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A B S T R A C T

In this paper, we performed synthesis of graphene thin films by rapid thermal annealing (RTA) of thin
nickel–copper (Ni/Cu) layers deposited on spectroscopic graphite as a carbon source. Furthermore, we
investigated the effect of annealing temperature and annealing time on formation and quality of
synthesized graphene films. Raman spectroscopy study showed that annealing at lower temperatures
results in formation of monolayer graphene films, while annealing at higher temperatures results in
formation of multilayer graphene films. We used Raman mapping to determine the distribution of
graphene sheets. Surface morphology of graphene thin films was investigated by atomic force
microscopy and scanning electron microscopy with EDS probe.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Graphene is a single-atom-thick sheet with sp2 hybridized
carbon network hexagonally arrayed [1]. Recently graphene was
described as the thinnest material in our universe [2]. Graphene is
transparent, extremely strong and rigid material with high
elasticity and surface area, high charge carrier mobility at room
temperature and high thermal conductivity [3–6]. Due to
structural, electrical, mechanical and chemical properties, gra-
phene has attracted remarkable attention by research community
[7–12]. These properties enable the usage of this material for
nanoelectronic applications, bioelectronic, gas sensors, hydrogen
storage devices, lithium batteries and supercapacitors [13–19].

Novoselov et al. [9] produced graphene for the first time in
2004, from graphite by mechanical exfoliation. Since then,
graphene has been synthesized in many different ways. There
are several primary synthesis methods for producing graphene,
however all of these methods come with drawbacks as well. The
drawbacks are mainly related to the time required for the synthesis
and price of used method, or quality of obtained graphene films.

Today, the most used methods are chemical vapor deposition
(CVD), the epitaxial growth on silicon carbide, liquid exfoliation of
graphite crystals, chemical reduction of graphene oxide and rapid
thermal annealing (RTA) [20–28].

In this paper, we present graphene synthesis by RTA method in
vacuum from thin Ni/Cu layers deposited on polished polycrystal-
line spectroscopic graphite as a carbon source. The samples were
annealed at different annealing temperatures and with different
annealing times in order to investigate the effect of annealing
temperatures and annealing time on formation and quality of
monolayer and multi-layer graphene films.

2. Materials and methods

2.1. Sample preparation

Samples were prepared by cutting the graphite spectroscopic
electrodes (99.999% purity, Ringsdorff Spektralkohlestäbe, höch-
ster Reinheit, SGL Carbon, Germany) into small pieces with
diameter of 12.5 mm. Sample surface was polished with diamond
pastes. Ni/Cu metal films were then deposited on graphite
substrates in a single vacuum run, without heating of the graphite
substrates. The deposition was carried out by direct-current (DC)
sputtering (Balzers Sputtron II system, Switzerland) using 1.3 keV
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argon (Ar) ions and 99.9% pure Ni and Cu targets. The base pressure
in chamber was 7 � 10�6mbar and the Ar partial pressure during
deposition was 1 �10�3mbar. The first deposited thin metal layer
was Ni with deposition rate of 9.5 nm/min and the second one was
Cu with deposition rate of 16 nm/min. Thickness of individual thin
Ni and Cu films, measured by profilometry, were 50 nm for Ni and
700 nm for Cu [29].

The samples were annealed in a vacuum furnace (TorVac
system, United Kingdom), at different annealing temperatures, at
600 �C, 700 �C, 800 �C and 900 �C for 30 min followed by rapid
cooling. Another set of samples was annealed at 900 �C for different
annealing times: 30 min, 2 h and 3 h.

2.2. Sample characterization

Raman spectra of as-deposited and annealed samples were
obtained by DXR Raman microscope (Thermo Scientific) using a
532 nm laser as excitation source. The laser power was kept at
2 mW to avoid heating of the sample with a pixel-to-pixel spectral
resolution of 1 cm�1.

The distribution of graphene sheets was obtained by Raman
mapping with Renishaw inVia 15 Reflex, equipped with three laser
sources and directly interfaced to a confocal microscope Leika DM-
LM. The excitation radiation was generated by a Nd:YAG laser
(532 nm), He–Ne laser (632.8 nm) and a Ti: sapphire laser
(785 nm). The scanned area of the sample was 15 � 25 mm2.

