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Graphene nanomeshes (GNMs) are expected to be a high-performance channel material for

metal-oxide-semiconductor field-effect-transistors (MOSFETs), since they can open up a band gap

in a large sheet of graphene thin film by simply introducing two-dimensional periodical nanoscale

holes. In this paper, we theoretically investigate the electronic band structures and the electron

transport properties of GNMs based on a tight-binding approach. We demonstrate that GNMs have

the capability of band structure engineering by controlling its neck width and furthermore the

potential ability providing high current drivability when applied to a field-effect-transistor channel.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4800624]

I. INTRODUCTION

Graphene has significant potential for application in

field-effect-transistor (FET) channel, because it has very

high carrier mobility as compared to Si and other semicon-

ductor materials.1 However, it is a semimetal with a zero

band gap, and thus it cannot be used as a switching device in

logic circuits, which requires a large on/off current ratio.

Therefore, opening a finite band gap in a semimetal graphene

is one of the most important subjects in graphene research.

One of the techniques is to use bilayer graphene (BLG)

applied by a vertical electric field.2–7 Although BLG can be

fabricated using a large-area graphene sheet, stacking only

two layers uniformly in a large-area is still difficult using the

current technologies. In addition, the band gap of BLG has

been reported to be saturated at 0.2 � 0.3 eV3,8,9 and has

negative effective masses at K and K’ points,3,4,8,10,11 called

Mexican-hat structure. The other technique is to pattern a

graphene sheet into a nanoribbon having widths of less than

10 nm,12–17 which is named graphene nanoribbon (GNR).

The band gap of GNR is generated by quantum confinement

effect and increases inversely with the ribbon width.

Theoretical calculations13,16,18–20 have reported that GNR

exhibits band gaps larger than those of BLG and no

Mexican-hat structure. Therefore, GNR is attractive for a

FET channel material, but its electron transport properties

are extremely sensitive to ribbon edge configuration, that is,

zigzag-edged or armchair-edged configuration. In general, a

zigzag-edged GNR (Z-GNR) has localized states at the edges

and nearly zero-band gap, while an armchair-edged GNR

(A-GNR) exhibits a large band gap and a small transport

effective mass. Accordingly, A-GNR is considered to be

suitable for the FET application.13 However, the fabrication

of pure A-GNR channels with a certain amount of length and

the production of dense arrays of ordered nanoribbons still

remains a significant challenge, and then drastic degradation

in the device performance due to atomic fluctuation of the

ribbon width and the edge conformation has been pointed

out.21–24

Recently, a new graphene nanostructure for opening a fi-

nite band gap, which is called graphene nanomesh (GNM),

has been reported.25,26 GNM is composed of single-layer

graphene into which a high-density array of nanoscale holes

are punched, and can open up a band gap, comparable with

the values achieved in GNRs, in a large sheet of graphene

thin film. Actually, it was demonstrated that GNM-FETs pro-

vide driving currents nearly 100 times greater than individual

GNR-FETs, and the on-off current ratio, that is, the band gap

opening can be tuned by varying the neck width.25,26 GNM

lattices are also considered to be much easier to produce and

handle than GNRs. These features indeed make GNM attrac-

tive for a FET channel material. However, since the nano-

meshes have variable periodicities, neck widths, shapes of

nanohole, edge configurations, and so on, their electric prop-

erties indicate quite complicated behaviors. So far, circular

nanoholes27,28 or triangular/rhombus nanoholes with an

armchair-edge or a zigzag-edge structure29 have been dis-

cussed. In this study, to clarify the roles of the edge configu-

ration in GNMs, we investigate the electron transport

properties in GNMs with rectangular-shaped nanoholes com-

bined with armchair-edged and zigzag-edged nanoribbons.

We calculate the band structures by varying the neck width

based on a tight-binding (TB) approach, and then estimate

the electrical characteristics of GNM-FETs under the ballis-

tic transport. We demonstrate the possibility of band struc-

ture engineering by controlling the neck width, and the

potential ability of GNM-FET achieving high current

drivability.

