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A B S T R A C T

Polarized Raman spectroscopy has been employed to characterize transverse sections of

graphene monolayers upon both a copper substrate and a polyester film. Well-defined

Raman spectra can be obtained from the one atom thick transverse sections of graphene

because of the strong resonance Raman scattering. The intensity of Raman 2D band (I2D)

is independent of the axis of laser polarization when the laser beam is perpendicular to

the surface of the graphene monolayer but I2D is found to vary as approximately the 4th

power of the cosine of the angle between the axis of laser polarization and the plane of

graphene when the direction of laser propagation is parallel to the graphene sheet. It is

demonstrated that a generalized spherical expanded harmonics orientation distribution

function (ODF) can be used to quantify the spatial orientation of the graphene. The rough-

ness of the graphene, evaluated using atomic force microscopy, shows a good correlation

with the ODF determined using polarized Raman spectroscopy, showing how the Raman

technique may be employed to quantify the spatial orientation of graphene. It is also

demonstrated how the technique can be used to quantify the orientation of graphene in

high-ordered pyrolytic graphite and graphene paper.

� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The spatial orientation of graphene is of great importance

because of its two-dimensional geometry and properties such

as high strength [1] and high carrier mobility [2]. Such proper-

ties can be affected by the spatial orientation of the graphene

itself and also an uneven topography, such as wrinkles, is

known to affect the properties of graphene dramatically [3–6].
The technique of Raman spectroscopy has been used

extensively to study structural features of graphene such as

the stacking order [7,8], the presence of defects [9] and the

state of oxidation [10]. It has been demonstrated that the

deformation of graphene can be monitored from stress-

induced Raman band shifts [11–13] and that this phe-

nomenon can then be used to follow the micromechanics of

deformation of graphene in nanocomposites [14–17]. A
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dependence of the intensity of the Raman bands upon the

direction of laser polarization has been observed in a variety

of studies upon graphene structure [18–21]. In particular, the

intensity of the D band follows a �cos4 dependence upon

the angle of laser polarization relative to a graphene edge,

being a maximum when the direction of polarization is paral-

lel to the flake edge [18]. Such studies, however, have taken

place with the laser beam of the Raman spectrometer aligned

perpendicular to the surface of graphene, so only the in-plane

orientation (crystallographic orientation) is revealed [18–21].

Raman spectra have been obtained from transverse sec-

tion of multilayer graphene or graphite crystals in order to

study the spatial orientation [22–24] and it is found that the

intensity of Raman bands also follow an approximate �cos4

dependence upon the angle of laser polarization relative to

the graphene edge plane. In reality, however, the intensity

does not generally fall to zero even when the laser polariza-

tion is at 90� to the graphene plane edge due to misalignment

or waviness of the scattering entities. Similar behavior has

been observed in carbon nanotubes (CNTs) [25–28]. It was

shown by Liu and Kumar [29] that it is possible to quantify

the spatial orientation distribution function (ODF) of a dis-

tribution of aligned CNTs in a similar way to which the ODF

can be used to analyze orientational order in polymers [30].

Although the simple concept of the depolarization ratio [31]

gives a straight forward idea on the orientation of graphene

[24,32], it fails to represent the general spatial ODF.

Furthermore, the previous orientation studies were based on

multilayer graphene or graphene nanocomposites [22–24,32],

and there has been no systematic study to determine the spa-

tial orientation of monolayer graphene, taking into account

its surface roughness.

In this present study, the approach of Liu and Kumar [29] to

quantify the orientation of CNTs has been modified for the

quantitative analysis of the spatial orientation of graphene

monolayers. Two particular types of specimen were investi-

gated. Firstly, a graphene monolayer grown by chemical vapor

deposition (CVD) on the surface of copper foil (graphene-Cu)

and secondly CVD graphene grown on copper and then trans-

ferred onto a polyester film (graphene-PET). It is shown that in

both cases relatively strong Raman spectra obtained from trans-

verse one atom thick sections [33] can be used to quantify the

spatial orientation of the graphenewithout any prior knowledge

of the ODF. The broad agreement between the ODF obtained and

the level of surface roughness revealed by atomic force micro-

scopy (AFM) confirms that this technique may be employed to

characterize the spatial orientation of graphene.

