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Effects of controllable biaxial strain on the Raman spectra of monolayer
graphene prepared by chemical vapor deposition
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Controllable biaxial strain is delivered to monolayer graphene prepared by chemical vapor

deposition via applying an electric field to the underlying piezoelectric [Pb(Mg1/3Nb2/3)O3]0.7-

[PbTiO3]0.3 substrate. The effects of tunable strain on the Raman spectra of graphene are investigated

in reversible and real-time manners. Such strain can result in a blue shift in 2D band of graphene.

The calculations based on the Gr€uneisen parameter identify the actual biaxial strain to graphene,

leading to a continuous 2D band shift, which is detected during the retention of bias voltage. The

physical mechanism behind this unique Raman behavior is discussed. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809922]

Graphene has attracted tremendous attention because of

its fascinating optical, electrical, and mechanical properties.

A variety of graphene-related materials have been explored

for a wide-range of applications.1,2 Strain engineering in gra-

phene is extensively studied because of the possibility of

introducing a gap to graphene.3,4 It has been proven to be fea-

sible to impose uniaxial strain to graphene by stretching or

bending the graphene-coated flexible substrates including pol-

ydimethylsiloxane (PDMS),5 polymethyl methacrylate

(PMMA)6 and polyethylene terephthalate (PET).7,8 However,

these investigations are limited to uniaxial strain, and such

type of strain is relatively large. Furthermore, it is difficult to

study the Gr€uneisen parameters of graphene under uniaxial

strain by considering such strain can move the relative posi-

tion of Dirac cones.9 Comparatively, biaxial strain is more

suitable to study the strain effects on the vibrational

properties.10–12 Nevertheless, previous investigations of biax-

ial strain focused mainly on the mechanically exfoliated gra-

phene (i.e., single-crystal graphene). Generally, chemical

vapor deposition (CVD) synthesized large-area graphene

sheets are polycrystalline and usually continuous, which are

of great interest for industrial scale applications. However,

the vibrational properties of CVD-grown graphene under

biaxial strain are still lacking until now.

On the other hand, single-crystal (1-x)[Pb(Mg1/3Nb2/

3)O3]-x[PbTiO3] (PMN-PT) is an excellent substrate which

is capable of providing relatively large strain due to its giant

electromechanical or converse piezoelectric response.13,14 In

our recent study, both light and ultrasound emissions have

been observed in a single system of ZnS: Mn/PMN-PT.15

The substrate-induced biaxial strain can be delivered to the

as-prepared films and can dramatically affect the properties

of the above layers. In this work, we have studied the vibra-

tional behaviors of CVD-grown monolayer graphene under

biaxial strain by directly transferring the graphene onto

PMN-PT substrates. Such strategy provides a unique

approach to investigate in-situ dynamically the Raman spec-

tra of the graphene via piezoelectric-induced biaxial strain.

Monolayer graphene samples were prepared by CVD

methods on copper foils and then transferred onto PMN-PT

substrates. The detailed growth and transfer methods can be

referred to our earlier work.16 Before transfer process, oxy-

gen plasma treatment was employed to enhance the hydro-

philicity of the PMN-PT surface, which could make the

graphene and the underlying PMN-PT form good adhesion.

150 nm-thick Au top electrodes were deposited directly on

the graphene sheet by thermal evaporation, while the back-

side of the PMN-PT substrate was coated with Au to form

bottom electrode. The resistance of graphene is about several

kX, which is much smaller than that of the underlying PMN-

PT. Hence, the large-area continuous graphene layer served

as a top electrode to form the parallel plate capacitor when a

bias voltage was applied to the PMN-PT. The schematic of

the hybrid system is shown in Fig. 1(a). High resolution

X-ray diffractometer (XRD) (Rigaku, SmartLab, 9 kW)

equipped with a Ge (220) 2 bounce monochromator was

used to get 2h scanning patterns of the PMN-PT. The gra-

phene layer was characterized using Raman spectroscopy

(HORIBA, HR800) with the excitation wavelength of

488 nm and the laser spot size of 1 lm. A Keithley 2410

SourceMeter was introduced to provide bias voltage. Prior to

the measurements, we positively polarized the PMN-PT sub-

strate by applying an electric field (E) of 10 kV/cm to the

substrate, resulting in the electric dipole moments pointing

towards the graphene sheet. Additionally, the polarization

hysteresis loop was measured under an ac electric field with

10 Hz using a conventional Sawyer–Tower circuit. All the

above measurements were performed in air ambient at room

temperature.

