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In this study, well-ordered multilayer graphene have been obtained via highly 

oriented polyethylene (OPE) film. Optical microscopy (OM), atomic force 

microscopy (AFM), Raman laser spectroscopy, scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) results indicated that the 

obtained graphene films were continuous and uniform in lattice orientation. Optical 

and electrical characterization of the prepared graphene revealed that the thin films 

are stable in air conditions and exhibit higher optical and electrical properties than 

that obtained from non-oriented polyethylene (nOPE). 

1. Introduction 

Graphene is the most promising potential successor to 

silicon for fabricating next-generation electronic 

devices at present owing to its fascinating physical 

properties.1 Since the discovery of the first isolated 

graphene prepared by mechanical exfoliation of 

graphite crystals, many chemical approaches for 

synthesizing large-scale graphene have been developed, 

including chemical vapor deposition (CVD),2, 3 

epitaxial growth on silicon carbide,4-6 thermal or 

chemical reduction of graphite oxide (GO),7-11 and 

bottom-up organic synthesis.12-14 Plenty of researches 

have been focused on developing route for obtaining 

large area of monolayer, bilayer or multilayer graphene 

by CVD of CH4 or C2H2 gases on metal substrates.15-17 

However, CVD is limited to the use of gaseous raw 

materials, making it difficult to apply the technology to 

a wider variety of potential feedstocks. Moreover, the 

continuity and uniformity of graphene film obtained 

with CVD method is hardly controllable. In view of 

these, large area continuous graphene with controllable 

thickness has been grown from different solid carbon 

sources, such as polymer films or small molecules.18-21  

It is reported that graphene is optically highly 

transparent which makes it a candidate for a high 

quality transparent conductive electrode.22-25 Currently, 

graphene is applied in many frontiers such as 

supercapacitor,26-30 solar cell electrodes,31 lithium ion 

battery anodes,32 and optoelectronic applications.33, 34 

For this purpose, uniform microstructure of graphene is 

very important. Therefore, self-organization into 

graphene lattice from atoms or molecules is interesting 

as it permits the potential manipulation of graphene 

morphology (related to internal crystalline structures) 

for tuning its electrical and optical properties by 

controlling the related conditions.35 However, large 

area of graphene film with uniform interlamellar 

structure cannot be easily obtained by the previous 

methods mentioned above, including CVD. Thus, a 

controllable synthesis technique is highly desirable to 

grow uniform and regular interlamellar structure of 

multilayer graphene.  

Here, we report a new method of growing 

well-ordered multilayer graphene membrane derived 

from solid carbon source. In this process, highly 

oriented polyethylene (OPE) films with well arranged 

lamellar structure were obtained by a melt-draw 

technique.36-38 With rapid heating of the prepared OPE 

films to 1000 oC, the oriented carbon chains transform 

into carbon rings immediately without the process of 

melt and disorientation. One of the major benefits of 

our method is that the multilayer graphene grows in 

same way and has a fine lattice matching between the 

adjacent layers, which produce a large area, continuous 

and homogeneous multilayer graphene with regular 

lattice structure. This is hardly achieved by many other 

methods.2, 39-43 Meanwhile, the optical and electrical 

properties of the obtained graphene films, which are 

quite stable in air condition, are higher than those 

produced by many other methods. 

2. Experimental Details 

2.1 Preparation of OPE and nOPE film 

Highly oriented PE ultra-thin films were prepared 

according to a melt-draw technique. According to this 

method, as schematically presented in the left part of 

Scheme 1, a small amount of a 0.3 ~ 1 wt% PE solution 
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in xylene was poured and uniformly spread on a 