2. Experimental

2.1. Specimen preparation

The graphene-Cu was grown via low-pressure chemical vapor

deposition on copper foils (99.9999% purity, 0.025 mm thick,

Alfa Aesar product number 10950) [34,35], which were cleaned

in acetone and isopropanol prior to use [36]. The foilswere heated

from room temperature to 1000 �C in a tube furnace with a 1 inch

quartz worktube under a hydrogen flow of 2 standard cubic cen-

timetres per minute (sccm), with a resultant pressure of
10�2 mbar. The hydrogen flow was maintained constant

throughout the growth process. After annealing for 20 min at

1000 �C, 35 sccm of methane was introduced for a further

10 min. The methane flow rate was reduced to 5 sccm while the

sample was cooled to 600 �C, after which the gas flow was

stopped.

The graphene-PET sample was supplied by Bluestone

Global Tech, USA. Since it is a commercial material full details

of its manufacture are confidential but some information has

been kindly supplied by Bluestone. The graphene was grown

on copper using a conventional methane feedstock and it

was then transferred onto PET film. It is mainly monolayer

graphene but typically contains approximately 1% by area of

multilayered regions and also around 1% of holes due to the

transfer, which vary depending upon the growth conditions

and transfer technique.

The highly-ordered pyrolytic graphite (HOPG) (43834,

10 · 10 · 1 mm) was supplied by Alfa Aesar. The graphene

paper was prepared by the direct exfoliation of graphite

(Grade 2369, Branwell Graphite Ltd., UK) in N-methyl-2-

pyrrolidone (NMP) (M79603, Sigma–Aldrich) [37,38] in a low

power ultrasonic bath (32 W, Elmasonic P70H) for 24 h. The

resulting suspension was centrifuged (Thermo Scientific

Sorvall LEGEND XTR) for 20 min at �4000 g following vacuum

filtration of the supernatant on 47 mm anodisc membranes

(pore size 0.1 lm) to form graphene paper. It was then dried

overnight at 80 �C in a vacuum oven.

For the polarization tests in X-direction (transverse to the

graphene planes), all samples were embedded transversely

using commercial polyester-based mounting plastic. The gra-

phene-Cu and graphene-PET specimens were prepared by

either cutting and polishing or microtome sectioning to

expose the graphene edges. The HOPG and graphene paper

specimens were cut and polished to again expose the gra-

phene edges.

2.2. Characterization

Polarized Raman spectra were obtained using Renishaw 1000/

2000 spectrometers with a HeNe laser (k = 633 nm) for the gra-

phene-Cu, HOPG and graphene paper and an Argon ion laser

(k = 514 nm) for graphene-PET, both with a laser spot around

1�2 lm in diameter, using the so-called ‘VV’ polarization con-

figuration, where the polarization of incident and scattered

radiation are parallel to each other. For graphene-Cu and gra-

phene-PET, the spectra were obtained from both the trans-

verse sections and the top surface of the graphene. AFM

images were obtained from the surfaces of the graphene on

both the graphene-Cu and graphene-PET using a Dimension

3100 AFM (Bruker) in the tapping mode in conjunction with

a ‘TESPA’ probe (Bruker). The waviness of the graphene on

the substrates was determined in terms of the distributions

of slopes determined from the AFM height scans using

Gwyddion AFM analysis software (gwyddion.net). Optical

images of the transverse sections were obtained using an

Olympus BH Microscope. Scanning electron microscope

(SEM) images were obtained for the graphene-Cu using a

Zeiss SUPRA 55-VP FEGSEM and a Philips XL 30 FEG micro-

scope for the HOPG and graphene paper. Transmission
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Fig. 1 – Schematic illustration of the relationships between

the specimen geometries and polarization arrangements

used in the Raman spectroscopic analysis. (a) The specimen

in the defined Cartesian coordinate system, and the VV

polarization arrangement with the laser beam parallel to

the (b) Z or (c) X axis. The red arrow represents the direction

of laser propagation and the purple and green arrows

represent the directions of polarization of the incident

radiation and scattered radiation, respectively (the arrow

with the broken line represents the Y direction in all cases).