The Raman spectrum of graphene on the PMN-PT sub-

strate is shown in Fig. 1(b). The most intense features of G

and 2D peaks, corresponding to the doubly degenerate E2g

phonon at the Brillouin zone center and the second order of

the D peak, respectively, can be clearly observed. A symmet-

ric 2D peak lies at about 2700 cm�1, with full-width-at-half

maximum (FWHM) of about 40 cm�1. The intensity of the

2D peak is found to be approximately 2 times of that of the

G peak, indicating that the graphene is single-layer. No

defect-related D peak (due to the breathing modes of
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six-atom rings and requires a defect for its activation) is

observed, confirming the absence of significant defects in the

graphene sheet. The mapping images of Raman spectra in

terms of both position and intensity from graphene feature

peaks are shown in Fig. 2. After the applied strain is removed,

almost same mapping image can be obtained. The defect-

related D band is still invisible after removing the strain,

which also rules out the possibility of generating defects such

as slipping and buckling in graphene by the strain.

XRD technique was used to analyze the lattice deforma-

tion of PMN-PT. As shown in Fig. 3(a), the (002) diffraction

peak of PMN-PT shows a visible shift when the hybrid struc-

ture is applied by dc voltages, and more importantly, with

increasing the applied voltage, the (002) peak shifts towards

lower angles. The inset of Fig. 3(a) shows the position of

(002) peak of PMN-PT as a function of the applied voltage.

Evidently, the PMN-PT substrate can produce out-of-plane

tensile strain. In other words, the in-plane strain is compres-

sive. According to the Bragg’s law and Poisson ratio, the in-

plane strain can be calculated.17 The substrate-induced strain

has a linear dependence on the bias voltage with a slope of

�0.04% per 100 V. Fig. 3(b) shows the 2D peaks of the gra-

phene shift to higher frequency as the applied voltage

increases from 100 to 600 V. This shift in Raman peak is

usually caused by the distortion of the graphene lattice,

which can alter the vibrational properties of the phonons

within the lattice. The 2D band shift (Dx2D) is exhibited as a

function of the applied strain in the inset of Fig. 3(b).

Typically, compressive biaxial strain leads to a phonon hard-

ening (blue shift) for single-crystal graphene, while tension

leads to phonon softening (red shift).10,11 In our experiments,

the 2D peaks also show blue-shifted characteristics under

compressive strain. Negative voltages also give rise to the

left shifts of (002) peaks in the XRD patterns shown in

Fig. 4(a), indicating a compressive strain is produced by a

negative bias voltage, which is consisted with previous

reports for PMN-PT.18,19 Such compressive strain also indu-

ces the blue shifts of 2D Raman band from 2703 to

2714 cm�1 as shown in Fig. 4(b).

However, the position of Raman feature peaks is also

carrier dependent.20,21 Earlier studies reported that carrier

doping can usually lead to the decrease in intensity of 2D

band and line broadening in 2D peak, accompanied by the

low ratio (usually less than 1) of Dx2D=DxG (Dx2D is the

shift of 2D band frequency, while DxG is the shift of G

band).22 As shown in Fig. 3(b), the 2D peaks of the graphene

show a blue shift as the applied voltage increases, while both

the intensity and the FWHM of 2D peak show weak depend-

ence on the applied voltage. In addition, the 2D peak shift is

over 2 times more than G peak shift under the same bias

voltage as shown in Fig. 4(d). The inset of Fig. 4(d) exhibits

the shift of G peak (DxG) as a function of the voltage. The G

peak shifts about 2.4 and 4.3 cm�1, corresponding to about

5.6 and 9.6 cm�1 for 2D peak, under bias voltage of 400 and

600 V, respectively. Furthermore, the position of the 2D

peak calculated through density functional theory (DFT)

framework does not change much even at high hole doping

level (hole density of 1013 cm�2).21 In fact, the carrier con-

centration is relatively low considering the thickness of

PMN-PT is 0.5 mm. Besides that, the 2D band position

shows a V-shape curve as a function of the bias voltage in

our experiments as shown in Fig. 4(c), which is in conflict

with the 2D band shift behaviors induced by carrier doping.

All the above analysis suggests that the effect of carrier dop-

ing on the 2D band shift is negligible compared to the com-

pressive strain effect.

It should be pointed out that the strain exerted on the

graphene is not exactly the strain provided by the underlying

FIG. 1. (a) Schematic of graphene/PMN-

PT hybrid system. (b) Raman spectrum

of graphene on PMN-PT substrate.