preheated glass plate at a temperature within a window 

from 122 oC to 130 oC, at which the solvent was 

allowed to evaporate. In order to avoid temperature 

fluctuations, the heating plate was placed in a specially 

prepared small cabinet. After evaporating the solvent, 

the remaining molten polymer film of thickness ~0.5 

µm was picked up by a motor-driven cylinder with a 

drawing speed of ~20cm/s. The resultant PE ultrathin 

films of 30 to 50 nm in thickness are highly oriented as 

tested by transmission electron microscopy (TEM) 

observation. Bright field electron micrograph shows 

that the thus prepared OPE film exhibit well ordered 

lamellar structure (see Figure S1a). Electron diffraction 

of the melt-drawn PE highly oriented thin films 

confirms the high orientation of them with molecular 

chains in film plane and along the drawing direction 

(see the electron diffraction pattern shown in Fig. S1b). 

To get nOPE films, the melt-drawn OPE films 

were annealed at 140 oC for 5 min. After the 

heat-treatment, the PE molecular chains rearranged 

randomly. Copper foil of 25-µm-thick (Alfa Aesar, 

99.98%) was used as the substrate. Both the OPE and 

nOPE films were adhered to the surface of copper 

substrates for the subsequent experiments.  

2.2 Growth of multilayer graphene on copper 
substrates. 

A typical process was used as follows. A standard 

1-inch quartz tube in a furnace was evacuated to ~50 

mTorr using a vacuum pump. Then, H2 and Ar gases 

were fed into the apparatus, maintaining the total 

pressure at atmospheric pressure. The temperature was 

maintained at 1000 ºC. Sample placed in a quartz boat 

was moved to the hot region at 1000 ºC using a 

magnetic rod and annealed at this temperature for 15 

min. It was subsequently fast-cooled by quickly 

removing it from the hot-zone of the furnace to room 

temperature using the magnetic rod. Rapid heating and 

cooling of the sample are essential. It is useful to be 

able to control the thickness by tuning the growth 

parameters when producing the graphene.21 One 

sample (OGP1) was produced from the as-made OPE 

films with the flow rates of Ar and H2 gases of 500 

sccm and 50 sccm, respectively. Another sample 

(OGP2) was produced from the as-made OPE films but 

with Ar and H2 flow rates of 500 sccm and 10 sccm, 

respectively. For direction comparison, samples 

derived from nOPE, referred as nOGP is produced 

same as the OGP1. 

2.3 Copper film etching and transferring process. 

The graphene grown on copper foil was transferred 

onto Si substrate with 300 nm layer silicon-dioxide 

(SiO2), quartz substrate after ultrasonic cleaning in 

trichloromethane solution and TEM grid by 

polymer-assisted method through etching the copper 

foils in Marble’s reagent similar to previous reported 

methods.21 Briefly, before placing Graphene/Cu in the 

Marble’s reagent, the surface of the copper covered 

with thin graphene layer was first coated with poly 

(methymethacrylate) (PMMA) and then dried in an 

oven at 120 oC for 5 min. After the complete removal 

of the copper foil, the PMMA/Graphene film was 

rinsed with deionized water for several times to remove 

the residual Marble’s reagent and then the 

PMMA/Graphene film was attached to other substrates 

as mentioned above followed by dried in an oven at 

100 oC for 15 min. After this, the PMMA was removed 

by hot acetone solution.  

2.4 Device fabrication and performance 
measurements. 

Devices were fabricated on SiO2/Si wafer for electrical 

conductivity measurements and quartz wafer for 

transmittance and sheet resistance measurements with 

Au as electrodes. Au electrodes were fabricated onto 

the graphene film by evaporation through a shadow 

mask. The Au electrodes fabricated in this study have a 

total thickness of 50 nm. The sheet resistance was 

measured using four-probe method in air at different 

temperature. More details of the characterization are 

described in the supporting information.  

