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Theoretical Study of Negative Thermal Expansion in 2D
Graphene/h-BN Heterostructure

WU Mingyi, SUN Qiang, JIA YU, LIANG Erjun
(College of Physics and Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: Two dimensional (2D) materials generally exhibit negative thermal expansion (NTE) along the in-plane di-
rections due to the so called “membrane effect”, i. e. the thermal fluctuation in vertical direction. The thermal phenome-
non may drastically impact the stability and electronic property of the low dimensional materials. Based on first-principles
calculations and quasi harmonic approximation, electronic structures, phonon spectra and expansion property of the two di-
mensional materials: graphene, h-BN sheet and graphene/h-BN heterostructure are systematically studied. The mode
griineisen parameters are calculated and the vibrational modes which contribute to the NTE in the three systems are dis-
cussed. The calculated results show that both graphenen and h-BN exhibit pronounced NTE in the in-plane directions due
to the vertical thermal vibration. The graphenen/h-BN heterostructure is formed through van der Waals (vdW) interaction
between the monolayer graphene and the h-BN sheet, and this weak interaction may influence the vertical thermal vibration
of the monolayer graphene and the h-BN sheet, and consequently the thermal contraction of the heterostructure is signifi-
cantly smaller than that of the A-BN, but larger than the graphene. Our results indicate that NTE of the two dimensional
materials can be altered through the vdW interactions in experiment and enhance the thermal stability of the structure and
electronic property.

Key words; graphene; h-BN; negative thermal expansion; griineisen parameter; van der Waals interaction
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Table 1 Calculated lattice constants of graphene, h-BN and het-

erostructure graphene/h-BN with different stacks. The

distance of layers with different stacks and the binding

energy per cell between layers are also given

Lattice constants Distance of layers Binding energy

Systems /nm /nm /eV - cell 7!

Graphene 0.246 9

h-BN 0.2512
C/BN: (AA) 0.248 5
C/BN. (ABB) 0.248 7
C/BN: (ABN) 0.248 3
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Fig. 1 The three possible stacking arrangements for the graphene/h-BN heterostructure: (a)AA, (b)ABB, and

(¢) ABN, upper and lower panels are top view and side view, respectively
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Fig. 3 Phonon spectra and density of states of graphene, h-BN and

graphene/h-BN heterostructure
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Fig. 4 In-plane lattice parameters as a function of temperature for
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Fig.5 In-plane coefficients of linear thermal expansion as a
function of temperature for graphene, h-BN and gra-

phene/h-BN heterostructure

3.4 BHEHRBH

g TR ESE 3 Bh 4RSS R 1 7 B K AL R
IR T X 3 R A AR MROR RS, WK 6 TR,
R AR S HE R IR S A A BV AL R TR, A% bk
BRSENIER, IR R 0 E KA 5Tk 24
MBS EC TR, R S AR Y 17 I iR AT 5T
ko F T IRATIAE S LA R B S IIRAT oy, BT LA )
W3 MRS B AR RS RS



B7-81

KWL 4 f 8206 /h-BN 53

T 35 4y S PR T P T ) RS AIE 5 519

MEL6 LI, X 3 Rt ZA BRCHIEAT
BRI MR RSB R PER T ZA K
ZHh, 20 = XK B TRk X L R A
R B T A R BRI 3 DR TS, i T P PR 4 Sl B
A A RO KT

Graphene

Gruneisen Parametery Grineisen Parameter y
S

Griineisen Parameter y

Graphene / -BN

6 (s, h-BN KA 806/ h-BN S BUas 4 (A% AR 27 4L
Fig. 6 Mode Griineisen parameters for graphene, h-BN and gra-

phene/h-BN heterostructure.

N af aa s [] : §f8¢ [d]
S IS =

K7 fadk(a), h-BN(b) BeAr i/ h-BN S5 Bi25H (¢) ) ZA Ht
A A/ h-BN S BTS20 " KX (d) 7E q = 27/a
(0, 0.1, 0)MHRBhRE
Fig. 7 ZA vibrational mode of graphene (a), h-BN (b), and gra-
phene/h-BN heterostructure (¢) and ZO* vibrational mode of
graphene/h-BN heterostructure (d) at q = 27/a (0, 0.1,
0)

TR T 3 MORFZH B ZA BRI 8246 /h-BN 5
JREEA ) 207 BEAXAE q = 27/a (0, 0.1, 0) KYAAE
XK, PRERBEEME T Fros. e 5 Bai i ZA X
MR AR R 2 BOBUE L 8806 K, L A-BN /), X2

T 2R, ZA 8K A2 2] T2 18] 1 5 48 B /K B A
HAER RS, B T i A 0 R 3 A Y e
B, BT DL AR MR R S OB A T4 305 F1 h-BN 22
[B], FeZe 30T 50045 0 i IS 4 AE L T IR 2 A R
A BRI, HE/NF h-BN,