II. BAND STRUCTURES OF GNMS

To clarify the roles of the edge configuration, we

adopted a rectangular-shaped nanohole as shown in Fig. 1,

where hx and hy denote the numbers of carbon atoms of a

nanohole in x- and y-directions, respectively. As seen in
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Fig. 1, the horizontal and vertical sides of nanoholes have an

armchair-edged and zigzag-edged configuration, respec-

tively. Therefore, we expect to be able to control a contribu-

tion from the A-GNRs, which have superior transport

properties as mentioned above, by changing the correspond-

ing neck width. To this end, we fixed the number of carbon

atoms in the zigzag-edged neck, Nz, and varied that in the

armchair-edged neck, Na, and then computed the band struc-

tures based on TB approach using a pz orbital basis set.30

The TB parameters used in the calculation are the same as in

Refs. 8, 9, and 20. Here, we add that the armchair-edged

neck in the present calculation is composed of Na ¼ 3m
group (m is a positive integer), because it is expected to dem-

onstrate superior transport properties over Na ¼ 3mþ 1 and

3mþ 2 groups.20 Edge bond relaxation introduced in A-

GNR calculations16,18,20,31 is not taken into account, because

there is no detailed information for GNMs yet.

First, we present the computed band structures for

GNMs with Na ¼ 3, 6, 9, 12, and 15 in Figs. 2 and 3, where

Nz is fixed to be 4 and 8, respectively. The inset in Fig. 2(a)

represents the first Brillouin zone with the three high-

symmetry axes indicated, along which the band structure

was calculated. The atomic models used in the calculation

are also plotted with the unit cells. The energy reference in

the vertical axis (E ¼ 0) represents the Fermi energy, and

thus the positive and negative energy regions correspond to

conduction and valence bands, respectively. First of all, it is

found that the band gap is larger for an odd-numbered Na,

i.e., Na ¼ 3, 9, and 15 for both Nz’s. Furthermore, the disper-

sion curves at the conduction band minimum exhibit quite

different behavior between odd-numbered and even-

numbered Na’s. In other words, the flat dispersion curves,

marked with Z in Na ¼ 3, 9, and 15, are nearly dispersionless

along the C-X direction and their energies hardly change

with increasing Na. In addition, the concave dispersion

curves, marked with A, decrease in energy with increasing

Na. On the other hand, the lowest conduction bands, marked

with A’ in Na ¼ 6 and 12, exhibit a concave dispersion

around the C point, and then changes into a flat dispersion

with increasing the energy. Furthermore, the band A’ have a

smaller band gap opening at the C point. From these charac-

teristic behaviors, we speculated that the band A and band Z

originated mainly from the A-GNR neck and the Z-GNR

neck, respectively, while the band A’ originated from both

GNR necks. Similar behaviors at the conduction band

FIG. 1. Atomic model of GNM used in the simulation. The horizontal and

vertical sides of nanoholes have an armchair-edged and zigzag-edged con-

figuration, respectively.

FIG. 2. Computed band structures for

GNMs with Na ¼ (a) 3, (b) 9, (c) 15, (d)

6, and (e) 12, where Nz is fixed to be 4.

(hx, hy) ¼ (12, 9) in (a), (b), and (c), and

(12, 8) in (d) and (e). The atomic model

used in the calculation is plotted with the

unit cell in (f). The inset in (a) represents

the first Brillouin zone with the three

high-symmetry axes indicated, along

which the band structure was calculated.

143702-2 Sako et al. J. Appl. Phys. 113, 143702 (2013)
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minimum have also been reported for armchair-edged trian-

gular and rhombus graphene nanoholes29 and circular gra-

phene nanoholes.27,28 Thus, our band structure results are

applicable to estimate the electrical characteristics of GNM-

FETs.

To confirm the validity of the above speculation, we cal-

culated the probability density distributions of electrons at

the C point for Na ¼ 9 and 12 with Nz ¼ 4 as shown in Fig.

4, where (a) the band A and band Z in Na ¼ 9 and (b) the

band A’ in Na ¼ 12. The distributions only inside the unit

cells are plotted. It should be noted that the band A in Na ¼ 9

has nearly localized density distribution in the A-GNR neck,

while the band Z is strongly localized in the Z-GNR neck.