3. Result and Discussion 

Scheme 1 presents the preparation processes of 

graphene from OPE and nOPE thin films. The 

self-assembly of oriented and disoriented PE molecular 

chains into multilayer graphene structure involves the 

hexatomic ring formation and dehydrogenation on Cu 

surface under 1000 oC. The building blocks are 

energetically active to organize themselves into ordered 

structures by surface diffusion, being similar to the 

process of common CVD process involving C atoms.20 

Because of the ordered arrangement of PE molecular 

chains, low energy may be needed in the formation of 

graphene interlayers. The formation mechanism of the 

adjacent graphene layer follows the regular structure of 

PE lamellae. In contrast, the PE molecular chains in 

OPE films after annealing at 140 oC are disoriented. 

The formation mechanism of the adjacent graphene 

layer obeys the lowest energy principle thus result in a 

lattice displacement between the neighbour layers.  
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Scheme 1 Schematic of OGP and nOGP grown on a copper surface where the black lines represent PE molecular chains. 

The OGP1 film was transferred onto silicon 

wafers with an oxide layer of 300 nm for optical 

microscopy (OM) observation. As shown in Fig. 1a, the 

large area in light blue corresponds to the as-made 

graphene membrane, while the cracks in dark blue is 

associated to the silicon substrate, which were slashed 

intentionally for the thickness measurement of the 

graphene membrane by atomic force microscopy 

(AFM). The black particles are inevitable impurities 

introduced during annealing or transfer processes. The 

OM observation shows that the obtained graphene is a 

large area, continuous and homogeneous membrane 

with few defects.  

AFM was used to probe the fine morphology and 

thickness of graphene membranes afterwards. Fig. 1b 

and Fig. 2a are the AFM images of different thickness 

graphene on the silicon substrates obtained from OPE 

films. As seen from the height analysis, the OGP1 

membrane is ~4.8 nm, which is the corresponding areas 

marked with number “1” in Fig. 1a, while OGP2 is 

~15.6 nm. Both of the AFM height analyses images 

taken at the different areas of OGP1 surface show 

similar thickness and microstructures which can be 

seen in Fig. 1b and Fig. S2 in the supporting 

information, indicating that OGP1 film is continuous 

and homogeneous. As shown in Fig. 2b, the thickness 

of nOGP is ~5 nm which is similar to OGP1. However, 

the surface of nOGP is rougher than that of OGP1, 

which can be observed from the height analysis. The 

AFM images also show wrinkled and rippled structures 

on the graphene surface which are most likely caused 

by Cu contraction due to the different thermal 

expansion coefficients of graphene and copper 

substrate during cooling process, which is consistent 

with the observation previous reported.44 In addition, 

the white substance left on the surface of graphene is 

the residual PMMA resulting from the transfer process 

from metals.45  

 

Fig. 1 (a) Optical image of OGP1, (b) AFM analysis of OGP1 

corresponding to the location denoted with number “1” in Fig. 

1a. 
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Fig. 2 AFM images of (a) OGP2 and (b) nOGP films on the 

SiO2/Si substrate. 

Raman spectroscopy is a powerful tool for 

identifying graphene. The Raman spectra of OGP1 and 

nOGP are shown in Fig. 3a-c, respectively. The major 

features of the Raman spectra of graphene are the G 

band locating at around 1560-1600 cm-1 and the 2D 

band at∼2700 cm-1.46 The G band is the result of 

first-order scattering of the E2g mode observed for sp2 

carbon domains, and the 2D band is the most prominent 

feature in the Raman spectra of high-quality 

graphene.47 The D band at 1335-1350 cm-1 usually 

indicates the presence of few sp3 carbon atoms or 

defects.48 The intensity ratio of D-band and G-band 

(ID/IG) is used as an indicator for the degree of the 

defects in the graphene or the edges as well as the 

average size of crystalline sp2 clusters (La) based on 

the well-known Tuinstra-Koenig relation 

ID/IG=C(λ)/La, where the proportionality constant C (λ) 

depends on the excitation laser wavelength (λ).49 Fig. 

3a and b show the Raman spectra of different areas on 

the graphene membrane marked with letters in Fig. 1a. 

