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In transmission electron micrography of few-layer thick graphene samples, two distinct regions, a

region of superlattice and an adjacent region of parallel straight bands, are seen. These two features

are explained as Moire patterns produced by (1) rotation of top part of one of the graphene layers

and (2) a small change in the shape of the bottom part of the same layer. It is interesting to note

that for the first time, Moire pattern of parallel straight bands is observed and satisfactorily

explained. VC 2011 American Institute of Physics. [doi:10.1063/1.3624703]

Moire patterns in bulk graphite samples have been stud-

ied by scanning tunneling microscopy (STM) for several

decades almost immediately after the discovery of STM.1–11

Recently, Moire patterns were observed in few-layer thick

graphene (FLG) samples using transmission electron micros-

copy (TEM) and STM. TEM seems to have advantages over

STM in studying FLG studies. There is almost unanimous

agreement that the triangular superlattice, observed in STM,

is Moire pattern produced by rotational misorientation

between neighboring graphene layers. Some of the common

features of the superlattices are (1) periodicities of tens of

nanometers, depending on the angle of misorientation

between the layers; (2) corrugation amplitude, as measured

by STM, of the superlattice is much larger than individual

atoms; (3) superlattices have triangular symmetry. Although

superlattices are reported to be stable, exceptions have been

observed.3,6 The superlattice periodicity, D, and atomic lat-

tice periodicity, d, are related to each other by the equation

D¼d/[2sinh/2], where h, is the angle of misorientation

between layers. For superlattices seen over bulk graphite d is

taken as 2.45 Å, the distance between b-atoms in graphite.4–6

Several TEM studies of superlattices in FLG have been

reported.12–15 In a recent TEM study, a superlattice was first

produced by placing platinum clusters over a graphite surface.

The FLG with a superlattice was then exfoliated by Scotch

tape12 and studied by TEM. In another study, FLG samples

were produced by milling natural graphite in an oxygen

atmosphere and large superlattice Moire’ structures similar to

those observed by STM were observed in these samples.13

Moire’ patterns have also been observed in FLG during

studies using aberration-corrected TEM (Refs. 14 and 15). In

one of these studies, graphene layers were fabricated via ultra-

sonication of graphite.14 Warner et al.14 reported that about

20%–30% of FLG contained regions with Moire patterns orig-

inating from rotational stacking faults. While most of these

faults were attributed to back folding of the top graphene

layers during exfoliation, it was suggested that some of them

originate from intrinsic rotational stacking faults within the

graphite structure. Park et al.15 prepared FLG by a chemical

vapor deposition (CVD) technique and they observed low-

angle Moire structure in bi-layer graphene.16 Thus, TEM has

been successfully used to study triangular superlattices found

in FLG samples prepared by various methods.

TEM observation of adjacent Moire patterns consisting

of a triangular superlattice and parallel straight bands in FLG

samples prepared by CVD technique is reported here. Moire

patterns of parallel straight bands have never been observed

before. What is causing the formation of adjacent regions of

triangular and parallel types of Moire patterns? We answer

this question by modeling both Moire patterns. In addition,

some of the properties of the Moire pattern of parallel bands

seen in the TEM image (Fig. 1(a)) are also explained in this

article.

Rectangular sheets of graphite foils (0.13 mm thick,

99.8% from Alfa Aesar) are rolled in the form of cylinders

around graphite rods of 1–3 mm diameter. These rods

with the foil are held in a graphite holder, supported by a

graphite stage, with holes drilled in it. The whole system is

then immersed vertically, for about 5 min, into micro-

wave plasma in an ASTeX model 5010 CVD reactor.

FIG. 1. (a) TEM micrograph (250 nm� 350 nm) of FLG graphene prepared

by CVD. A superlattice is seen in the top section and parallel bands are seen

in the bottom part (highlighted outlines). (b) FFT of HRTEM image indexed

using [0001] graphite zone axis. Notice the radial splitting of 1.3� present

for all (10-10)-type spots. An enlarged view of the (0-110) spot splitting is

shown in the inset.

a)Author to whom correspondence should be addressed. Electronic mail:

pjouse01@louisville.edu.

0003-6951/2011/99(7)/073104/3/$30.00 VC 2011 American Institute of Physics99, 073104-1

APPLIED PHYSICS LETTERS 99, 073104 (2011)

http://dx.doi.org/10.1063/1.3624703
http://dx.doi.org/10.1063/1.3624703
http://dx.doi.org/10.1063/1.3624703


Experimental conditions in the CVD reactor are 75 Torr

pressure and microwave power of 950 W within a gas mix-

ture of 1.5% methane and 98.5% hydrogen. Details of CVD

may be found elsewhere.17 FLG samples were deposited

over the graphite foil.

