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We investigate phonon transmission and thermal boundary conductance (TBC) across graphene/

Cu interface using density functional theory and atomistic Green’s function method. The

analysis of phonon dispersions and density of states of single layer graphene (SLG) shows that

even weak SLG/Cu interaction can soften the transverse optical and longitudinal optical modes

and suppress low frequency out-of-plane acoustic (ZA) modes. Our calculations predict that a

small stretching of the SLG lattice (�1.6%) significantly enhances the SLG/Cu interaction

which is reflected in larger band-gap for ZA/ZO phonon mode and a remarkable increase in TBC

(�59%). VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821439]

In graphene based electronic devices, thermal transport

across graphene-metal interfaces becomes particularly impor-

tant when contact resistance becomes an obstacle in the effec-

tive heat removal from the devices, e.g., at contacts in short

channel field effect transistors (FETs) and graphene-Cu

hybrid-interconnects.1–3 The thermal boundary conductance

(TBC) between graphene/graphite and various metals has

been previously measured, and relatively low TBC at interfa-

ces (e.g., 7–60 MW/m2K for graphene-Au4–6 and graphene-

Cu7 at room temperature) has been reported. Low TBC at gra-

phene interfaces8,9 can become a critical challenge for high

frequency applications of graphene FETs and interconnects.

Experimental measurements show that the TBC at graphene-

metal interfaces has a weak dependence on temperature above

100 K.4 Phonons are, therefore, expected to be the dominant

energy carriers for the interfacial thermal transport.4 Recently,

the atomic and electronic structures of various graphene-metal

interfaces have been investigated using density functional

theory (DFT) calculations,10–14 but the predicted equilibrium

spacing and binding energy have a large variation depending

on the exchange-correlation functional and the lattice constant

of graphene considered to match with the lattice of metal sub-

strate. The equilibrium spacing between graphene and Cu sub-

strate could vary from 2.24 Å to 3.58 Å depending on the

lattice constants of graphene (2.44 Å to 2.55 Å) and exchange-

correlation functional considered in the DFT calculations.10–15

The effects of these variations on the phonon transport across

graphene-metal interfaces have not been studied.

In this letter, we study the phonon transmission and TBC

across graphene/Cu interfaces using Atomistic Green’s func-

tion (AGF)16–18 and DFT calculations. AGF based model

compute the TBC across Cu/SLG/Cu interfaces using the

atomic structure and interatomic force constants (IFCs) pre-

dicted from the DFT calculations. By comparing phonon dis-

persions of isolated graphene, Cu supported graphene, and

graphene sandwiched between Cu layers, we find graphene-

Cu interaction can open a small gap between out-of-plane

acoustic (ZA) and optical (ZO) modes at K point. The magni-

tude of this gap has indicated an enhanced graphene-Cu inter-

action in stretched graphene lattice compared to the un-

stretched graphene. We further show that this enhancement

of graphene-Cu interaction due to the stretching of graphene

lattice can significantly increase the phonon transmission and

the TBC across the graphene-Cu interface. The prediction of

TBC across SLG/Cu interface by AGF is in agreement with

the previous experimental measurements,7 which suggests

that our first principle method without using any adjustable

parameters can serve as an efficient tool for the thermal anal-

ysis of graphene-metal interfaces.

We consider a single layer graphene (SLG) sandwiched

between two Cu layers in the AGF calculations as shown in

Fig. 1(a). At SLG/Cu interfaces, the SLG honeycomb lattice

is positioned to match the Cu (111) lattice to form the top

FIG. 1. (a) Schematic of Cu/SLG/Cu system for the AGF calculation. A sin-

gle layer graphene (SLG) is considered as the device (D). It is sandwiched

between two Cu contacts: left contact (LC) and right contact (RC). The

regions beyond LC or RC are defined as the left contact bulk (LCB) and

right contact bulk (RCB), which do not interact with the device region.

View in (b) x-z plane and (c) x-y plane of a unit cell with 2 C atoms on Cu

atoms. Only four layers of Cu are shown in (b).
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face-centered cubic (top-FCC) configuration (Fig. 1(b)),

which is demonstrated to be the most stable configuration

with lowest energy.11,14 In the absence of accurate empirical

model to describe the graphene/Cu interactions, we employ

DFT to determine the IFCs.