(A color version of this figure can be viewed online.)
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electron microscope (TEM) images of the graphene removed

from the graphene-Cu were obtained at 200 kV using a JEOL

2000FX with a Gatan Orius camera.
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Fig. 2 – (a) Optical micrograph of a microtomed transverse sectio

section of the copper foil mounted in a polymer resin. (c) Raman

parallel to the Z-axis (UZ = 0�) and the X-axis (UX = 0�) (baseline s

parallel to the Z-axis as a function of the angle UZ. (e) I2D variatio

the angle UX. (A color version of this figure can be viewed onlin
3. Results

3.1. Graphene-Cu

The graphene on the graphene-Cu was shown by a combina-

tion of SEM and TEM to consist predominantly of single layer

material containing a few wrinkles, with evidence of small

amounts of bilayer material (Figs. S1–S3). Polarized Raman

spectra were obtained from both transverse section and top

surface of the CVD graphene using the ‘VV’ polarization con-

figuration, with the polarization of incident and scattered

radiation both parallel to each other. Fig. 1 defines the

Cartesian coordinate system with X, Y and Z axes used to

describe the experimental arrangement in which the CVD

graphene specimens were examined [39].

The Raman spectra were obtained, first of all, from the gra-

phene with the laser beam parallel to the Z-axis which is per-

pendicular to the graphene surface. Spectra were then

obtained from sections of the specimens with the direction of

laser propagation along the X-axis parallel to the plane of the

graphene, as shown in Fig. 1. With the polarization config-

urations fixed, spectra were then obtained with the specimens

rotated to different angles, UX and UZ in steps of 10�, for the

laser beam parallel to the X and Z directions, respectively.

Fig. 2 shows the results for the polarized Raman analysis

of the graphene-Cu. An optical micrograph of a microtome

sectioned transverse section of the copper foil is shown in

Fig. 2a along with a schematic diagram of the mounted
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specimen in Fig. 2b. The Raman spectrum from the graphene-

Cu with the direction of propagation of the laser beam paral-

lel to the Z-axis (perpendicular to the surface of the foil) is

shown in Fig. 2c and is a typical spectrum of CVD-grown

monolayer graphene [34]. The G band in the spectrum,

located at around 1580 cm�1, corresponds to the E2g phonon

at the Brillouin zone center (C point) [2]. The strong 2D band

at around 2650 cm�1 (also known as the G 0 band) results from

the two phonons with opposite momentum near the K point

[7]. The D band centred at around 1300 cm�1 and the D 0 band

at around 1620 cm�1, originate from inter- and intra-valley

scattering at the Brillouin zone boundary [40], indicating the

presence of defects in the graphene. The high ratio of the

intensity of Raman 2D band (I2D) to the intensity of Raman

G band (IG) [41], as well as the sharp 2D band with a full-width

at half maximum of less than 35 cm�1 are both characteristic

of monolayer graphene [42,43].

Fig. 2c also shows the Raman spectrum obtained with the

direction of laser propagation parallel to X and with UX = 0�. In

this case the 2D band is much weaker than with the direction

of laser propagation parallel to Z but is still observable, similar

to the result reported recently from a transverse section of

graphene [33]. The G and D bands from the graphene overlap

with the Raman bands from the polyester-based mounting

polymer. The laser beam is around 2 lm in diameter so most

of the light scattered will be from the mounting resin rather

than the 0.34 nm thick section of the graphene monolayer,

leading to a high fluorescence background. However, the very

strong resonant Raman scattering from graphene monolayer

enables its Raman spectrum still to be resolved [7].