Layers of FLG were transferred from the substrate onto

copper grid-supported lacey carbon films. The TEM study of

transferred FLG was performed using a field-emission gun

Tecnai F20 microscope operated at 200 kV. A symmetrical

multi-beam illumination was selected for high-resolution

transmission electron microscopy (HRTEM) imaging of the

grids. A Gatan Digital Micrograph software was used to ana-

lyze HRTEM images.

Figure 1(a) shows a TEM micrograph of a 250 nm

� 350 nm section of FLG. In this figure, the FLG consists of

several layers, some of very small areas. A region of FLG

shows a superlattice of triangular symmetry (highlighted out-

lines) which appears similar, in structure as well as in defini-

tion, to STM images of bulk graphite superlattice. The

periodicity, D, of the superlattice obtained from this image

(Fig. 1(a)) is �5.8 nm. Fast Fourier transform (FFT) of the

superlattice region in Fig. 1(a) is indexed using the [0001] zone

axis of graphite. A small radial splitting of �1.3� of all

(10–10)-type spots can be seen in this FFT (see the magnified

region shown in the inset). This indicates the presence of two

overlapping graphene layers with a relative rotation of �1.3�.
Substitution of the values of D and h in the equation for the

rotational Moire pattern yields a value �1.3 Å for lattice d-

spacing. This value agrees, within the experimental error, with

1.23 Å which is the d-spacing of the (�12–10) planes. This is

also consistent with the orientation of the pattern as the Moire

fringes should be normal to the g-vector difference.

Along with the triangular superlattice, Figure 1(a) shows

an adjoining region of one-dimensional linear bands which

originate from the bottom edge of the triangular superlattice

(highlighted outlines). The 1-d pattern contains the same

number of intensity maxima and minima as the terminating

2-d lattice and the two distinct regions of 2-d and 1-d inten-

sity variations are joined to each other smoothly without any

breakage of bonds. The number of bands is equal to the num-

ber of terminating superlattice maxima.9,10 Figure 2 shows

the variation of intensity along the superlattice and along a

line normal to the bands. The separation between the super-

lattice maxima is equal to the separation between the bands;

similarly, maxima in both regions have approximately the

same height change (DZ). Therefore, atomic stacking of the

bands at the maxima should be the same as, or close to, that

of the triangular superlattice maxima. It is well established

that the superlattice maxima have aa stacking and therefore,

the band maxima should have aa or close to aa (�aa) stack-

ing. In the aa stacking structure, the two graphene layers are

stacked one on top of each other unlike in normal graphite

with aba stacking where the b-layer is displaced from the

nearest a-layers. It seems that both observed features, the

superlattice with triangular symmetry and the linear parallel

bands, are Moire patterns and they have similar stacking.

Curved bands with variable width, not straight line bands of

constant width (Fig. 1(a)), have been previously reported.9,10

However, a satisfactory explanation of the formation of the

curved bands is not given.

Since linear Moire patterns have not been seen before in

STM or TEM pictures of graphite and FLG, the question we

need to answer is “how these patterns are produced?” We

attempt to answer this question by modeling the adjacent

Moire patterns by producing appropriate deformations of a

layer of a two layer rectangular graphene. Since it is well

established that the rotation of a layer with respect to its

nearest neighbor layer produces the triangular superlattice, it

can be concluded that the top part of one of the sheets is

rotated to produce a superlattice structure as in Fig. 1(a). If

the shape of the bottom part did not undergo appropriate

changes to accommodate the rotation of the top part, the

carbon bonds along the boundary of the two regions would

be broken. Interestingly broken bonds are not seen in the

experimentally obtained image (Fig. 1(a)). That means that

the bottom part has to be deformed as the top part rotates;

the right edge being pulled up with the rotating section and

the left edge pulled down. Consequently, the shape of

the bottom part of the layer becomes a parallelogram and the

shape change from rectangular to parallelogram might have

produced the Moire pattern consisting of parallel bands.