As can be seen in Fig. 3a, the low intensity of the D 

peak of OGP1 is located at ∼1350 cm-1 which is 

consistent with few defects or may be caused by 

domain boundaries. The ID/IG of nOGP (~ 0.52) is 

higher than OGP1 (~0.35), which indicates more 

defects exist in nOGP (Fig. 3c). The shape of the 2D 

band and the ratio of its intensity relative to that of the 

G band (IG/I2D) are well-established characteristics of 

graphene layers.50-52 As can be calculated from the 

Raman spectra in Fig. 3a and b, the ratios of G-band 

and 2D-band (IG/I2D) are 1.62 and 1.46, respectively, 

corresponding to the IG/I2D of multilayer graphene.16, 21 

The full width at half-maximum (FWHM) of the 2D 

peak for OGP1 was 85±5cm-1, which is broader than 

trilayer graphene (74cm-1) reported before.53 The 

stacking orders of graphene can also be observed from 

the differences in the line shape of the Raman 

2D-mode.54, 55 It can be seen more clearly in Fig. S3 

that the 2D peak of OGP1 is fitted by a symmetric peak 

without shoulder, which is characteristic of high quality 

and well-ordered layer stacking graphene.56 The similar 

shape, location and intensity of Raman peaks at random 

regions of OGP1 are consistent with the results of AFM 

characterization, which suggests OGP1 membrane is 

homogeneous and uniform as well. Compared to the 

IG/I2D of OGP1, the IG/I2D of OGP2 is much greater, 

which indicates that the OGP1 has fewer layers than 

the OGP2. Meanwhile, the larger ID/IG (~0.86) in Fig. 

3d indicates more defects exist in OGP2 than OGP1, 

which suggests that the defect is also related to the 

layers of graphene prepared with present method.40, 48 

The defects of multilayer graphene with respect to 

those of reported graphene mainly derive from uneven 

distribution of heat during rapid cooling. As the 

thickness of the membrane increasing, the heat 

distribution is more uneven and thus results in more 

defects. Based on the Raman characterization, it can be 

concluded that the orientation behavior of PE has a 

great effect on the structure of graphene. 

 

Fig. 3 Raman spectra of (a-b) different locations of OGP1 film 

corresponding to the letters “a” and “b” denoting in Fig. 1a, 

(c) nOGP and (d) OGP2. 

Fig. 4a and b show typical scanning electron 

microscopic (SEM) images of OGP1 film on the copper 

crystal surface. It can be seen that the grown graphene 

covers the full copper surface. Moreover, the OGP1 
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film is continuous and homogeneous. Therefore, large 

area graphene film with dozens of microns can be 

obtained by this method. On the contrary, the nOGP 

film is inhomogeneous and contains lots of defects.  

The typical surface morphologies of OGP1 and 

nOGP revealed by SEM after transferred onto Si 

substrates are also shown in Fig. 4c and d. SEM images 

(Fig. 4c) of OGP1 in high magnifications also manifest 

that a large area of uniform and continuous graphene 

film was obtained. Compared to OGP, the surface of 

nOGP is less homogeneous which can be seen from 

Fig. 4d. Meanwhile, the surface of OGP1 is relatively 

flat, which further confirms the results obtained by 

Raman spectroscopy. This is possibly caused by the 

different growth mechanism of graphene. 

 

Fig. 4 SEM images of (a) OGP1 and (b) nOGP films grown on 

Cu substrate. The images shown in parts (c) and (d) display 

the OGP1 and nOGP films after transferring onto SiO2/Si 

substrate.  