Finally, the dependence of I2D upon the polarization angle

in both axes was determined. The procedure employed to
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Fig. 3 – (a) Optical micrograph of a microtomed transverse secti

section of the PET film mounted in a polymer resin. (c) Raman s

with the laser beam parallel to the Z-axis (UZ = 0�). (d) Raman s

with the laser beam parallel to the X-axis (UX = 0�). (e) I2D variati

the angle UZ. (f) I2D variation with the laser beam parallel to the

figure can be viewed online.)
measure the I2D is shown in Fig. S4b. Fig. 2d shows that in

the case of the direction of laser propagation parallel to the

Z axis (i.e. perpendicular to the surface of the graphene) I2D

is independent of UZ as expected [18,41]. In contrast in the

transverse section, with the direction of laser propagation

parallel to the X axis, there is strong dependence of I2D upon

the angle UX. It is the most intense when UX = 0� and is a mini-

mum when UX = 90� and 270� (Fig. 2e). While I2D varies for the

graphene-Cu upon rotating in X direction, the intensity of the

Raman band from the mounting polymer does not change

(Fig. S4a). The same behavior was found when the mounting

polymer alone was tested in a similar way (Fig. S4c).

3.2. Graphene-PET

A similar analysis was undertaken upon the monolayer gra-

phene-PET as shown in Fig. 3. In this case the graphene 2D

band was found to partially overlap with a PET band around

2610 cm�1 when excited with the 633 nm laser, so a laser with

k = 514 nm was used to move the 2D band to a higher

wavenumber (Fig. S5b). The Raman scattering from the

underlying PET film is strong so that I2D is relatively weak

even for the spectrum obtained with the direction of prop-

agation of the laser beam parallel to the Z axis (perpendicular

to the surface of the film) as shown in Fig. 3c. Nevertheless it

can be clearly resolved and is found to be independent of the

angle UZ, similar to the behavior of the graphene-Cu shown in

Fig. 2d. I2D is relatively weak in the transverse section of the

graphene-PET but can still be resolved (Fig. 3d).

A strong angular dependence of I2D upon UX is again

obtained for the transverse section (Fig. 3f) although it is dif-

ficult to resolve the 2D band from the background scattering
2500 3000

ZVV

mber (cm-1
)

phene-PET

2D

2500 3000
mber (cm-1

)

XVV

aphene-PET

2D

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Graphene-PET
                ZVV

N
or

m
al

iz
ed

 2
D

 B
an

d 
In

te
ns

ity

Angle ΦZ (
o)

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

1.2

〈P2(cosθ)〉 = 0.86
〈P4(cosθ)〉 = 0.79

Graphene-PET
                XVV

N
or

m
al

iz
ed

 2
D

 B
an

d 
In

te
ns

ity

Angle ΦX (
o)

Weak Signal

(e)

(f)

on of the PET film. (b) Schematic diagram of the transverse
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on with the laser beam parallel to the Z-axis as a function of

X-axis as a function of the angle UX. (A color version of this



Fig. 4 – Schematic diagrams of the local orientation of graphene within the specimens and of the specimen relative to the

experimental polarized Raman spectroscopy measurement parameters. (a) The local coordinate system of the graphene

sheet (x, y, z) is related to that of the specimen (X, Y, Z) by the Euler angles (h, /, n). (b) For the polarized Raman spectroscopy

measurements described in Fig. 1, the incident and scattered light propagates along the X, X 0 axis while the polarization

direction of the incident light is in Y 0 direction and of the analyzer is in Y 0 direction (VV) or Z 0 direction (VH). (A color version of

this figure can be viewed online.)
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above UX � 60� (Fig. S5a). Unlike the graphene-Cu, when the

graphene-PET specimen is rotated in X direction, the intensity

of the PET Raman band changes as well (Fig. S5a) due to its

high degree of molecular orientation [30]. This was also

observed when the PET substrate alone was tested in the

same way (Fig. S5c).

Previous studies undertaken upon transverse sections of

multilayer graphene or graphite crystals [22–24] found that

the variation of Raman band intensities with UX for single crys-

tal graphite with a laser beam in the X direction (parallel to the

graphene planes) with VV polarization should be of the form:

IVVðXÞ / cos4 UX ð1Þ

It can be seen from Figs. 2e and 3f that although the data

show relationships of this form, the equation is not followed

exactly since I2D does not fall to zero at UX = 90�. Eq. (1) can be

modified to give a better fit to the experimental data by fitting

to an equation of the form

IVVðXÞ / C1 cos4 UX þ C2 ð2Þ

where C1 and C2 are constants such that C1 + C2 = 1. A similar

relationship was used by Gupta et al. [18] for the intensity

variation of the D band with laser polarization angle relative

to the edge of a graphene flake to take into account non-uni-

formity of the edge. Although it is clear that the parameter C2

will be related to any non-uniform alignment of the graphene,

it has no physical significance, meaning that it is impossible

to characterize the orientation of the graphene quantitatively

using this empirical approach. A more rigorous approach is to

quantify the alignment of the graphene in terms of an ODF.
3.3. Orientation distribution function

