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Abbreviations: GQDs, graphene quantum dots; SERS, surface 
enhanced raman scattering; SPP, surface plasmon polariton; CFGs, 
chemical functional groups 

Introduction
Graphene quantum dots (GQDs) with highly tunable properties are 

attracting interest from researchers. Their potential applications are 
biosensor, light emitting diodes, displays, solar cells, super capacitors, 
transistors, photo catalysts, drug delivery and medical imaging.1,2 In 
this study, we have used the bottom up method to fabricate GQDs 
by a simple and safe method that is able to mass produce, from 
two different initial precursors: citric acid (CA) and pyrene. The 
information on the structure of fabricated GQDs was all studied with 
micro-Raman spectra combined with TEM and HR-TEM image 
recording. The combination of GQDs with convexing metal surfaces 
to increase intensity of optical signals such as absorption, emission 
or Raman scattering is a very interesting concept and would lead to 
many practical applications in solar cells or biosensors. In order to 
take advantage of surface plasmon polariton (SPP) modes, which 
are not coupled to far-field radiative modes in the case of a planar 
metallic surface, many studies have introduced a periodic corrugation 
to the metallic surface.3 The main idea of this study is to use thin 
films of corrugated 2D Ag layers with organized structure - thanks 
to the coverage of Ag on top of an opal structure created from SiO2 
spheres - to apply in enhancing the optical signals of GQDs.4 In order 
to cover the Ag layer on opal, we have fabricated a hundred grams 
of 600nm SiO2 spheres with narrow size distribution. These opal 
samples were used as a periodic template for the fabrication of opaque 
two-dimension corrugated metallic grating. The emission and Raman 
spectra of GQDs are put on the Ag periodic corrugated film samples 
covering the opal surfaces are also carried out. This study bring the 
idea for the potential applications in nano antenna and biosensor.

Materials and methods 
Synthesis of graphene quantum dots from citric acid 
and pyrene

Synthesize GDQs from citric acid (CA): The GQDs were prepared 
by hydrothermal treatment of citric acid (Fisher, 95.5%) as reported.5 
In a typical synthesis, 5mmol CA and 15mmol urea (Aldrich) were 
dispersed in 25ml of water under stirring to form clear solution 
then transferred into a 100 ml Teflon lined stainless autoclave. The 
reaction samples were kept for 4 hours at temperatures from 160OC 
up to 200OC and denoted G1. After cooling to room temperature, the 
GQD product was collected by adding ethanol into the solution and 
centrifuged at 5000rpm for 5 min, call G1.

Synthesize GQDs from pyrene : The used synthesis method was 
reported.2 In a typical procedure for synthesis of OH-GQDs, pyrene 
(2g, purity 98%, HPLC) was nitrated into trinitropyrene in hot 
HNO3 (160ml, 68%) at 80OC under refluxing and stirring for 12h. 
The mixture was diluted with deionized (DI) water (1 l) and filtered 
through a 0.22mm microporous membrane to remove the acid. The 
resultant yellow 1,3,6-trinitropyrene was dispersed in an NaOH 0.2M 
solution of DI 600ml water by ultrasonication for 2h. The suspension 
was transferred to a Teflon-lined autoclave and heated at 200oC for 
10h. The product containing water-soluble GQDs was filtered through 
a 0.22mm membrane to remove insoluble carbon products. The GQD 
product, called G2, was collected by adding ethanol into the solution 
and centrifuged at 5000rpm for 5 min with 3 times repeat in order 
to remove all sodium salt. All the purified GQDs were dried or re-
dispersed into water for further characterization and use.

