
Electron Beam Irradiation
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Part II: Thermal Management with
Graphene

Source: the composite image consists of photos available on Internet 31
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Thermal Interface Materials

Heat Sink

TIM-2
[HS -

- Conventional TIMs: K=1-5 W/mK at the BLT
volume fractions f of filler ~50% atroom  n o= R 4+ R
temperature effective 4

- Companies need K=10-30 W/mK IiM

Current TIM based on polymer, grease filled with silver, alumina require 50-70% loading
to achieve 1-5 W/mk.
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Graphene Enhanced TIMs

Definitions: “graphene” vs. FLG vs. thin film of graphite

Weighting Curing -
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K.M.F. Shahil and A.A. Balandin, "Graphene - multilayer graphene nanocomposites

as highly efficient thermal interface materials,” Nano Letters, 12, 861 (2012).
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Graphene Thermal Interface Materials

. 95 o 'G;a;:hén;-r;nL:s-'Hg:hr'id Epr:xy,n,, ' (Ta') T " Independent Experimental Confirmation:
£ & Graphene-MLG-Hybrid Epoxy B i
— - @ Graphite-Epoxy Composite T 10.10%
..g 20+ # Carbon-Black-Epoxy Composite ¢ & \e 44 9.29%.,} Graphene Sheet/Epoxy
Vi | 1 - 8.31% A
I = | E
= 15 @ “z s
@ i # | >3] 728%
& 10 ‘ £
g prisine Epoxy 4 A 3 / Graphlte Nanoflake/Epoxy
K=0.2 W/imK T
_f.-_: 5 m - 1l 3% 1 ,...r-""‘lﬁ 81% Graphlte [Epoxy
w | / * = | K i /r’"
. o i = 3 * o J / 44.30%
- @ - -1
WP TR REPE BRI REPE R BT RPN BT R b /"‘
Volume Loading Fraction (%) = 5
EI' . % .1l[|‘1l5.231-2'5.3}]'3'5.4.0.;5‘50

K.M.F. Shahil and A.A. Balandin, "Graphene - multilayer
graphene nanocomposites as highly efficient thermal
interface materials,” Nano Letters, 12, 861 (2012).
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Y-X. Fu et al / International Journal of Thermal Sciences 86 (2014) 276-283

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



VA
NDL-

| Nano-Device Laboratory >

Composites with High Loading of Graphene
and Boron Nitride
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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
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(@12 @ Epoxy with graphene: experiment
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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 ;=30 vol.% in graphene
composites and f=23 vol.% in h-BN composites. The maximum thermal conductivity
enhancements of x51 and x24 are achieved for the epoxy composites with graphene (f=43
vol.%) and h-BN (f=45 vol.%), respectively.

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

36



N\

NDL

| Nano-Device Laboratory >

Thermal Percolation Threshold In
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Graphene Composites

The semi-empirical model of Lewis-Nielsen:
K/Km = (1 +ABf)/(1 - Byf)

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

The parameter B takes into account the relative thermal
conductivity of the two phases: the fillers (K;) and the
base matrix (K,,,), respectively.

Y =1+ (1 - dn)/dm)f

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

The apparent thermal conductivity values of
K;~37 Wm™'K™! and Kr~16 Wm™'K™" have been
extracted for graphene and h-BN fillers, respectively. 37
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Dual Function of Graphene Composites: EMI
Shielding and Thermal Management
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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. 38
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TIMs with Oriented Graphene Fillers
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granted



N\

NDL

| Nano-Device Laboratory >

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)

-----

I

hw : 1 | 40
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Practical Testing of Graphene Enhanced
TIMs in Desktop Computers

Temperature Rise Testing
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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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Hybrid Graphene — Paraffin PCM for Li-lon
Batteries
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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). 1
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Graphene Coatings - Quilts - for GaN Devices

\

Drain Gate

Source

SiC Substrate

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

Z. Yan, G. Liu, J.M. Khan and A.A. Balandin, Graphene-Graphite Quilts for Thermal

Management of High-Power Transistors, Nature Communications (2012).
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Reduction of the Hot-Spot Temperature
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The hot-spots temperature near drain contacts can be lowered by as much as ~ 20°C in such devices

operating at ~13-W/mm — translates to an order of magnitude improvement in MTTF
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Graphene Laminate Coating

Graphene Laminate on PET
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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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Thermal Conductivity of Graphene Laminate:
Scaling with the Flake Size and Orientation

Average Flake Size (um)
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Conclusions

- 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
48
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Obituary of Evgenii Pokatilov

Manuel Cardona (Max Planck Institute for Solid State
Research, Stuttgart)

Stepan I. Beril (State University of Pridnestrovie, Tiraspol)
Viadimir M. Fomin (Institute for Integrative Nanosciences, IFW,
Dresden)

Alexander A. Balandin (University of California, Riverside)

Dr. Evgenii Petrovich Pokatilov, distinguished professor of physics at the
Moldova State University, corresponding member of the Academy of
Sciences of Moldova and member of the Russian Academy of Natural

Sciences (RANS), died of a cancer on February 1, 2011 at the age of 84.
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