We first perform DFT simulations with local density

approximation (LDA)19 functional to determine the optimized

lattice constants of isolated SLG and bulk Cu, and equilibrium

spacing d between SLG and Cu substrate, respectively. As

shown in Fig. 1(c), we define the in-plane lattice constant of

SLG/Cu system as length a which is also the definition of lat-

tice constant of graphene primitive unit cell. The FCC lattice

constant of bulk Cu is aFCC ¼
ffiffiffi

2
p

a. Here, we use a for the

following discussion of bulk Cu, SLG, and SLG/Cu systems.

The optimized lattice constants and equilibrium spacing are

listed in Table I. We focus on the analysis of TBC and phonon

interactions at graphene-Cu interface for two cases, which has

different lattice constants for the unit cell in Fig. 1(c): Case

I-graphene lattice constant determined by LDA, a¼ 2.45 Å

and corresponding d¼ 3.23 Å; Case II- Cu lattice constant

determined by LDA, a¼ 2.49 Å and corresponding

d¼ 3.18 Å. In Case I, we optimize the SLG structure using

LDA, and Cu lattice is compressed and matched to SLG lat-

tice. In Case II, we obtain the optimized lattice constant of the

Cu FCC structure using LDA, and SLG lattice is stretched to

match the Cu lattice. The equilibrium spacing in Case II is

reduced by 0.05 Å compared to Case I as the SLG lattice con-

stant is increased from 2.45 Å in Case I to 2.49 Å in Case II.

This indicates that the interaction between SLG and Cu can

be enhanced by stretching the SLG lattice. The IFCs between

C-C, Cu-Cu, and C-Cu atom pairs are determined using DFT

calculations for the optimized lattice constants and equilib-

rium spacing (see supplemental material20).

The phonon dispersion of SLG is determined by the

diagonalizing the dynamical matrix constructed using IFCs

obtained from the DFT simulations with LDA functional.

Figure 2(a) compares the phonon dispersion of isolated SLG

with unstretched lattice constant a¼ 2.45 Å and stretched lat-

tice constant a¼ 2.49 Å, and experimental measurements.21

As the lattice constant a is stretched by 1.6%, TO and LO

modes are strongly softened by 3 THz for the entire C-K

branch. The softening in LA modes increases from C point to

K point with the largest softening of 2.3 THz at K point. The

softening of LA, TO, and LO modes indicates the decrease of

in-plane stretching force constant and increase of out-of-

plane bending force constant due to the increase of C-C bond

length.22,23 Compared to the experimentally measured disper-

sion relation of surface phonons of graphite in Fig. 2(a), the

DFT calculation with unstretched lattice constant has a good

agreement except for the ZA/ZO and LA/LO modes at K

point. Our calculations show no splitting of the ZA/ZO

modes and LA/LO modes at K point, but splitting of modes

is observed in the experimental measurements.21,24 This dis-

agreement might be because the thin flake of graphite used in

the experiments24,25 had the possible admixture of micro-

crystallites of different orientations.26

Figure 2(b) shows the phonon dispersions of Cu sup-

ported SLG (Fig. 1(c)) for unstretched graphene with lattice

constant a¼ 2.45 Å, stretched graphene with lattice constant

a¼ 2.49 Å, and experimental measurements.21 In the experi-

ments by Shikin et al.,21,27 about one layer of Cu was inter-

calated underneath the SLG supported on Ni (111). In

comparison to the phonon dispersion of isolated SLG in Fig.

2(a), TO and LO modes at C point are significantly softened,

and ZO modes from C to K are slightly softened, which can

be observed in both the DFT calculations and experimental

measurements. The softening in TO, LO and ZO modes is

because of the charge transfer from the d bands of Cu to C

atoms in SLG which weakens the p bonding in SLG. The

inset of Fig. 2(b) zooms in the region of green box which

shows the ZA and ZO modes near K point. The slight split-

ting between ZA and ZO modes can be observed at K point.

