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Abstract In this paper, we have proposed and experimen-

tally demonstrated engineering the bandgap of semi-metal

zero bandgap single layer chemical vapor deposited graphene

by decorating with randomly distributed nanoparticles. Dec-

oration with two types of nanoparticles was investigated: zinc

oxide nano-seed grown by sonication of zinc acetate dihy-

drate, and gold nanoparticles grown by thermal annealing of

sputtered gold thin film. The proximity of nanoparticles and

graphene break graphene’s sublattice symmetry and opens-up

a bandgap. The grown nanoparticles were characterized by

scanning electron microscopy and atomic force microscopy.

The single layer graphene before and after decoration was

characterized with Raman spectroscopy. The bandgap was

engineered by simply adjusting the nanoparticle size and

density, and the introduced bandgap was measured from the

slope of temperature dependent conductivity characteristics.

Graphene with significant bandgap introduced by the pro-

posed methods could be used for devices intended for high

speed digital and logic applications.

1 Introduction

Atomically thin graphene has attracted attention of researchers

as a promising novel material for electronic/optoelectronic

applications due to its outstanding electrical, optical and ther-

mal properties that include but not limited to its high carrier

mobility, residual carrier concentration, saturation velocity,

thermal conductivity andmechanical strength [1–4]. Due to the

degeneracy of graphene valence and conduction band at the

Dirac point, it shows a semimetalic characteristics—zero

bandgap nature, which precludes its application in digital and

logic circuits. In order to make graphene a technology appli-

cable to real systems and devices, a non-zero bandgap is

indispensable. A bandgap can be introduced in graphene either

by breaking the translational symmetry or by breaking the

sublattice symmetry [5, 6]. From density functional theory

studies, it is evident that a bandgap in graphene can be achieved

in several ways, which include but not limited to: adsorption of

hydrogen molecule [7], doping with silicon [8] and group IV

element [9], adsorption of water molecule [10], and aromatic

molecules [11]. In experiment, it has been demonstrated that a

bandgap starting from 2.5 meV up to 450 meV can be intro-

duced in graphene by decoration with Si-rich two dimensional

islands [12], fabricationof graphenenanomeshvia nanoimprint

lithography [13], formation of nanoperforated graphene via

block copolymer (BCP) lithography [14], adsorption of pat-

terned hydrogen [15] and adsorption of water molecules [16].

However, these methods either result in a negligible bandgap

value, or demand sophisticated/complex lithographic processes

and controlled environment. In this work, we have demon-

strated bandgap engineering of graphene by decorating with

randomly distributedZnOnano-seeds aswell aswith randomly

distributed gold nanoparticles, which break its sublattice sym-

metry, and opens up a bandgap.

2 Theory

The band structure of graphene exhibits two bands inter-

secting at the k and k0 points in the Brillouin zone—Dirac

point. The energy–momentum relation of graphene
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compared with that of conventional semiconductor is

shown in Fig. 1.

At this point, valence and conduction bands are degen-

erate, which results in graphene to be a zero bandgap

material. To introduce bandgap in graphene, this degener-

acy of valence and conduction bands at the Dirac point

needs to be lifted off and it can be done by breaking the

equivalence between the graphene sublattices—the sub-

lattice symmetry. In the graphene decorated with randomly

distributed nanoparticles, the interaction between nano-

seeds/particles and graphene breaks the sublattice sym-

metry resulting in opening a bandgap. The bandgap of a

semiconductor as well as engineered graphene can be

extracted from the slope of Arrhenius plot [16–19].

The rate constant of a chemical reaction (k) depends on

absolute temperature (T), pre-exponential factor (A), uni-

versal gas constant (R), and activation energy (Ea) by the

following exponential equation, well known as Arrhenius

equation [20], as follows:

k ¼ Ae
�Ea
RT ð1Þ

In a similar fashion, the conductivity of a semiconduc-

tor, r is dependent on its absolute temperature (T) and

activation energy for conduction (bandgap, Eg) by the

following equation:

r ¼ r0e
�Eg=2kT ð2Þ

where the factor of 2 in the exponent is because, the

excitation of an electron across bandgap produces two

mobile carriers: an intrinsic electron and an intrinsic hole.

The last equation can be written in the form of a linear

equation:

ln r ¼ ln r0 �
Eg

2k

1

T
; ð3Þ

which allows extraction of the bandgap if temperature

dependent conductivity is plotted.