Fig. 4(a) describes the spatial orientation of one graphene

flake inside a specimen. The local spatial orientation of a gra-

phene sheet is most conveniently defined by the surface nor-

mal vector, shown in Fig. 4(a) as the z-direction with the
graphene in the x, y plane. This is related to the coordinate

system of the specimen (X, Y, Z) by the Euler angles (h, /, n)

as indicated. h and / are the polar coordinates of z-direction

in (X, Y, Z), and n is the rotation angle for graphene. Fig. 4(b)

is the laboratory coordinates, showing how the specimens

were rotated with angle U with regard to the laser polarization

directions. The incident and scattered light propagate along

the X, X 0 axis while the polarization direction of the incident

light is in Y 0 direction and of the analyzer is in Y0 direction

(VV) or Z 0 direction (VH).

The ODF of the surface normal can be written in general as

fN(h, /, n) such that fN(h, /, n)sinhdhd/dn is the probability of

finding an area element of the graphene with surface normal

between (h, /, n) and (h + dh, / + d/, n + dn). Due to the in-

plane symmetry of graphene, the rotation angle n is not con-

sidered. The system is greatly simplified when the ODF shows

uniaxial symmetry; i.e. when the orientation of the graphene

sheets varies uniformly around a common plane (as is the

case for the predominantly flat graphene specimens studied

here). In that case the ODF can be written as fN(h). Following

Liu and Kumar [29] and van Gurp [44], we can describe any

ODF of this kind in terms of Legendre polynomials

fNðhÞ ¼
X1
i¼0

2iþ 1
2
hPiðcos hÞiPiðcos hÞ ð3Þ

where Piðcos hÞ is the Legendre polynomial of the ith degree

and hPiðcos hÞi is the average value, given by

hPiðcos hÞi ¼
R h¼p

h¼0 Piðcos hÞfNðhÞ sin hdhR h¼p
h¼0 fNðhÞ sin hdh

ð4Þ

The hPiðcos hÞi are the order parameters. For most non polar

materials the hPiðcos hÞi are only non-zero for even i and polar-

ized Raman spectroscopy can only be used to determine

hP2ðcos hÞi and hP4ðcos hÞi [29,45]. The parameter hP2ðcos hÞi ¼
ð3hcos2 hi � 1Þ=2 is more commonly known in polymer and

composites science as the Herman’s orientation factor, S.

Generally, the larger the values of hP2ðcos hÞi and hP4ðcos hÞi,
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the better the orientation. hP2ðcos hÞi is the primary parameter

that contains the fundamental information (mean orienta-

tion angle) of graphene [45,46]. hP4ðcos hÞi is less meaningful

than hP2ðcos hÞi with regard to the mean orientation but its

value can be used to determine and thus reconstruct the

full ODF [46,47]. For example, generally hP2ðcos hÞi ¼
ð3hcos2 hi � 1Þ=2 ¼ 0 means the graphene flakes are randomly

aligned where hcos2 hi ¼ 1=3. However, it fails to describe an

extreme situation where all the graphene flakes are oriented

along the Z axis at an angle h where cos2 h ¼ 1=3 thus

hcos2 hi ¼ 1=3. In this circumstance, the introduction of

hP4ðcos hÞi is of great importance to characterize the orienta-

tion fully.

