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1. Abstract 

Since the discovery of graphene in 2004 by Novoselov and Geim, a lot of research emphasis has been directed 
towards its characterization. Most of the important scientific breakthroughs have been obtained on exfoliated graphene 
(produced via the well known ‘scotch tape’ method), nowadays, different synthetic routes have been developed to obtain 
large-scale graphene. Among several optical techniques, Raman spectroscopy is the one most often employed to 
characterize the defects, number of graphene layers and other properties of the graphitic films regardless of their 
fabrication method. In this work, we will report on the microscopic imaging of the two-photon fluorescence (2PF) 
properties and the second-harmonic generation (SHG) in both single layer and few layer graphene.  
 

2. Introduction 

From the family of all carbon materials, built only from sp2 hybridized C-atoms, graphene is discovered the latest and it 
is the 2 dimensional allotrope, being only one single atom thick[1]. The discovery was achieved by Novoselov and Geim 
in 2004, by basically peeling of a single layer from natural graphite using adhesive tape[2]. This method is referred to as 
the scotch tape method, and is still the most employed method, due to its high accessibility. It also results in achieving of 
highest quality graphene samples available so far. The increased research boost after 2004, revealing many intriguing 
and unique properties, such as strong field effect, high carrier mobilities and low sheet resistance[3-4], only increased the 
need for synthetically grown graphene. Different methods are currently available for growing graphene layers in 
artificial conditions obtaining large uniform areas. However, difficulties are still encountered due to the presence of grain 
boundaries and defects in the graphene lattice in synthesized obtained graphene. These anomalies alter some of the 
unique properties observed in exfoliated material. Another degree of variation of graphene properties is number of layers 
and their stacking. The latter can result in different electronic structure as has been recently evidenced in three-layer 
graphene by Raman scattering spectroscopy[5] and electrical characterization in transistor configuration[6]. Nowadays, a 
broad variety of possible applications are screened, as well as large emphasis is put into fully understand the behavior. 
Yet, second harmonic generation (SHG) and two-photon luminescence (2PF) imaging are capable of providing structural 
information with spatial resolution. Examples are the organization of nanoparticles[7-8] and host/guest systems[9-10]. 
Even point group symmetry determination is possible based on nonlinear optical microscopy alone[11-13]. One of the 
fields, which is yet limited explored, is the field of nonlinear optical imaging. In this work, we are combining for the first 
time the results obtained from both second-harmonic generation  and two-photon luminescence (2PF) imaging for 
graphene. We report on the results obtained for single layer and bilayer graphene, as well as the difference obtained for 
pristine and synthetic material. 
 
 
 
 



3. Experimental techniques 

3.1. Sample preparation 

Two types of graphene samples are prepared and compared in this work; the exfoliated graphene, produced by 
micromechanical cleavage of natural graphite and graphene produced by chemical vapor deposition (CVD).  In both 
cases, graphene was positioned onto standard 170µm thick microscope coverslips required to fulfill the experimental 
setup conditions. 

3.1.1. Exfoliated graphene samples 

The exfoliated graphene samples are obtained after applying the classical scotch tape method[2], in which a piece of the 
graphite is thinned with a sharp razor blade. A small part is pealed of by the tape, and is uniformly redistributed over the 
tape by softly double folding and releasing the tape.  (See Scheme 1) After obtaining a dense graphite film over the tape, 
the tape is pushed onto the glass substrate and released slowly. By carefully inspecting the sample by means of an optical 
microscope, the graphene pieces of different thickness are detected. A typical example of an exfoliated graphene sample 
on a glass slide is shown in Scheme 1(d) in which the assignment of the number of layers is done based on the optical 
contrast difference. This was later on confirmed by Raman spectroscopy. (See section 2.2). 
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Scheme 1: Schematic representation of preparation method of the exfoliated samples. 

3.1.2. Transferred CVD graphene samples 

The synthetic graphene samples were grown by chemical vapor deposition (CVD) on copper, and were provided by Prof. 
Cho (KAIST, Korea) using their standard procedure as reported in [14-15]. For transferring the graphene from the Cu 
surface to the glass substrate the following method was used; the Si/SiO2/Cu/Graphene stack is covered with a thin 
Poly(methyl methacrylate) (PMMA) film. The Cu/Graphene/PMMA stack is then extracted from the source wafer with a 
help of a piece of adhesive tape attached to a small corner of the substrate. The as such obtained floating layer of 
Cu/Graphene/PMMA is transferred to a Cu-etching solution of 0.1M FeCl3 during 15 min. After etching the 
PMMA/graphene layer is transferred to deionized water for several times in order to remove the residual ions (Scheme 
2). The resulting Graphene/PMMA film is transferred onto the glass coverslip and, finally, the PMMA film is removed 
by putting the sample in acetone (50°C) during 12h followed by rinsing in isopropyl alcohol (IPA) and N2 drying step. 
 