A pictorial modeling of two graphite layers is attempted

in Fig. 3 to prove that the supperlattice region and the

adjacent region of linear bands are Moire patterns produced

by placing a layer consisting of a rotated region and a paral-

lelogram shaped region above a normal graphene layer. In

Figure 3, carbon atoms of the bottom layer are blue in color

and the top layer atoms are red. As the top section of the

graphene sheet is rotated, a Moire pattern of triangular super-

lattice becomes visible. Note that for clarity, the angle of

FIG. 2. (a) Variation of intensity of superlattice and (b) parallel bands as a

function of distance.
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rotation is selected as 5� rather than the experimentally

obtained rotation angle of 1.3�. The centers of the maxima

have aa structure and just outside the center have �aa struc-

ture. Also note that the atomic size in comparison to the lat-

tice size is smaller in Figure 3 than the actual atomic size

relative to the lattice size. Consequently, there is a decrease

in overlap of atoms. Hence, the electron density and the in-

tensity decrease as we move away from the center of the

maximum. Between the maxima, there are regions of aba

stacking. The bottom part of Figure 3 shows the Moire pat-

tern obtained by super-position of a graphene layer of paral-

lelogram shape, with right corner angle of 85�, over a

rectangular graphene layer. In the bottom part of Figure 3,

three distinct types of bands are seen: (1) bands of aa struc-

ture, (2) bands with �aa structure, and (3) bands of aba

structure. The bands with aa structure in the middle have

maximum intensity. The bands with aba structure have

brightness less than that of aa bands. For �aa bands, the in-

tensity should be close to that of perfect aa stacking. There-

fore, the number of bright bands is equal to the number of

terminating superlattice maxima and bands originate from

superlattice maxima. The Moire patterns of the two sections,

rotated top section and parallelogram shaped section in the

bottom, reproduce the experimental results of superlattice

and parallel bands. However, within experimental limita-

tions, no difference in intensity variation between regions of

aa and �aa stacking is seen in Fig.1(a). In Figure 3, the angle

between a line drawn through the centers of the maxima in

the triangular superlattice and a line along the middle of a

linear band is 5� which is equal to the angle of rotation of the

superlattice region. The angle between similarly drawn lines

in Figure 1(a) is 1.3�, equal to the calculated angle of rota-

tion obtained from FFT.

TEM micrography FLG prepared by CVD shows trian-

gular superlattice and parallel linear bands which originate

from the maxima of the superlattice. By modeling, it is

shown that parallel bands are a consequence of change in

shape, from rectangular to parallelogram, of a part of a gra-

phene layer. The distance between the bands is equal to the

distance between superlattice maxima. From modeling and

from the TEM brightness, it is evident that the structure of

graphite in the middle of the bands is the same as in the cen-

ter of the superlattice maxima.

1Z. Y. Rong and P. Kuiper, Phys. Rev. B 48, 17427 (1993).
2Z. Y. Rong, Phys. Rev. B 50, 1839 (1994).
3P. J. Ouseph, Phys. Rev. B 53, 9610 (1996).
4T. M. Bernhardt, B. Kaiser, and K. Rademann, Surf. Sci. 408, 86 (1998).
5K. Kobayashi, Phys. Rev. B 53, 11091 (1998).
6P. J. Ouseph, Appl. Surf. Sci. 165, 38 (2000).
7M. Kuwabara, D. R. Clark, and D. A. Smith, Appl. Phys. Lett. 56, 2396

(1990).
8W. T. Pong, J. Bendall, and C. Durkan, Surf. Sci. 601, 498 (2007).
9S. K. Choudhary and A. K. Gupta, J. Phys. Condens. Matter 20, 225008

(2008).
10S. K. Choudhary and A. K. Gupta, Pramana 70(2), 339 (2008).
11H. S. Wong and C. Durkan, Phys. Rev. B 81, 045403 (2010).
12D. H. Galvan, A. P. Amarillas, N. Elizondo, S. Meija, E. Perez-Tijerina, and

M. Jose-Yacaman, Fullerenes, Nanotubes Carbon Nanostruct. 17, 258 (2009).
13T. S. Ong and H. Yang, Carbon 38, 2077 (2000).
14J. H. Warner, M. H. Rummeli, T. Gemming, B. Buchner, and G. A. D.

Briggs, Nano Lett. 9, 102 (2009).
15H. J. Park, J. Meyer, S. Roth, and V. Skakalova, Carbon 48, 1088 (2010).
16Q. Yu, J. Lian, S. Siriponglert, H. Li, Y. P. Chen, and S. S. Pei, Appl.

Phys. Lett. 93, 113103 (2008).
17S. Dumpala, J. B. Jasinski, G. U. Sumanasekera, and M. K. Sunkara, Carbon

49, 2725 (2011).

FIG. 3. (Color online) Model of two

layer graphene sheets (blue bottom layer

and red top layer). The top part of the

top (red) layer is rotated through 5� and

the shape of the bottom part is changed

to a parallelogram with an 85� top right

hand corner. The two sections are con-

tinuous without any break in the chemi-

cal bonds. Regions of aa, aba, and �aa

are indicated below the corresponding

regions. Schematics of each layer are

shown for clarity.
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