It is 0.05 THz for the unstretched SLG and 0.08 THz for the

stretched SLG. Besides, a small lifting of acoustic modes is

TABLE I. Lattice constant (a) of unit cell shown in Fig. 1(c) and corre-

sponding SLG-Cu equilibrium spacing (d).

Case I Case II

SLG lattice constant (Å) 2.45 2.49

SLG-Cu spacing (Å) 3.23 3.18

FIG. 2. Phonon dispersions of (a) isolated SLG; (b) SLG supported on Cu (111); (c) SLG sandwiched between two Cu (111) surfaces. Black dots in (a) and (b)

are experimental measurements from Ref. 21 for surface phonons of pure graphite and phonon modes of graphene in graphene/Cu/Ni, respectively. Solid blue

lines and red dashed lines in (a), (b) and (c) are calculated for the unstretched and stretched SLG, respectively. The insets in (b) and (c) are the zoom-in plot of

ZA and ZO modes around K point as indicated by the green boxes. The lifting in ZA modes at C points is marked with green circles in (b) and (c).
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observed at C point (e.g., 0.76 THz and 0.67 THz for ZA

modes of the unstretched and stretched SLG), as indicated

by the green circle in Fig. 2(b) and Fig. S1 in supplementary

material.20 When the SLG is sandwiched between the Cu

layers, the gaps between ZA and ZO modes at K point are

0.17 THz and 0.2 THz for the two cases, respectively, as

shown in Fig. 2(c). According to the previous studies,22,23

the gap between ZA and ZO modes at K points indicates the

interaction strength between SLG and the metal substrate.

The increase of the interaction strength can change the TBC,

which will be demonstrated by AGF calculations.

The density of states (DOSs) of the lattices near the

interface indicates the phonon population available for inter-

facial coupling over the frequency range of interest. We first

compare the effect of SLG-Cu interactions on the density of

states (DOSs) of Cu and SLG as shown in Figure 3. In left

contact (LC) or right contact (RC) region, the strong Cu-Cu

bonding at the SLG/Cu interface is replaced by weak interac-

tions between Cu atoms and C atoms. This leads to a shift in

Cu phonon DOSs to the lower frequencies (see in Fig. 3(a)).

This frequency shift has also been observed in the DOSs of

surface phonons in transition metals and silicon.28–30 The

interaction with Cu substrate also affects the DOSs of gra-

phene as shown in Fig. 3(b). The DOSs of graphene are

suppressed at low frequencies (<1.7 THz marked with red

circle in Fig. 3(b)), while a new peak is observed around 46

THz (marked with black arrow in Fig. 3(b)) for the sand-

wiched SLG. The LO and TO modes are softened at frequen-

cies around 46 THz (see Fig. 2(c)), and the abundance of

these phonon modes around C point create the new peak in

DOSs around 46 THz. Figure 3(c) compares the DOSs of de-

vice graphene for the two cases in low frequency region

(0–10 THz). The DOSs of device graphene for Cases I and II

are nearly zero below 1.8 THz, which corresponds to the lift-

ing of ZA modes at C point in Fig. 2(c). At frequencies close

to zero, the longitudinal acoustic (LA) and transverse acous-

tic (TA) phonon branches show linear relationship between

frequency and wave vector, while the out-of-plane acoustic

(ZA) phonon branch has a quadratic dispersion.31 DOSs of

isolated graphene near zero frequency are populated by ZA

modes.32,33 However, the DOSs of the device graphene

decrease to almost zero at low frequency (<1.7 THz) which

indicates that the ZA modes are highly suppressed at low fre-

quency as shown in Fig. 3(c).34

A distinct phonon spectrum mismatch between Cu and

graphene can be observed by comparing Figs. 3(a) and 3(b).