In order to determine the orientation of the 

different sheets in the graphene film, the grown 

graphene was transferred onto the copper grid 

supported by amorphous carbon membrane or micro 

grid for transmission electron microscopic (TEM) 

observation. The transferred graphene showed minimal 

distortion or wrinkling on the copper grid with the 

amorphous carbon supporting membrane, as confirmed 

by low resolution TEM image shown in Fig. 5a. Higher 

resolution bright field images taken at the edges of the 

films shown in Fig. 5b and Fig. 5c directly prove that 

the OGP1 films are multilayered. The select-area 

electron diffraction (SAED) pattern (Fig. 5d) was 

acquired from the corresponding graphene film and 

showed one set of diffraction pattern characteristic of 

unique regular lattice stacking, other than at the grain 

boundaries. It reveals that the graphene sheets in film 

arrange in only one orientation. The nonuniform 

distribution of diffraction intensity also indicates that 

the graphene is composed of multiple layers with fine 

lattice matching.57, 58 Similar diffraction pattern could 

be detected at other randomly selected areas (Fig. S4b), 

suggesting a uniform ordered structure of obtained 

OGP1 multiple layers.41, 42, 59  

 
Fig. 5 TEM analysis of OGP1. (a) Low magnification TEM 

image of OGP1 sheet on the copper grid with an amorphous 

carbon support layer. (b) Bright field TEM image of OGP1 

sheet on a micro grid. (c) High resolution TEM image at the 

edge of OGP1 film. (d) SAED pattern of OGP1.  

OGP2 shows thicker edge than that of OGP1 in 

the high resolution bright field images as shown in Fig. 

6a. SAED pattern of a continuous graphene film shown 

in Fig. 6a are presented in Fig. 6b. Compared to OGP1, 

the intensity of the diffraction spots of OGP2 becomes 

stronger. This change can attribute to the increasing 

graphene layers of OGP2. Likewise, similar 

distribution of diffraction pattern and intensity at the 

other random areas were detected (Fig. S4d). Thus, it is 

clear that the graphene sheets in film adpot the same 

orientation. We can draw a conclusion that the 

orientation and stacking order of graphene sheets is not 

affected by the number of layers. On the contrary, the 

SAED pattern of nOGP (Fig. 6d) shows several sets of 

diffraction pattern, which is different from the OPG. 

Measuring the angle between the selected adjacent 

diffraction points revealed a 20o rotation between the 

two sets of lattices, which indicates that nOGP is 

consisting of multiple layers with different layer 

orientations.40, 57, 60  

 
Fig. 6 TEM analysis of OGP2 and nOGP. (a) Bright field 

TEM image of OGP2 sheet on a micro grid; high resolution 

TEM image obtained at the edge of the film is shown in the 

insert. (b) SAED pattern of OGP2. (c) Bright field TEM image 

Page 5 of 9 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal of Materials Chemistry C 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  6 
 

of nOGP sheet on a micro grid. (d) SAED pattern of nOGP. 

The arrows show the rotation between the selected adjacent 

diffraction points. 

Based on the characterization of SEM and TEM, it 

can be concluded that the OGP sheets grow layer by 

layer uniformly while the nOGP sheets grow randomly 

and unevenly. This is probably caused by the chain 

orientation of PE. For OPE, the molecular chains 

exhibit high orientation and arrange regularly and 

uniformly into the lamellae as shown in scheme 1. 

Therefore, lower energy may be needed in the growing 

process so that the graphene layers grow uniformly 

following the regular structure of PE lamellae in the 

direction perpendicular to the lamellae, which results in 

layer stacking with exact same orientation. As for 

nOPE, the molecular chains arrange randomly, which 

may require higher energy for initiating the formation 

of graphene. The fomation of graphene may be 

explained as follows: the carbon chain in PE is 

rearranging in order to form hexatomic ring so that 

more energy is required for nOPE and it will result in 

less regular and uniform structure. Meanwhile, the 

formation of adjacent layers tends to achieve the 

minimum internal energy, resulting in lattice 

dislocation.41, 42 In general, the graphene sheets in 

OGP1 consist of well-ordered layer stacking which 

forms an ideal lattice matching. Unlike to OGP1, nOGP 

is composed of graphene sheets with lattice 

displacement. 