FIG. 2. Raman spectra mapping images

of feature peaks of graphene over an

area of 3 lm� 6 lm.
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substrate owing to the inefficient interfacial compressive

strain transfer.23 Based on the Raman 2D peak shift, we can

use the Gr€uneisen parameter for 2D band to identify the

actual strain applied to the graphene. The specific 2D band

position can be obtained by fitting the 2D peak with single-

peak Lorentzian functions. The 2D peak shifts towards

higher frequency by about 1.5 cm�1 because of the in-plane

strain induced by a bias voltage of 100 V. The Gr€uneisen pa-

rameter is defined as

c ¼ �1=ð2x0Þ @x=@e; (1)

where x0 and x are Raman frequencies at zero strain and fi-

nite biaxial strain, respectively. e is the biaxial strain. Here,

for the 2D band, the Dx2D can be expressed as

Dx2D ¼ �2x0c2De: (2)

The Gr€uneisen parameter for 2D band derived from

mechanically exfoliated graphene can be applied to the

CVD-grown polycrystalline graphene,23 when considering

that the 2D band is affected only by the strain from inside of

the grains.24–26 In this work, we use the Gr€uneisen parameter

for 2D band derived from the shift of Raman peak by Zabel

et al. to be 2.6 6 5%.11 This value is in good agreement with

the Gr€uneisen parameter (2.7) calculated from first principles

by Mohiuddin et al.9 Herein, we obtain the actual strain

applied to the graphene to be about �0.011% per 100 V.

Note that such strain magnitude is much smaller than that of

the PMN-PT (�0.04%) based on the aforementioned XRD

result, suggesting that the piezoelectric-induced in-plane

strain might have not been completely transferred to the gra-

phene sheet. This may be mainly attributed to the extremely

high stiffness of graphene and the inefficient interfacial

strain transfer.23

Next, we measured the 2D band of Raman frequency

during the retention of a bias voltage (400 V) as shown in Fig.

5(a). The 2D peak shifts towards higher frequency by 6 cm�1

as the bias voltage is applied to the hybrid system. After the

immediate blue shift, 2D peak shifts steadily to higher fre-

quency with a further shift of about 4 cm�1. Then, after about

60 min, the shift is saturated. As shown in Fig. 5(b), the evo-

lution of the 2D peak shift can be divided into three regions

as I, II, and III, which correspond to jumping, steadily

increased and saturated states, respectively. Based on the 2D

Raman peak shift, the strain introduced to the graphene can

be calculated. The voltage of 400 V instantaneously imposes

�0.043% strain to graphene, and subsequently, introduces

a strain of �0.071% to the graphene. Furthermore, the

FIG. 3. (a) The PMN-PT (002) peaks of

XRD 2h scanning patterns with bias

voltage changed from 0 to 600 V. The

position of (002) peak at different volt-

age is shown in the inset. (b) 2D peaks

of graphene under different bias voltage

varied from 0 to 600 V. Inset shows the

shift of 2D band as a function of voltage.

FIG. 4. (a) The PMN-PT (002) peaks of

XRD 2h scanning patterns with bias

voltage changed from 0 to �500 V.

(b) The 2D peaks of Raman spectra with

bias voltage varied from 0 to �500 V.

(c) The 2D band position as a function

of the applied voltage from �500 to

600 V. (d) Raman feature peeks of G and

2D for graphene under different bias

voltage. The shift of G band as a func-

tion of voltage is shown in the inset.
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PMN-PT under a bias voltage of 400 V was measured by the

XRD technique and the position of (002) peak is time-

independent when the bias voltage keeps constant (not shown

in this paper), which implies that the strain provided by the

underlying substrate remains constant. However, the strain

exerted on the graphene is time-dependent. One possible rea-

son for such unique behavior could be the different strain dis-

tribution between grains and grain boundaries in CVD-grown

graphene. Note that the grain size of polycrystalline graphene

grown on copper foils ranges from several hundred nm to

several lm, which is comparable with the spot size (1 lm).

So, when performing Raman spectroscopy of CVD-grown

graphene, there is a high possibility of detecting grain boun-

daries.23 It is reported that grain boundaries can reduce the

stiffness of graphene. As a consequence, strain in grain boun-

daries is larger than that inside grains.24,25 The larger strain in

grain boundaries would be likely to introduce the additional

increase of strain inside the grains, corresponding to the con-

tinuous blue shift in 2D band. Additionally, reproducible ex-

perimental results still exhibit the continuous Raman shift.

In summary, we present the in-situ and real-time Raman

spectra of graphene under controllable biaxial strain based

on graphene/PMN-PT hybrid system. The PMN-PT substrate

could impose compressive biaxial strain to graphene under a

bias voltage and result in a blue shift in the 2D band. The

actual amount of biaxial strain exerted on the graphene layer

is calculated. After the initial response to the applied voltage,

a continuous blue shift can be detected during the retention

of bias voltage.
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