The phonon modes in Cu are below 9 THz, while the vibra-

tional frequencies of graphene are up to 50 THz. This mis-

match in phonon spectrum between graphene and Cu restricts

the phonon transmission to the frequencies below 9 THz as

shown in the inset of Fig. 4. By comparing transmission func-

tion with DOSs of SLG in Fig. 3(c), we observe that the

behavior of phonon transmission at low frequency (below 1.7

THz) in each case is in agreement with the trends in DOSs of

sandwiched SLG. The suppressed ZA modes below 1.7 Hz

cannot contribute to the phonon transmission across Cu/SLG/

Cu interfaces. Figure 4 also shows the TBC as a function of

temperature. Because the phonon transmission is generally

limited to frequencies below 9 THz, the TBC levels off

beyond 300 K. The TBC for Cases I and II is 10.4 MW/m2K

and 16.5 MW/m2K at 300 K, respectively. The lattice

constant of graphene is increased by 1.6%, and the

FIG. 3. (a) DOSs of bulk Cu and Cu in LC region of Cu/SLG/Cu system

with unstretched SLG lattice constant. (b) DOSs of isolated SLG and SLG

sandwiched between Cu layers of Cu/SLG/Cu system with unstretched SLG

lattice constant. Region with suppressed ZA modes is marked with red circle

while the new peak created by the softening of TO and LO modes is marked

with black arrow. (c) DOSs of unstretched and stretched SLG in Cu/SLG/Cu

system below 10 THz.

FIG. 4. Thermal boundary conductance at Cu/SLG/Cu interfaces as a func-

tion of temperature for unstretched and stretched SLG. The inset shows

transmission function for the two cases.
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equilibrium spacing is reduced by 1.5% from Case I to Case

II (see Table I), but the TBC is increased by 59%. The inter-

action strength between SLG and Cu is increased in Case II

compared to Case I, which is also in agreement with the pho-

non band gap increase between ZA and ZO modes at K point

from Case I to II. As shown in the supplementary material,20

TBC increases quadratically with the IFCs between SLG and

Cu. A 26% increase of IFCs between SLG and Cu can lead to

a 59% increase of TBC across Cu/SLG/Cu interfaces. As a

result of stretching SLG lattice, the equilibrium spacing is

reduced; the decrease in the equilibrium spacing enhances the

interfacial interactions and therefore significantly increases

the TBC.

The TBC shown in Fig. 4 corresponds to two Cu-

graphene interfaces. Neglecting the thermal resistance across

SLG,4 the TBC across single SLG/Cu interface at 300 K

should be twice of the value shown in Fig. 4, i.e., 20.8 and

33 MW/m2K for Cases I and II. Experimental measurements

have been reported for TBC across interface of highly or-

dered pyrolytic graphite (HOPG) and Cu.7 The as-cleaved

sample had highest TBC of 60 MW/m2K, while the vacuum-

cleaved sample yielded a lower TBC around 55 MW/m2K.7

The TBC for as-cleaved sample is higher because of the pres-

ence of absorbed impurities at interface which may have

been introduced during the deposition of Cu on HOPG in the

presence of the water and hydrocarbons.7 In this study, we

use the crystalline Cu with smooth surface, and the calculated

TBC (20.8 MW/m2K and 33.0 MW/m2K for unstretched and

stretched cases, respectively) is lower but comparable to the

experimental measurements. However, the higher TBC in the

experimental measurements indicates stronger interaction

between Cu and graphite which depends on the deposition

technique and interface structure. The elevated temperature

during the metal deposition can also increase the reactivity

between metal and HOPG. Besides, the inelastic scattering at

the interface, which is a challenge to include in the AGF cal-

culation, can also contribute to the interfacial thermal trans-

port. For materials with significant mismatch of phonon

spectrum, the inelastic phonon scattering can open new chan-

nels for thermal transport.5,35–37

In summary, we have investigated the effects of SLG

and Cu lattice constants on the phonon transmission across

Cu/SLG/Cu interfaces using AGF and DFT simulations. We

demonstrate that the phonon DOSs of SLG and phonon

transmission across SLG/Cu is nearly zero below 1.7 THz

because of the suppression of ZA phonon modes in gra-

phene. We find relatively low TBC (�10 to 16.5 MW/m2K)

for all cases considered in this study, which can be attributed

to the weak atomic interactions and significant mismatch of

phonon spectrum. Stretching the SLG lattice to match Cu lat-

tice reduces the spacing between SLG and Cu and enhances

the interfacial interaction, which significantly increases the

TBC (�by 59%).
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