 
Scheme 2: Schematic representation of graphene transfer techniques employed in this work. 
 



3.2. Raman spectroscopy 

 
Raman scattering spectroscopy is a powerful technique in terms of studying graphene properties[16]. Graphene 

has a very specific unique Raman fingerprint. It shows a narrow band around 1585 cm-1; which is assigned to the 
stretching modes of the sp2 C bonds, and is referred to as G band. A second feature is the breathing mode of the sp2 C 
bonds and results in a very sharp D and/or 2D band, around 1250 and 2650 cm-1, respectively. The 2D band is the 
second-order of the D band and has a specific shape depending on the number of interacting graphene layers. In case of 
single layer graphene the 2D band is very sharp, while in case of a bilayer system, the band is broader and can only by 
fitted to four Lorentzian curves. In a perfect graphene lattice, the D band is absent, while a large intensity is 
representative for highly defective graphene. The intensity ratio of D to G (ID/IG) is often used as a measure of crystalline 
quality of graphene, while 2D to G ratio (I2D/IG) is typically above unity for undoped graphene[17-18]. Raman spectra of 
graphene films deposited onto the glass substrate were characterized by means of conventional confocal micro-Raman 
spectrometer (HORIBA Jobin Yvon LabRam 800). The excitation light of 532 nm DPSS laser was focused into a spot 
with a diameter of 0.7 µm and safe enough power density of 30 kW/cm2[19]. In Fig 2.1 a typical graphene spectrum is 
represented for both single and bilayer graphene. One notice immediate the absence of the D peak, proving the good 
crystalline quality of the graphene sample. 
 

 
 
Fig. 2.1: Raman spectrum of a typical graphene sample for (a) single layer and (b) bilayer graphene measured on 
exfoliated graphene samples.  
 
For the transferred CVD graphene samples, both Raman spectroscopy and AFM images are performed in order to 
confirm the quality of the graphene layer after transfer. In each sample a sharp and highly intense 2D peak was observed 
(FWHM = 38.53±1.54 cm-1) confirms the single layer nature of the sample[16]. The presence of weak D-peak suggests 
low defect density and considerable crystalline quality of the graphene lattice over the whole flake area. Both ratios 
averaged over several samples are I2D/IG=1.77±0.17 and ID/IG=0.18±0.05. Additionally, we analyze the surface of 
transferred CVD graphene films employed in this work by atomic force microscopy (AFM) (Figure XX). The RMS 
surface roughness value was found around 0.51 nm. Considering all these points, the transferred CVD graphene used in 
this work is of sufficient quality for usage in non-linear optical experiments. 
 

1350 1500 1650 2600 2700 2800 1350 1500 1650 2600 2700 2800

G

2D
b)

 

In
te

ns
ity

 (
a.

u.
)

Raman shift (cm-1)

a) G

no D no D

2D
In

te
ns

ity
 (

a.
u.

)

Raman shift (cm-1)



 
Fig. 2.2: (a) Typical Raman spectrum of transferred CVD graphene; (b) AFM image of the same sample; the image size 
is 3x3µm2. 

3.3. Second-Harmonic Generation (SHG) and Two-Photon Fluorescence (TPF) Imaging 

The SHG and TPF images are obtained by using a home built set-up in which a high power femtosecond-pulsed 
laser is coupled to an olympus IX71 microscope. The laser beam of a Ti:sapphire laser (Spectra Physics, Tsunami), 
emitting at λ0=800 nm is focused by a long distance focusing lens (f=7.5 cm), approximating the beam properties of a 
collimated beam, under normal incidence. The transmitted light is collected by a high power objective and focused onto 
the built in microscope EM-CCD camera (electron multiplying charge coupled device; Hamamatsu). To discriminate 
between the SHG and TPF signals, the appropriate band-pass filters are applied (400 nm and 420-650 nm, respectively). 
In the schematic representation of the set–up (Fig 2.2), the Z-axis corresponds to the normal incidence direction. In the 
recorded images, the horizontal and vertical direction corresponds to the X and Y- axis, respectively. The recorded 
polarization patterns are taken over 360° in steps of 5°, by rotating a halve-wave plate. The complete description of the 
experimental set-up can be found in [20]. The experimental conditions are similar for all samples. 
 

 
 
Fig 2.2: Schematic representation of the experimental set-up: (a) simplified setup structure; (b) a sketch showing 
difference between two types of experiments (SHG or 2PF modes) depending on the transmittance curve (c) of installed 
filters set. 