Fabrication of metallic Ag films on the periodic 
template of opal 

Preparation of SiO2 spheres with large-scale and metallic Ag films 
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Abstract

Graphene quantum dots were prepared successfully, and their characteristics identified 
by Raman spectra and HR-TEM. In addition, the absorption and photoluminescence 
were studied for their optical properties. The Raman scattering effects were studied 
for graphene quantum dots (GQDs) coupling with the corrugated structure silver 
(Ag) films. The corrugated silver films were prepared by evaporating metallic Ag on 
opal crystal substrates. The opal crystal substrates were fabricated from 600nm SiO2 
spheres. The intensity enhancement of photoluminescence and Raman spectral bands 
of the GQDs on the corrugated Ag films was observed and explained. Study of Raman 
spectra showed the surface-enhanced Raman scattering effect.
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on the periodic template of opal with calculated Ag thickness are 
presented in previous publication.6 Ag films are fabricated by thermal 
evaporating an Ag layer on a self-assembled periodical array of opal 
with different Ag thickness. In this study, the 135nm Ag layer films 
were chose for dispersing GQDs on the convexing surface to form 
their combination with the Ag plasmonic surface can be observed.

Characterization of the samples: The purified GQD samples 
were used to measure HR-TEM. Field emission scanning electron 
microscope (FE-SEM)-S4800-Hitachi to determine the size of SiO2 
spheres, morphology of the opal samples and Ag layer thickness on 
opal. The absorption spectra were measured by Cary 5000 UV-Vis-
NIR (Aligent Technologies, US). The PL spectra measurement was 
carried out on a Fluorolog-322 system (Jobin-Yvon). The GQDs 
samples were analyzed by Micro Raman spectroscopy (XploRA- 
Horiba). 

Results and discussion
In this part, we present the results on identification of GQDs 

fabricated and their relevant characteristics. The GQDs were dispersed 
on the convexing surface of the Ag film so that their combination 
with the Ag plasmonic surface can be observed by presenting the 
increased intensity of vibration line from Raman spectra. Raman 
Characterization of Prepared GQDs. Raman spectra of GQDs: Raman 
spectra are showed in the Figure 1 for identify the structure formation 
of GQD samples G1 and G2. The G band is a first-order scattering 
process that originates from the double-degenerate vibrational mode 
(E2g) that occurs at the crossing of the longitudinal optical (LO) and 
transverse optical (TO) phonon branches at the Γ point in the first 
Brillouin zone of graphene.7,8 In addition to the peaks identified in 
the spectra, we now also observe the defect-induced D band. Due to 
momentum conservation, the TO phonons giving rise to this band 
only become Raman active if the electrons or holes involved in the 
scattering process undergo elastic scattering by a lattice defect which 
in this case is provided by the graphene edge.9,10

Figure 1 Raman spectra of GQD samples G1 and G2 were prepared by two 
different methods.

Two peaks D and G are both clearly observable on Raman spectra, 
however the intensity ratio (ID/IG) is different depending on the 
fabrication method. The samples G1 and G2 have the ID/IG ratio of 
1.07 and 1.05, respectively, which is similar to the GQDs fabricated 
by the hydrothermal method.2,11,12 The D peak of the Raman spectrum 
comes from the “unorganized” carbon8,13 which is associated with the 
defects or the edges of graphene. In our samples, the high D peak 
should result from the high ratio of graphene edge in GQDs. However, 

it should be mentioned here that the GQDs synthesized by a solution 
process could get a much lower ID / IG14 due to edge passivation of the 
chemical functional groups (CFGs) as an observable case for samples 
G1. We could not observe the frequency band where the 2D peak might 
have appeared. It is because the 2D peak of GQDs is about one third 
of the G peak, indicating that the GQDs consist of a few atomic layers. 
The position of G peak is relevant to the number of layers in the GQD 
sample.15 This position on the Raman spectra of GQD samples in this 
study is all at frequencies longer than 1593cm-1 compared to 1582cm-1 

of single-crystalline GQDs published.2 Therefore it can be assumed 
that G2 sample (fabricated from pyrene) have more than just a single 
layer. For sample G1 fabricated from CA precursor, the G peak is 
positioned at 1572cm-1, lower than that published.2 Thus, it is difficult 
to conclude on the number of layers existing in GQD samples based 
on only Raman spectra results, because the data on G peak positions 
differ in different publications.