3 Experiment

For the ZnO nanoseeds decorated graphene, the nanoseeds

were grown on top of single layer graphene using zinc

acetate dihydrate (Zn(CH3COO)2�2H2O) (ZAD) as repor-

ted in [21]. We modified this approach and utilize the

effects of sonication to produce solution phase seeding in a

solution exposed to the ambient. A 0.005 M concentration

of ZAD in isopropyl alcohol (IPA) solution was prepared at

room temperature by stirring with a magnetic stir bar at

350 rpm for 5 min. Single layer CVD graphene grown on

Copper sheet was coated with PMMA using a regular spin

coater and was put floating on ferric chloride (FeCl3)

solution for 8 h without any disturbance while copper

surface touching the solution. Once the copper was com-

pletely etched, it was washed with DI water multiple times

without flipping, and eventually was transferred on SiO2.

After being transferred, the sample was put in a desiccant

for 8 h, and then was put in acetone at 50 �C for 15 min to

remove the PMMA. Polyethylene shadow Mask for

Source/Drain patterning was written using a laser engraver.

10 nm Ti and 100 nm Au were e-beam evaporated to

pattern the Source/Drain contacts at a chamber pressure of

2 9 10-7 m Torr. The contact length and width were

5 mm and 1 cm respectively and the distance between

contacts were 5 mm. The samples were cleaned with

methanol, acetone and isopropanol before immersing into

the ZAD-IPA solution. The solution with the immersed

substrate then was irradiated using a commercially avail-

able high intensity ultrasound setup (750 W ultrasonic

processor, Sonics and Systems). The sample was prepared

with a single sonication cycles of 15 min duration and the

amplitude of the 20 kHz ultrasonic probe was 75 % of the

maximum amplitude (*30 W cm-2). The global temper-

ature of the aqueous solutions did not exceed *70 �C.
The undecorated graphene as well as graphene deco-

rated with ZnO nano-seeds were characterized by Raman

spectroscopy. Figure 2 shows the Raman spectrum of the

pristine graphene and graphene decorated with ZnO nano-

seeds, taken using a 532 nm laser with a spot size of

1 lm2. The 2D/G ratio (0.93) of the pristine graphene

(bottom panel of Fig. 2) confirms the presence of single

layer graphene. In addition, a peak at 432.39 cm-1 of the

decorated graphene (top panel of Fig. 2) confirms the

presence ZnO [22]. From the Raman spectra of decorated

graphene, a shift of G and 2D peaks is visible, with respect

to those of the undecorated one.

The SEM image of the ZnO nano-seed decorated gra-

phene shown in Fig. 3. confirms the average size of the

nano-seeds to be * 10 nm with the average separation

distance of 10 nm. The AFM image of the decorated gra-

phene shown in Fig. 4 confirms the root mean square

Fig. 1 Energy–momentum relation of a conventional semiconductor,

b graphene
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(RMS) and average roughness to be 15.85 and 12.34 nm,

respectively. This large roughness is due to the presence of

ZnO nano-seeds, as well as, due to the surface roughness of

graphene itself.

For gold nanoparticles decorated graphene, the

nanoparticles were grown first on SiO2/Si substrate and

then CVD graphene was transferred on top of the gold

nanoparticles, unlike the ZnO nano-seed decorated

graphene sample where nano-seeds were grown on top of

graphene. Gold nanoparticles were grown underneath gra-

phene because single layer graphene was unable to sustain

the high energy sputtering mechanism to form gold thin

film if performed over graphene after transfer. Three SiO2/

Si chips with 300 nm SiO2, named as Sample-A, Sample-

B, and Sample-C, were first solvent cleaned. Gold thin film

was grown on SiO2 by sputtering. The gold film thickness

on Sample-A, Sample-B, and Sample-C were measured at

the edge by using atomic force microscopy (AFM). Fig-

ure 5a–c shows the profile of the step of Sample-A, B, and

C, with the 2D and 3D views inset. The film thickness

estimated from the AFM image for Sample-A, B, and C

were 1 nm, 4 nm, and 7 nm, respectively.