4. Results and Discussion 

Initially, we start to record data from the exfoliated graphene samples. From the optical image (See fig 3.1(a)), 
we select a region of interest, which clearly shows thinner and thicker parts. The thinner regions are assigned to single 
layer graphene and the more dense part to bilayer graphene. This was confirmed by Raman spectroscopy (Fig. 3.1(b)), 
where an intensity map of the ratio of 2D and G is plotted. When illuminating the sample with 800 nm laser light, and 
collecting the emitted light in transmission in the optical window ranging from 420-650 nm, a clearly distinct intensity 
response is observed, where the bilayer part is emitting at a higher intensity as compared to the single layer part. 

 

 
Fig. 3.1: (a) Optical image of single layer and bilayer graphene flakes; (b) Raman image of I2D/IG ratio; (c) 
Photoluminescence image; (d) Schematic of single and two-photon absorption followed by e-h pair generation and 
recombination in graphene for the case of continuous mode excitation (top) and pulsed pumping regime resulting in 
high-density electron-hole plasma formation (bottom). 
 
Due to its semimetallic nature, graphene does not exhibit any photoluminescence response under continuous mode 
excitation: photoexcited electron-hole pair will immediately recombine nonradiatively (Figure 3.1(d), top). In order to 
make graphene flakes fluorescent, an energy gap has to be introduced like it has been demonstrated for O2-plasma 
treated graphene [21] and chemically derived graphene oxide sheets and solutions [22-23]. However, a periodic ultra 
short light pulse illumination/excitation pulse will create a non-equilibrium electron-hole plasma in graphene. This effect 
has been recently employed in graphene-based saturable light absorbers for mode-locking lasers [24-25]. A high-density 
electron hole plasma in graphene will also make radiative electron-hole process possible which is responsible for the 
observed photoluminescence as seen schematically in figure 3.1(d, bottom). 
 
When assigning a certain pathway on the photoluminescence image (Fig 3.2a), and plotting the intensity of the response 
as a function of distance on this path (Fig 3.2b), a stepwise profile is observed. The steps observed, are consistent with 
the assignment of the single and bilayer graphene. This is consistent with data reported in the literature by Liu et al.[26] 
and Stohr at al. [27]; although reflection geometry is used in their experiments. In both reports, they demonstrate the 
simple additivity of the emission signals dependent on the number of layers. This allows us to quickly map a graphene 
sample in terms of the presence of the number of layers. 
 
When applying the same procedure to a CVD transferred graphene sample (Fig 3.2(c)), a uniform illumination image is 
observed on the smooth single layer sample part, while focusing on a mechanical folded graphene edge region, a more 
intense signal is observed (Fig. 3.2(d)). Note that a correction for differences in input intensity needs to be applied due to 
non-uniform samples illumination. Although, further experiments should be performed to fully understand the 
spectroscopic response of both types of graphene sources. 
 



 
Fig. 3.2: (a) Photoluminescence image and its profile scan (b) shown by white dashed line; (c) Optical image of 
transferred CVD graphene film where insets show 2PF scans in the graphene area and at the rolled edge of graphene 
film. (d) Intensity profiles for 2PF signal inside graphene area and at the rolled edge part. 
 

In a second experiment, we change the filter settings of the imaging microscope to the SHG mode. Note that, 
opposed to previous literature reports [28], we collect any SHG effect in the perpendicular input direction. Fig 3.3 shows 
the plot of the SHG response as a function of input polarization of the fundamental light. For the single layer graphene 
no clear polarization dependence is observed, while for the bilayer graphene sample, a 3-fould symmetry pattern is 
observed. Opposed to what is observed by Van Driel et al. in [28], a different polarization pattern is observed. However, 
one has to be careful to do a direct comparison since the data are collected in different experimental geometry. However, 
for the bilayer graphene, the same symmetry pattern is observed. In case of single layer graphene, a different polarization 
pattern is observed. Additional to a difference in measurement conditions, also different substrates are used, which have 
an influence on the SHG response. 
 

Opposite to the observation of photoluminescence in the 420-620 nm region, no SHG signal is observed for the 
CVD transferred samples in the same experimental conditions as the exfoliated samples. It can be assumed/argued that 
this absence of SHG signal originates in C3-symmetry breaking of the carbon lattice due to the presence of defects and 
grain boundaries in the crystalline lattice of CVD graphene. Therefore, SHG intensity imaging can be employed as a fast 
defect mapping technique providing significantly better throughput than Raman scattering spectroscopy imaging.  
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5. Conclusions 

We have performed an analysis of pristine graphene samples and compared the outcome with the response of CVD 
transferred graphene. In both type of samples, similar emission intensity is observed from single to bilayer/multilayers 
regions. We benchmark transferred CVD graphene towards exfoliated graphene by 2PF microscopy for the first time. On 
the other hand, for the second-harmonic signals, no effect is observed for CVD transferred graphene, while a different 
polarization pattern is observed for pristine samples. However, this work is not yet totally conclusive and more 
experiments will be required to fully understand the ongoing processes. 
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