XFP ZA RS HR S5 R A T N IR B G, Al g
RN, R Lifshitz 78 1952 4R A& A, bt
b ZA B A e sk AR 2 A AE TR AR
AOBPRH AT L, Bt A A8 . BN I GaS %5)20R S
R PR BT AR 2R W, X i A Bl A5 X7 | b sk 2 22 4R A
S AR T

4 &

I FH S — e SR A 0 o S AT (L A O vk R G 5
T M. h-BN FA 820/ h-BN 5502546 1) HL 1 ot LA
R TR . SRR M S MR R S 8D e BB
X 3 PR K R, SR

(1) LR R A AR 7=, e T ABB 3t
#y 2 A7 B2 45/ h-BN TE B ) Fefe e 1Y S R A5 M . 115
TI3INHEERRNBR TR, ABA S h-BN 72
SR EERTAT TR, Y B S 45 4 1) R 2
PN BRJZ BB A5 A 1) 8T & 0, SR R A5 R P il R A 55
(YOS FC/R A BAE SR S5 A o

(2) T B AU AR R 2540 0 75 138, R BLAE
JEEEHRSIAT 20" et X AR5 C R
T B, N Z stz sh, 115 3 fh 42k
PRI R BRI, T PRI AR 22 8] A7 78 1 3 48 B
IR AR, TR S B 45 4 1 7 kAT A T80 2
A R-BN RNz ],

I T 3N e 5 mMERSE, e T
eI A ZA il 20" B MR sIE R, LIE
B SRR ST A B, ZA B2 3 T2 A s B
IR EAERS, B2 T s PR sh 5, pr A
EMBERSEEE N T PR RE MR Z ], RAREE
JREEF G A L T h-BN A B s>, Ak T 5
o WFIERBA, 7625 v n] LA 2 3 48 FU 2R # A0 B AR
O A0 R 2 KA R 1) 57 B B

SEHE References

[1] Geim K. Science, Graphene: Status and Prospects [ 1]. Science,
2009, 324. 1 530.

[2] Avouris P. Graphene: Electronic and Photonic Properties and De-
vices [1]. Nano Lett, 2010, 10; 4 285.

[3] ShiY, Hamsen C, Jia X, et al. Synthesis of Few-Layer Hexagonal
Boron Nitride Thin Film by Chemical Vapor Deposition [ J]. Nano



520

Hh BB 2

%34 %

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Lett, 2010, 10 4 134.

Golberg D, Bando Y, Yang H, et al. Boron Nitride Nanotubes and
Nanosheets [ J]. ACS Nano, 2010, 4: 2 979.

Novoselov K' S, Geim A K, Morozov S V, et al. Two-Dimensional
Gas of Massless Dirac Fermions in Graphene [ J]. Nature, 2005,
438 197.

Zhang Y, Tan Y, Horst L, et al. Experimental Observation of the
Quantum Hall Effect and Berrys Phase in Graphene [ J]. Nature,
2005, 438 201.

Neek-Amal M, Beheshtian J, Sadeghi A, et al. Boron Nitride
Monolayer: A Strain-Tunable Nanosensor [ J]. J Phys Chem C,
2013, 117 13 261.

Larentis S, Fallahazad B, Tutuc E. Field-Effect Transistors and
Intrinsic Mobility in Ultra-Thin MoSe, Layers [ J]. Appl Phys Lett,
2012, 101 223 104.

Ross J S, Wu S, Yu H, et al. Electrical Control of Neutral and
Charged Excitons in a Monolayer Semiconductor [ J]. Nat Com-
mun, 2013, 4. 1 474.

Radisavljevic, Radenovic A, Brivio J, et al. Single-Layer MoS,
Transistors[ J]. Nat Nano, 2011, 6. 147.

Tongay S, Zhou J, Ataca C, et al. Broad-Range Modulation of
Light Emission in Two-Dimensional Semiconductors by Molecular
Physisorption Gating [ J]. Nano Leit, 2013, 13, 2 831.

Yin Z, Li H, Jiang L, et al. Single-Layer MoS, Phototransistors
[J]. ACS Nano, 2012, 6 74.

Serrano J, Bosak A, Arenal R, et al. Vibrational Properties of
Hexagonal Boron Nitride: Inelastic X-Ray Scattering and Ab Initio
Calculations [J]. Phys Rev Lett, 2007, 98 . 095 503.