These spatially separated density distributions prove that the

band A and band Z originated mainly from the A-GNR neck

and the Z-GNR neck, respectively. In Fig. 4, we also plotted

the conduction band structures along kx and ky directions,

which correspond to the C-X and C-X’ directions in Fig. 2,

respectively. Since electrons in the band A are unable to

travel freely across the Z-GNRs in the y-direction, the dis-

persion in the ky direction is found to be rather flat as com-

pared to the band A in the kx direction. In addition, an energy

minimum appears at the X’ point. Such an anisotropic

behavior has also been discussed for graphene under periodic

potentials.32 Understandably, a higher current is expected to

be obtained in the x-direction having the armchair-edged

structure. On the other hand, for the band A’ in Na ¼ 12,

electrons are distributed in the whole region as shown in Fig.

4(b), in other words, they are not localized in any particular

region, and hence the band A’ has a normal concave disper-

sion also in the ky direction. However, an anisotropic behav-

ior is observed even in the present case. The above results

indicate that the band A’ receives influences from both GNR

necks.

Next, we checked the Na dependences of the band gap

and effective mass at the C point of the band A and A’ as

FIG. 3. Computed band structures for

GNMs with Na ¼ (a) 3, (b) 9, (c) 15, (d)

6, and (e) 12, where Nz is fixed to be 8.

(hx, hy) is the same as in Fig. 2. (f) The

atomic model used in the calculation

with the unit cell.

FIG. 4. Probability density distributions of electrons at C point computed for

Na ¼ 9 and 12 with Nz ¼ 4, where (a) the band A and band Z in Na ¼ 9 and

(b) the band A’ in Na ¼ 12. The distributions only inside the unit cells are

plotted. Conduction band structures along kx and ky directions, which corre-

spond to the C-X and C-X’ directions in Fig. 2, respectively, are also plotted.

143702-3 Sako et al. J. Appl. Phys. 113, 143702 (2013)
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shown in Fig. 5, where the results calculated for pure

A-GNRs without edge bond relaxation20 are also plotted for

comparison. As for the band gap, GNMs with odd-numbered

Na’s, i.e., the band A, closely follow the curve for the

Na ¼ 3m group of pure A-GNRs, which confirms that the

band A is surely derived from the A-GNR neck. On the other

hand, the effective masses of GNMs with Nz ¼ 8 stray far

from the curve for the Na ¼ 3m group, which is considered

due to an influence of coupling with a Z-GNR band, but the

details are still under consideration. As for Nz ¼ 4, the effec-

tive mass monotonically decreases with Na, in keeping with

the curve for the Na ¼ 3m group. Consequently, GNMs with

an odd-numbered Na and a fewer Nz are considered to be suit-

able to assess the upper limit performance of GNM-FETs,

since the superior transport properties of A-GNR can be

exploited. Then, we will examine the electrical characteristics

of GNM-FETs with Na ¼ 3, 9, and 15 and Nz ¼ 4, in Sec. III.