The polarized Raman scattering intensity is given by

I / Ri e
*

S � ai � e
*

I

��� ���2 ð5Þ

where e
*

I and e
*

S are unit vectors in the direction of the polar-

ization of the incident and scattered light, respectively, and ai

is either the derivative of the polarizability tensor for conven-

tional Raman scattering or the polarizability tensor for reso-

nant Raman scattering [31]. We make the assumption that

for 2D band, which is an A1g vibrational mode, a is isotropic

within the plane of the graphene and 0 out of the plane since

the scattering is due to in-plane phonons [48]. Therefore, in

the local (x, y, z) coordinate system, a is given by [49]:

a ¼
1 0 0

0 1 0

0 0 0

0
B@

1
CA ð6Þ

For the Raman G band, which is an E2g vibrational mode, the

polarizability tensor is given according to [41,49]:

E2gð1Þ ¼ a1 ¼
1 0 0

0 �1 0

0 0 0

0
B@

1
CA and E2gð2Þ ¼ a2 ¼

0 1 0

1 0 0

0 0 0

0
B@

1
CA
ð7Þ

Transforming e
*

I (the Y 0 direction in Fig. 4) and e
*

S (either the Y 0

direction for VV or Z 0 for VH) into the (x, y, z) coordinate sys-

tem we find that the intensity of the Raman scattering from

the graphene sheet in VV polarization is

IVV
gr / ½cos2 / cos2 Uþ ðcos h cos U sin /� sin h sin UÞ2�

2
ð8Þ

To calculate the total Raman scattering intensity of the speci-

men, the intensity from all orientations of graphene must be

added, giving

IVV
sample /

R 2p
n¼0

R 2p
/¼0

R p
h¼0 IVV

gr fNðhÞ sin hdhd/dnR 2p
n¼0

R 2p
/¼0

R p
h¼0 fNðhÞ sin hdhd/dn

ð9Þ

Substituting the definition of the ODF (Eqs. (3) and (8)) into Eq.

(9) gives the following equation for the Raman scattering

intensity of the specimen as a function of the polarization

angle U relative to the specimen:

IVV
sampleðUÞ ¼ Io �

8
15
þ hP2ðcos hÞi � 16

21
þ 8

7
cos2 U

� ��

þhP4ðcos hÞi 8
35
� 8

7
cos2 Uþ cos4 U

� ��
ð10Þ
where the constant Io is the amplitude. By fitting Eq. (10) to

the experimental data, the parameters hP2ðcos hÞi and

hP4ðcos hÞi can be determined for both specimens (Figs. 2e

and 3f). Because of the difficulty in determining the exact

alignment of graphene in graphene-Cu and graphene-PET

specimens, an offset angle U0 was added in the curve fitting

and constrained as �10� < U0 < 10� (angle U0 was not added

into Eq. (10) as it was not considered in the curve fitting of

HOPG and graphene paper described later as their alignments

can be determined).

As explained by van Gurp [44], these parameters are

constrained as: �1=2 6 hP2ðcos hÞi 6 1, �3=7 6 hP4ðcos hÞi 6 1,

hP4ðcos hÞiP 1
18 ð35hP2ðcos hÞi2 � 10hP2ðcos hÞi � 7Þ and hP4ðcos hÞi

6
1
12 ð5hP2ðcos hÞi þ 7Þ. It is noteworthy that Eq. (10) is applicable

to both the E2g mode G band and A1g mode 2D band as identical

results are generated regardless the polarizability tensors used

in the calculation, so the values of hP2ðcos hÞi andhP4ðcos hÞi can

be determined using either of the two bands. The E2g mode G

band is doubly degenerate, and the E2g(1) and E2g(2) tensors cor-

respond to two different in-plane vibrations with perpendicu-

lar directions [11]. In terms of the orientational study of

graphene in this work, the G band intensity results from both

of the in-plane polarizability tensors, with equivalent impor-

tance. Therefore both tensors were used in the calculation

and the individual G band intensities were summed after

calculation from their tensors using Eq. (5). The deduction for

the VH polarization configuration is also shown in

Supplementary data, but is different from that for the VV polar-

ization. Hence the equation for the E2g mode G band in the VH

polarization differs from that of the A1g mode 2D band.

It should be noted that when the graphene is perfectly

aligned in the specimen, here equivalent to being perfectly

flat, hP2ðcos hÞi ¼ hP4ðcos hÞi ¼ 1, then Eq. (10) reduces to

IVV
sampleðUÞ / cos4 U. Eqs. (S1) and (S2) similarly reduce to

IVH
sampleðUÞ / cos2 U� cos4 U ð¼ sin2 U cos2 UÞ. Previous orienta-

tional studies of graphene and related materials show angular

dependencies of these general forms, when the laser beam is

either perpendicular (h = p/2 and / = 0) [18–21] or parallel

(h = 0) to the graphene flakes [22–24].