Surface morphology of as-deposited and annealed Ni/Cu thin
films was analyzed with atomic force microscopy (AFM). AFM
measurements were performed using Quesant microscope
(Ambios Technology, USA) operating in tapping mode in air at
room temperature. All images were obtained at 1 Hz, with
512 � 512 pixels image definition over different square areas.
The average size of objects in AFM images and root mean square
roughness (RMS) were determined by Gwyddion software [30].

The morphology of the films was characterized by scanning
electron microscopy (SEM, JEOL JSM-6390LV) in vacuum at room
temperature, with 15 kV acceleration voltage. Samples elementary
composition was obtained with energy dispersive spectroscopy
(EDS, Oxford Aztec X-max). The scanned surface area was 1 �1
mm2.

3. Results and discussion

3.1. Raman spectroscopy

Raman spectroscopy is very important tool for the study of
different allotropes of carbon, since it is very sensitive to geometric
structure and bonding within molecules. The Raman spectra of
graphene show two main bands designed as the G and 2D bands.
The third, D band may also be apparent in graphene Raman spectra
if there are defects present in carbon lattice [31]. The G band is
sharp and appears at around 1587 cm�1. The existence of G band
corresponds to the in-plane vibration mode involving the sp2

hybridized carbon atoms that comprise the graphene sheet. With
the G band position, one can determine the number of layers
present in the sample. However, the G band position can be
affected by temperature and doping thus, intensity of the G band is
more accurate way to determine graphene thickness. The D band is
disorder or the defect band that appears at around 1350 cm�1 and
it has been attributed to in-plane A1g zone edge mode. The
intensity of the D band can indicate the quality of graphene. By
specifying intensity ratio of D and G bands (ID/IG) it is possible to
define the level of defects present in the sample [31]. The 2D band
is sharp, appears at around 2680 cm�1, and it is the result of a two
phonon lattice vibration process. Therefore intensity of 2D band
can be used to determine graphene layer thickness based on the 2D

and G bands intensity ratio (I2D/IG) [32–33]. If the intensity ratio of
these bands is two or higher, single layer graphene is present in the
sample.

In Fig. 1 we present Raman spectra of Ni/Cu thin films annealed
at different annealing temperatures for 30 min. In Raman spectra
of the samples annealed at 600 �C and 700 �C, sharp 2D band at
�2700 cm�1 is more intense than the G band. Based on 2D-to-G
intensity ratio (I2D/IG), �3.57 and �1.72 respectively (Table 1), it
was suggested the formation of monolayer graphene films in these
samples. By fitting these 2D bands with one Lorentzian it was
confirmed the formation of single layer graphene. Full width at half
maximum (FWHM) was �26 cm�1 for samples annealed at 600 �C,
and �37 cm�1 for samples annealed at 700 �C, which is character-
istic for the single layer graphene [34].

Raman spectra of samples annealed at 800 �C and 900 �C
showed some changes in 2D band shape and intensity. Here,
intensity of the G band is much higher than intensity of the 2D
band, while its shape is less symmetric which is characteristic for
multilayer graphene. The presence of multilayer graphene was also
confirmed with 2D-to-G intensity ratio (I2D/IG) presented in
Table 1, where I2D/IG intensity ratio for the samples annealed at
800 �C was �0.64, while in samples annealed at 900 �C it amounts
�0.36. FWHM values for samples annealed at 800 �C were �71
cm�1, and �77 cm�1 for samples annealed at 900 �C which is
characteristic for multilayer graphene [34].

From I2D/IG intensity ratio in Table 1, it was confirmed that
annealing at 600 �C and 700 �C leads to the formation of single
layer graphene films, while annealing at 800 �C and 900 �C results
in formation of multilayer graphene films. Here, it can also be seen

Fig. 1. Raman spectra of Ni/Cu thin films annealed at 600 �C, 700 �C, 800 �C and
900 �C in vacuum for 30 min.
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