The samples were then annealed in N2 environment at

800 �C for 30 min with a ramp of 5 �C/s. At this high

temperature and ramp, the gold thin film dewetted and

formed gold nanoparticles, as expected [23, 24]. The

presence of nanoparticles was confirmed through SEM

imaging, as shown in Fig. 6. From the AFM and SEM

image shown in Figs. 5 and 6, it is evident that: Sample-A

with the thinnest gold film sputtered (1 nm) resulted in the

least dense nanoparticles growth with largest diameter,

Fig. 2 Raman spectra of pristine and ZnO nano-seed decorated

single layer graphene

Fig. 3 SEM image of ZnO

nano-seed decorated single

layer graphene at two different

magnifications

Fig. 4 AFM image of ZnO nano-seed decorated single layer graphene. a 2D image. b 3D image. c The profile along a straight line. d Roughness

analysis: RMS roughness = 15.85 nm and average roughness = 12.34 nm
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Sample-B with 4 nm sputtered gold has denser nanoparti-

cles with smaller diameter, compared to Sample-A, and

Sample-C with the thickest gold film (7 nm) has interme-

diate nanoparticle density and diameter.

Using the standard graphene transfer method mentioned

above, single layer graphene was transferred on top of the

gold nanoparticles decorated substrate, and eventually,

PMMA was removed with acetone. From Raman spec-

troscopy as shown in Fig. 7, it is evident that the 2D and G

peaks of graphene decorated with gold nanoparticles shif-

ted compared to those of the undecorated one, as expected

[25, 26]. As before, Polyethylene shadow masks were used

to pattern contact pads with length, width, and in-between

separation of 2, 2, and 7 mm, respectively, consisting of

10 nm Ti and 300 nm Au.

Bandgap of nanoparticles decorated graphene was esti-

mated measuring temperature dependent conductivity

using the Eq. (3). A commercially available vacuum probe

station integrated with a precision thermal chuck and

temperature control system, turbo pump and semiconductor

parameter analyzer was used to measure the temperature

dependent I-V characteristics. The pressure inside vacuum

chamber was set at 25 mBar. At pressure less than 25

mBar, the sample temperature was found unable to follow

the thermal chuck temperature due to loss of thermal

conductor–air in-between. At first, the sample was left in a

vacuum of 25 mBar for 5 h and then the current–voltage

characteristics of the sample was measured keeping the

chamber pressure constant, at different temperatures start-

ing from 0 to 110 �C with a step size of 5 �C, and at each

temperature point, the sample was left for 5 min before the

measurement was taken.

Fig. 6 SEM image of gold nanoparticles grown on SiO2 of a Sample-A, b Sample-B, and c Sample-C

Fig. 5 The profile of the step at the edge of sputtered gold thin film on a Sample-A, b Sample-B, and c Sample-C, measured by atomic force

microscopy (AFM) with 2D and 3D views (inset)

Fig. 7 Raman spectrum of undecorated graphene and decorated

graphene: Samples-B, C
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For the graphene sample decorated with ZnO nano-

seeds, a DC voltage was ramped starting from -500 to

?500 mv with a step size of 10 mV as shown in Fig. 8a,

and both the hold time and delay time at each bias point

were set at 20 ms. From the current–voltage characteristics

of this sample, its resistivity and conductivity were

extracted for each temperature value and the resistance was

found to decrease linearly with temperature. Eventually,

from the Arrhenius plot shown in Fig. 8b, slope was

extracted and the bandgap was calculated to be 7.36 meV.

We further investigated this bandgap opening process by

decorating single layer graphene with ZnO nano-seeds,

whose lateral size (*300 nm) was much bigger compared

to graphene lattice constant (*2.46 Å) [27], and it did not

show semiconductor properties.

For the graphene samples decorated with gold

nanoparticles, the same experimental setup and procedure

was followed to measure the introduced bandgap. The

logarithm of film conductivity versus inverse of tempera-

ture of Sample-B, and C are shown in Fig. 9, with the

respective current–voltage characteristics and temperature-

resistance characteristics at 50 �C, inset. The extracted

bandgap from the slope of conductivity curve of Sample-A

(not shown in Fig. 9), B, and C were 40.27, 83.98, and

59.91 meV, respectively, as expected from the density

functional calculations reported in [28].

4 Conclusion

In conclusion, we have experimentally demonstrated the

opening of a bandgap of single layer CVD graphene by

decorating it with randomly distributed nanoparticles. The

first approach of decoration with randomly distributed ZnO

nano-seeds opened an insignificant bandgap. On the other

hand, the resulting bandgap due to decoration with gold

nanoparticles was much more prominent compared to the

ZnO nano-seed samples and showed a dependence on

nanoparticle density and size. The proposed method of

bandgap opening can be further investigated varying

nanoparticle size, height, and density. Graphene with a

moderate bandgap achieved by fine tuning of this decora-

tion process can be used for digital and logic devices.
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