3.4. HOPG and graphene paper

The analysis was extended to HOPG, which is known to have a

crystalline graphite structure [50], and also to graphene paper

made by solvent exfoliation and vacuum filtration.

The Raman spectra of HOPG obtained for the laser beam in

the Z and X directions with UZ and UX = 0� are shown in

Fig. 5a. The presence of the D and D 0 bands for the laser beam

in the X direction is due to the discontinuities at the edges of

the graphene flake that can be regarded as defects [51]. The D

and D 0 bands are absent with the beam in the Z direction

because the HOPG basal planes are relatively defect-free.

The 2D band of HOPG can be fitted with two components,

the 2D1 and 2D2 bands.

The intensity variation of the G, 2D1 and 2D2 bands of

HOPG with respect to the direction of laser polarization in

both X and Z directions are shown in Fig. 5b. This is very simi-

lar to the behavior of the I2D of graphene-Cu and graphene-

PET. The consistency between the intensity variation of G,



(a) (b)

Fig. 5 – (a) Raman spectra and (b) the intensity variation of the G, 2D1 and 2D2 band of HOPG with the angle UX(UZ) with the

laser beam in both Z and X directions. (A color version of this figure can be viewed online.)

Fig. 6 – IG variation for laser beam propagation in X and Z

directions of graphene paper. (A color version of this figure

can be viewed online.)
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2D1 and 2D2 band further confirms that Eq. (10) is identical

for both the E2g mode G band and the A1g mode 2D band.

The small deviation found between the G band and 2D1 band

may be due to the 2D1 band being partially from randomly-

aligned graphene layers while well-aligned graphene layers

contribute to the higher wavenumber 2D2 band [52,53].

The structure of graphene paper was also examined using

polarized Raman spectroscopy, and the G band was used here

because its 2D band is asymmetric. The variation of IG with

the polarization orientation angle UX(UZ) is presented in

Fig. 6. The significantly lower values of hP2ðcos hÞi and
Table 1 – Values of the orientation order parameters deter-
mined for the four specimens.

Material hP2ðcos hÞi hP4ðcos hÞi

Graphene-Cu 0.85 ± 0.12 0.94 ± 0.05
Graphene-PET 0.76 ± 0.14 0.83 ± 0.05
HOPG 0.79 ± 0.01 0.73 ± 0.02
Graphene paper 0.17 ± 0.01 0.05 ± 0.05
hP4ðcos hÞi in X direction imply a lower level of alignment of

the graphene flakes in the paper than for the other materials.

4. Discussion

The average values of hP2ðcos hÞi andhP4ðcos hÞi of the materi-

als studied are summarized in Table 1. Based on this, a best

guess of the actual ODF can be calculated following the maxi-

mum entropy approach as: [29,44]

fNðhÞ ¼ A exp �ðk2P2ðcos hÞ þ k4P4ðcos hÞÞ½ � ð11Þ

where the coefficients A, k2 and k4 are found by numerically

solving for them in three simultaneous equations (Eqs. S(4)–

S(6)). Fig. 7 shows the calculated ODFs for the four specimens

normalized to their corresponding 0� values.

The good alignment of the graphene flakes in HOPG is fur-

ther confirmed by the SEM image (Fig. S8a), which leads to the

ODF of the HOPG being almost same that of the monolayer

graphene (Fig. 7). In contrast, the alignment of graphene

flakes in the graphene paper is significantly lower (Fig. S8b),

which is also reflected by the lower values of hP2ðcos hÞi and
Fig. 7 – ODFs of the four specimens constructed with the

measured orientation parameters hP2ðcos hÞi andhP4ðcos hÞi.
(A color version of this figure can be viewed online.)