As a high quality transparent conductive electrode, 

optical and electrical properties of graphene are vital. 

The optical and electrical properties of the continuous 

OGP1, OGP2 and nOGP graphene films formed on 

quartz were characterized by UV-vis spectroscopy and 

conductivity measurements. Fig. 7a shows the 

transmittance spectra of the graphene films, which have 

high transmittance in the visible and near-IR regions. 

At a wavelength of 550 nm, the transmittance of OGP1 

was ∼93.6%, and its sheet resistance was ~424 

Ω/square at room temperature (Fig. 7a, b). By contrast, 

the transmittance of nOGP measured at the same 

condition decreased to ~91.6%, while its sheet 

resistance increased to ~1591 Ω/square (Fig. 7a, b). 

This change indicates that OGP1 has better optical and 

electrical performance than nOGP with similar 

thickness, which may be attributed to the well stacking 

structure of OGP1. The sheet resistance of OGP2 

reached ~76 Ω/square, but the OGP2 film still had a 

transmittance of 88.2% at 550nm wavelength. It is 

worth mentioning that the transmittance of OGP1 and 

OGP2 was also much higher than the multilayer 

graphene obtained by many other methods with similar 

thickness, which can be attributed to the well-ordered 

stacking behaviour with unique lattice orientation. 

Moreover, the as-made OGP1 and OGP2 retain high 

electrical conductivity with only a slight increase in 

resistance at low and high temperatures. Comparing to 

OGP, the sheet resistance of nOGP increased 

significantly with increasing temperatures. This 

suggests that the OGP films contain less disordered 

structures.61 The average resistance histogram for large 

numbers of devices showed that the room-temperature 

resistance of OGP1 was less than half of nOGP, and 

about 6 times higher than OGP2 (Fig. 7c). The sheet 

resistance of OGP is close to that of wet-transferred 

graphene62 with comparable transmittance, which is 

lower than those of reported graphene formed by CVD, 

oxygen-aided CVD,39 chemically reduced method,63, 64 

and Ni-catalyzed method.15, 16 Bae et al.65 reported that 

graphene films had sheet resistances as low as ~125 

Ω/square with 97.4% optical transmittance, suggesting 

that there is still room for improving the quality of 

OGP for use in transparent conducting electrode 

applications. Nevertheless, OGP is well structured, 

uniform and continuous with large area, and the current 

properties meet the requirements for practical 

applications in electrostatic dissipation, cathode ray 

tubes, and touch screens.66  

 

Fig. 7 Optical and electrical properties of OGP1, OGP2 and 

nOGP films on quartz. (a) Transmittance spectra of OGP1, 
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OGP2 and nOGP films on quartz. (b) Sheet resistance of 

OGP1, OGP2 and nOGP films in various temperature. (c) 

Mean resistance histograms for 10 devices based on OGP1, 

OGP2 and nOGP. 

4.  Conclusion 

In summary, we have developed a new way for 

growing well-ordered multilayer graphene from OPE. 

The thickness of the graphene layer can be controlled. 

It is demonstrated that the lattice structure of the 

graphene layers plays a very important role in the 

optical and electrical characteristics. In contrast to 

OGP, nOGP show worse optical and electrical 

characteristic owing to its lattice displacement caused 

by the non-oriented structure of polymer precursor 

(nOPE). The optical and electrical measurements 

confirm that the performance of OGP is stable in air 

conditions and much higher than those reported. Thus, 

optimizing the structure of graphene based on our work 

may provide a new route toward preparation of 

graphene with controlled optical and electronic 

properties and find its unique applications for high 

quality transparent conductive electrode. 
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Text: 

We present here the synthesis and characterization of well Bernal (AB) stacked 

mutilayer graphene from highly oriented polyethylene film. The obtained graphene 

films exhibit high optical and electrical properties.  
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