HR-TEM images

Fabricated GQD samples were also studied in shape and size with 
TEM images. Figure 2 & Figure 3 are the TEM images with the scale 
bar of 10 nm for the sample fabricated from citric acid with average 
size of about 15 nm and the scale bar of 20nm for the sample G2. The 
Figure 3 shows HR-TEM image of the lattice spacing distance d is 
0.24 nm. From the analysis results of the sample’s characteristics with 
micro-Raman spectra and HR-TEM images, it can be concluded that 
the fabricated sample has round shape and is GQDs.

Figure 2 HR–TEM image of the GQD sample fabricated from citric acid, 
scale bar: 10nm.

Absorption and emission spectra: The absorption spectra of two 
samples fabricated from CA and pyrene were presented in Figure 4.

The spectra usually show a prominent peak at ≈230nm, assigned to 
the π–π* excitation of aromatic sp2 domains16 and a large absorption 
band is positioned at about 334 nm and 374 nm. The excitonic 
absorption band centered at about 334nm and an optical absorption 
edge at ~425nm (or ~500nm) depending on the sample. The position 
of the peak depends on the size and edge status of each sample. 
Therefore, it can be seen that these samples can all absorb light in the 
UV. The luminescence properties of GQDs are strongly dependent on 
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the synthesis method. Thus, the mechanism of GQD luminescence 
is still disputable, and a new way to synthesize CFGs-free GQDs is 
crucial for deeply understanding the origin of GQD luminescence.

Figure 3 HR-TEM image of GQD sample fabricated from pyrene, scale bar: 
20nm.

Figure 4 Absorption spectra of the GQDs samples prepared from citric acid 
(G1) and pyrene (G2).

Figure 5 shows the emission spectra of 2 different GQD samples 
fabricated from CA (G1) and pyrene (G2) under the same excitation 
wavelength of 365nm. Their emission spectrum is a broad band with 
maximum peak barely changes 447nm for sample G1 (blue region) 
and 530nm (green region) for sample G2. The general comment is 
that samples fabricated from CA all emit under UV light, and emit 
stronger when GQD samples are diluted. These fabrication methods 
only produce GQD samples with low concentration. In contrast, 
samples fabricated from pyrene allow fabrication of GQD with high 
concentration. These GQD samples have a black colour after filtering 
redundant substances post fabricating reaction. The proposed PL 
mechanism based on the emissive free zigzag sites is further supported 
by the observed pH-dependent PL reported.12 Thus, we can say that 
the blue luminescence may originate from free zigzag sites of GQDs. 
The GQDs emit strongly following the mechanism related to defect 
sites on the edge. 

Figure 5 Emission spectra of the GQDs samples excited by λexc.= 365 nm. 
Inset is norm. PL spectra of G1 and G2.

Raman spectra of GQDs combined with periodically corrugated 
Ag film. Figure 6 shows the Raman spectra of GQDs (G1) on 
convexing film with 135nm Ag thickness, on Ag flat and on glass. The 
Raman spectra of GQDs on convexing Ag films with 135 thickness 
immediately show the strong increase in intensity of vibration lines D 
and G, compared to those measured on Ag flat and on glass. This line 
intensity increases 5 times compared to GQDs samples measured on 
Ag flat and up to 36.3 times compared to the case on glass, respectively, 
with the same condition. The significant Raman enhancement of 
GQDs on the Ag periodic corrugated opal film are also observed at 
the peaks located before 3000cm-1. The strong increase in vibration 
line intensity can be explained as due to the presence of the surface-
plasmon-polariton modes.

Figure 6 The Raman scattering spectra of GQD (G1) on the Ag coating opal 
substrate, GQD on Ag flat film and GQDs on glass substrate. The excitation 
wavelength is 532nm.

Conclusion
In summary, we have fabricated GQDs with identifying 

characteristics that are the distance between inter-planes determined 
by experiment from HR-TEM image, d=0.24nm. Using citric acid 
precursor can produce GQDs with strong emission but low particle 
concentration, and using pyrene can produce GQDs with higher 
concentration that emit easily in green region. Raman measurements 
have allowed the identification of samples as GQDs. The studies on 
the combination of the emission of GQDs with these Ag films have 
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been done. The enhanced Raman scattering effect with the surface-
plasmon-polariton modes was observed for the corrugation Ag sample 
with 135nm thickness for all these GQDs.
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