(c)

(d)

(a)

(b)

Fig. 8 – AFM analysis of the monolayer graphene on the substrates. Height scans of (a) graphene-Cu and (b) graphene-PET. (c)

and (d) Frequency distributions of the angle h of the local slopes of the graphene on the substrates determined from the AFM

height scans. The colored symbols correspond to the data obtained from the five �2 lm square regions, the positions of

which are indicated in Fig. 8a and b. The red lines in the shaded regions in Fig. 8c and d are the average ODFs calculated from

the polarized Raman measurements in Figs. 2e and S10a for graphene-Cu, and in Figs. 3f and S10b for graphene-PET. The red

shaded regions correspond to the standard deviations. (A color version of this figure can be viewed online.)
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hP4ðcos hÞi, possibly due to the small lateral dimension of the

graphene [54].

It is interesting to observe that for both monolayer gra-

phene specimens (graphene-Cu and graphene-PET)

hP2ðcos hÞi andhP4ðcos hÞi < 1 which means that in both cases

the graphene is not exactly flat. In order to investigate this

phenomenon, the topography of the graphene surfaces was

studied using AFM by taking height scans in different direc-

tions (Figs. 8 and S9). In Fig. 8a, it can be seen that the gra-

phene monolayer follows the topography of the copper

surface and so local Cu terraces or Cu grain boundaries will

affect the flatness of the graphene [36]. In the case of the gra-

phene-PET specimen it can be seen from Fig. 8b that the gra-

phene on the PET is wrinkled. This may be due to factors such

as differential thermal contraction or the process of transfer-

ring the graphene from the original substrate to the PET.

Fig. 8c and d show histograms of the local slope across the

specimen surfaces determined from the AFM tapping-mode

height scans across the graphene-Cu and graphene-PET sur-

faces, respectively, indicating the irregularity in the topogra-

phy of the graphene. The local slope of the surface at each

measurement point was computed using the Gwyddion soft-

ware and the distribution of the angle h corresponding to the
tangent of the slope was determined. The open symbols in

different colors correspond to the data obtained from the five

�2 lm square regions indicated as solid symbols in Fig. 8a

and b. These regions are approximately the same size as the

Raman laser spot and the similarity between the AFM dis-

tributions and ODFs shows that the local roughness can be

probed using Raman spectroscopy.

The ODFs determined using the maximum entropy

approach for each of the specimens from the polarized

Raman spectroscopic data are also plotted in Fig. 8c and d.

The Raman orientation measurements were repeated for both

graphene-Cu and graphene-PET (Fig. S10), and both sets of

data for each material were used to reconstruct the average

ODF as shown as the red shaded regions in Fig. 8c and d.

The red shaded region in Fig. 8c is very narrow since the value

of hP4ðcos hÞi is close to 1 for the graphene-Cu. It is broader for

the graphene-PET in Fig. 8d since the ODF is more sensitive to

variations in hP4ðcos hÞi when it has a value of around 0.8. It

can be seen that there is good correlation between the AFM

data and the ODFs determined using polarized Raman spec-

troscopy. Although the surface of graphene-Cu appears to

be rougher than that of graphene-PET, the standing wrinkles

affect the orientation of the generally flat surface more
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severely, as indicated in the broader distribution curves deter-

mined from both Raman and AFM data (Fig. 8c and d). This

gives confidence in the use of the polarized Raman technique

to quantify the orientation of the graphene. Moreover, it con-

firms that the use of the Legrendre polynomial expansion pro-

vides a general but rigorous approach that does not require

prior knowledge of the ODF.

5. Conclusions

It has been demonstrated that well-defined Raman spectra

can be obtained from transverse sections of graphene mono-

layers, only one atom thick, as a result of its strong resonance

Raman scattering. It has also been shown that polarized

Raman spectroscopy can be used to quantify the spatial

orientation of graphene. The analysis has been found to be

applicable not only to graphene with a high orientation

degree such as on copper foil or polyester film, but also to

bulk material such as HOPG and specimens with a lower

orientation degree such as graphene paper. In particular, it

has been shown that it is possible to characterize the topogra-

phy of buried graphene monolayers which would otherwise

be difficult to access. Hence this analysis should find wide

application as a characterization technique of graphene in a

variety of different applications ranging from electronic

devices to nanocomposites. In particular, it could enable the

spatial orientation of graphene platelets in nanocomposites

to be quantified and related to the mechanical properties of

the materials.
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