III. ELECTRICAL CHARACTERISTICS OF GNM-FETS
UNDER BALLISTIC TRANSPORT

In this study, we employed a top-of-the-barrier (ToB) FET

model33 as shown in Fig. 6, where the source-drain direction is

set along the x-axis which has the armchair-edged structure,

and a higher current drivability is expected. The ToB model

is simple but is very helpful to understand the importance of

atomistic band structures in the metal-oxide-semiconductor

FETs (MOSFETs). Since source-drain direct tunneling and

scattering effects are not considered, it will provide the upper

limit performance of atomistic transistors.13,33 We assumed

that the gate has perfect electrostatic control over the channel,

and that the source and drain are heavily doped contacts with

ND ¼ 3.35� 1016 m�2 and the channel is undoped. The gate

insulator is SiO2 and its thickness Tox is given as 1.5 and 0.5

nm. The drain voltage VD is set at 0.3 V, which is sufficiently

small so that band-to-band tunneling leakage current can be

neglected. Fig. 7 shows the electrical characteristics computed

for the GNM-FETs with Na ¼ 3 (dotted lines), 9 (dashed lines),

and 15 (solid lines) for Tox ¼ (a) 1.5 and (b) 0.5 nm, where Nz

was fixed to be 4. The drain current ID, the sheet electron den-

sity n and the average electron velocity hvi as a function of

gate voltage are indicated beginning at the top. The OFF-

current density is all set as 0.01 lA/lm. First of all, the GNM

with Na ¼ 3 indicates the considerably inferior performance

due to the involvement from the nearly dispersionless band Z

as shown in Fig. 2(a). Next, the drain current of Na ¼ 15 is

larger than that of Na ¼ 9 for both Tox’s. This is because the

GNM with Na ¼ 15 has the higher average velocity and the

almost equal sheet density, as compared with those of Na ¼ 9.

The higher average velocity in Na ¼ 15 is due to the smaller

effective mass and also due to the larger energy separation

from the upper conduction band with a flat dispersion.

FIG. 5. (a) Band gaps and (b) effective masses at C point of band A and A’,

computed as a function of Na. Here, the calculated results for pure A-GNRs

without edge bond relaxation are also plotted in the lines.

FIG. 6. ToB ballistic FET model used in the simulation. We assumed that

the gate has perfect electrostatic control over the channel and that the source

and drain are heavily doped contacts with ND ¼ 3.35 � 1016 m�2 and the

channel is undoped. The gate insulator is SiO2 and its thickness Tox is given

as 1.5 and 0.5 nm.

FIG. 7. Electrical characteristics computed for GNM-FETs with Na ¼ 3

(dotted lines), 9 (dashed lines), and 15 (solid lines) for Tox ¼ (a) 1.5 and (b)

0.5 nm, where Nz was fixed to be 4. Results for an A-GNR-FET with a simi-

lar band gap to the GNM with Na ¼ 15 are also plotted in the dashed-dotted

lines with circles. VD ¼ 0.3 V and IOFF ¼ 0.01 lA/lm. Temperature is

300 K.

143702-4 Sako et al. J. Appl. Phys. 113, 143702 (2013)
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Next, we discuss the Tox dependence of the electrical

characteristics. Comparing Figs. 7(a) and 7(b), the average

velocity saturation and even reduction are observed for the

GNMs at high gate voltages for Tox ¼ 0.5 nm. This is due to

the fact that by reducing the gate oxide thickness, electrons

begin to get populated into the flat dispersion band Z in a

higher energy region of the GNMs. In Fig. 7, we also plotted

the results for an A-GNR-FET with a similar band gap to

that of the GNM with Na ¼ 15, in the dashed-dotted lines

with circles. The band structure of the A-GNR channel is

shown in Fig. 8, where the number of carbon atoms in the

width direction is set as 15 and the band gap is 0.58 eV. The

effective mass is calculated to be 0.065 m0, which is smaller

than 0.074 m0 of the GNM with Na ¼ 15 by approximately

12%. The present comparison indicates that the GNM-FET

with Na ¼ 15 provides the sufficiently-high drain current at

less than VG ¼ 1.0 V, and even favorably compare with that

of the A-GNR-FET. Although the average velocity is higher

in the A-GNR-FET due to the smaller transport effective

mass, the sheet electron density is found to be larger in the

GNM-FETs. Accordingly, GNM-FETs have the potential

ability providing high current drivability when operating at

low supply voltages.

IV. CONCLUSION

We have calculated the band structures of GNMs based

on the TB approach, and further estimated the electrical

characteristics of GNM-FETs under the ballistic transport.

As a result, we have shown that GNMs have the possibility

of band structure engineering by introducing nanoholes into

a graphene thin film and properly choosing the neck width.

We have also demonstrated that GNM-FETs exhibit a cur-

rent drive comparable to an A-GNR-FET, by controlling the

neck width to exploit the superior transport properties of

A-GNRs. Therefore, GNM is expected to be a promising

FET channel material, providing high current drivability at

low supply voltages.
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