Seol J H, Jo I, Moore A L, et al. Two-Dimensional Phonon Trans-
port in Supported Graphene [ J]. Science, 2010, 328 213.
Balandin A A, Ghosh S, Bao W, et al. Superior Thermal Conduc-
tivity of Single-Layer Graphene [J]. Nano Lett, 2008, 8. 902.
Balandin A. Thermal Properties of Graphene and Nanostructured
Carbon Materials [ J]. Nat Mater, 2011, 10 569.

Singh S K, Neek-Amal M, Costamagna S, et al. Thermomechani-
cal Properties of a Single Hexagonal Boron Nitride Sheet [ J]. Phys
Rev B, 2013, 87 184 106.

Nika D L, Balandin A A. Two-Dimensional Phonon Transport in
Graphene [J]. J Phys: Condens Matter, 2012, 24 233 203.
Scarpa F, Adhikari S, Phani A S. Effective Elastic Mechanical
Properties of Single Layer Graphene Sheets [ J]. Nanotechnology,
2009, 20 065 09.

Li C, Bando Y, Zhi C, et al. Thickness-Dependent Bending Mod-
ulus of HexagonalBoron Nitride Nanosheets[ J]. Nanotechnology
2009, 20 385 707.

Ataca C, Sahin H, Aktirk E, et al. Mechanical and Electronic
Properties of MoS, Nanoribbons and Their Defects [ J]. J Phys
Chem C, 2011, 115 3 934.

Coleman J N, Lotya M, O’ Neill A, et al. Two-Dimensional Nano-

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Sheets Produced by Liquid Exfoliation of Layered Materials [ J].
Science, 2011, 331, 568.

Lopez-Sanchez O, Lembke D, Kayci M, et al. Ultrasensitive Pho-
todetectors Based on Monolayer MoS, [ J]. Nat Nano, 2013,
8. 497.

Mounet N, Marzari N. First-Principles Determination of the Struc-
tural, Vibrational and Thermodynamic Properties of Diamond,
Graphite, and Derivatives [ J]. Phys Rev B, 2005, 71 205 214.
Pavone P, Karch K, Schiitt O, et al. Ab Initio Lattice Dynamics
of Diamond [ J]. Phys Rev B, 1993, 48, 3 156.

Zakharchenko K V, Katsnelson M I, Fasolino A. Finite Tempera-
ture Lattice Properties of Graphene beyond the Quasi Harmonic Ap-
proximation [ J]. Phys Rev Lett, 2009, 102 046 808.
Zakharchenko K V, Los J H, Katsnelson M I, et al. Atomistic
Simulations of Structural and Thermodynamic Properties of Bilayer
Graphene [J]. Phys Rev B, 2010, 81 235 439.

Bao W, Miao F, Chen Z, et al. Controlled Ripple Texturing of
Suspended Graphene and Ultrathin Graphite Membranes [J]. Nat
Nano, 2009, 4 562.

Yoon D, Son Y, Cheong H. Negative Thermal Expansion Coeffi-
cient of Graphene Measured by Raman Spectroscopy [ J]. Nano
Lett, 2011, 11 3 227.

Wei P, Jianliang X, Junwei Z, et al. Biaxial Compressive Strain
Engineering in Graphene/Boron Nitride Heterostructures [ J]. Sei
Rep, 2012, 2. 893.

Usachov D, Adamchuk V K, Haberer D, et al. Quasifreestanding
Single-Layer Hexagonal Boron Nitride as a Substrate for Graphene
Synthesis [J]. Phys Rev B, 2010, 82 075 415.

Perdew J P, Burke K, Ernzerhof M. Generalized Gradient Approx-
imation Made Simple [ J]. Phys Rev Lett, 1996, 77 3 865.
Kresse G, Furthmiiller J. Efficiency of Ab-Initio Total Energy Cal-
culations for Metals and Semiconductors Using a Plane-Wave Basis
Set[J]. Comput Mater Sci, 1996, 6. 15.

Kresse G, Hafner J. Ab Initio Molecular Dynamics for Liquid Met-
als[ J]. Phys Rev B, 1993, 47 558.

Kresse G, Furthmiiller J. Efficient Iterative Schemes for Ab Initio
Total-Energy Calculations Using a Plane-Wave Basis Set[ J]. Phys
Rev B, 1993, 54 11 169.

Grimme S. Semiempirical GGA-Type Density Functional Construc-
ted with a Long-Range Dispersion Correction[ J]. J Comp Chem,
2006, 27 1 787.

Blschl P E. Projector Augmented-Wave Method[J]. Phys Rev B,
1990, 50 17 953.

Kresse G, Joubert D. From Ultrasoft Pseudopotentials to the Pro-
jector Augmented-Wave Method [ J]. Phys Rev B, 1993, 59.
1758.

Monkhorst H J, Pack J D. Special Points for Brillouin-Zone Inte-
grations| J]. Phys Rev B, 1996, 13 5 188.

(3 207%)



