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In our experiments we aimed to structure the graphite oxide film by converting it locally into 
graphene by laser irradiation. An effect of ambient atmosphere on properties of the reduced gra-
phene was also investigated. The reduction results were evaluated by measurements of electrical re-
sistance and using Raman spectroscopy. The defect line at 1350 cm-1 remained still active in Raman 
spectra indicating disorder at edges of graphene sheets. A few-layer graphene can be locally formed 
in the film by direct laser writing, however stitching graphene flakes together remains as a problem 
that could be solved by incorporation of special organic molecules. 
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1. Introduction 
Carbon is one of the most interesting elements of the 

periodic table. Carbon atoms are able to form many spatial 
configurations, some known for ages as graphite and dia-
mond, and lately discovered fullerenes and nanotubes. 
Graphene is the most recently discovered allotrope of car-
bon, the two dimensional crystal. Due to its unique geome-
try graphene has distinguished physical features which can 
be used in various applications. This material has semicon-
ductor properties, is mechanically strong and has a high 
thermal conductivity. It can be used in such applications as 
gas sensors, transistors, integral circuits, transparent elec-
trodes.  

Today there are many processes used to obtain gra-
phene from different precursors such as chemical vapor 
deposition, electrostatic force assisted exfoliation [1], 
pulsed laser ablation of graphite on silicon [2] etc. There is 
a need in developing new reliable manufacturing processes 
for production of graphene on a macro scale. One of the 
ways is reduction of graphite oxide (GO) to graphene. 
Graphite oxide (GO) is widely used in the technology of 
preparation of graphene coating technology. This material 
has been well known since the mid-19th century, but its 
revival came now, especially with the increased interest in 
graphene. The name "graphite oxide" means a product of 
oxidation of graphite and but not name the individual 
chemical (similar to the polyethylene includes a complete 
set with a long chain saturated hydrocarbon molecules). 
Despite intensive research in recent years, the structure of 
this compound is relatively little known. There are many 
theories to explain the structure of GO [3]. Synthesis of GO 
results in an increase of the interlayer spacing between the 
oxygen-containing graphene layers.  

Contrast in the thermal conductivities of GO and gra-
phene can be beneficial for many practical applications, 
especially for the circuits with efficient heat transfer. 

Moreover, laser irradiation can be used to convert the 
graphite oxide film locally into graphene by direct laser 
writing [4,5,6], and even complex micro-scale graphene 
patterns can be produced from GO on a substrate [7]. The 
aim of this work is to use the laser treatment to form the 
thermo-conductive graphene-containing domains on the 
surface of thermal insulating GO coatings. 

2. Synthesis and film preparation of graphene oxide 
Samples of graphite oxide (GO) were synthesized in the 

Laboratory of Carbonaceous Materials, Vilnius University 
using the standard Hummers – Otieman [8] and modified 
synthesis protocols. GO coatings of different thickness (20-
1200 nm) were produced on polymer membranes using 
novel preparation methods developed in the laboratory. 
Some coatings were treated with the organic reagents con-
taining certain functional groups, which were supposed to 
join up isolated GO sheets.  

During this work, graphite oxide synthesis technique 
was developed and modified versions of this synthesis were 
created, intermediate and final products of GO synthesis 
were analyzed. Synthesized products were modified using 
functional reagents. Using the GO and its modified prod-
ucts, a graphite oxide coatings polymer processing tech-
nique was developed, and analysis of substrates for these 
coatings was performed. 

Two types of membrane filters with different a pore 
size and texture were selected for the experiments: Poly-
carbonate (PC) and Nylon (MagnaNylon) with the mean 
pore diameter of 0.22µm and 0.45 µm. After making a se-
ries of tests, it was found that the highest quality of the GO 
coatings was achieved on the polycarbonate membrane 
filters. The membrane filters with a rough surface can be 
used only as a substrate in formation of thick GO layers of 
sufficient quality. 
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An important step was the preparation of water-based 
coating suspensions for GO production. GO disperses the 
aqueous phase relatively easy, without need of using addi-
tional chemical dispersing agents. For fabrication of coat-
ings 5*10-5 g/ml suspensions, which were prepared from a 
higher concentration (5*10-3 g/ml) with dilution, were used. 
Before the suspensions were filtered they were sonificated 
for 30 minutes (Sonic VibraCell, 12 mm diameter electrode, 
13% amplitude). GO state in solution is sensitive to a base 
of suspension (Fig. 1). Neutral and basic GO suspension 
(with steady-state concentration of KOH 0.02 M, 0.002 M 
and 0.0002 M) was used for coating preparation.  
 

 
Fig. 1. GO suspension with different steady-state concentration of 

KOH (from left to right): 0.02 M, 0.002 M, 0.0002 M. 

 
Fig. 1. GO coatings prepared on a polycarbonate substrate. 
Thickness of the GO layer: 40 nm (left) and 400 nm (right). 

Coatings of GO and its modified products were formed 
by filtration of aqueous suspensions through the membrane 
filters in an aqueous medium. The pH of aqueous media 
was chosen as acidic, neutral or alkaline. In such manner it 
was intended to disrupt the stability of aqueous suspensions 
to form coatings of GO and its modified products, on the 
membrane filters. Using of polycarbonate filters enables 
preparation of relatively thin GO coating (up to 20 nm) 
(Fig. 2). Coatings of modified GO products were also pre-
pared using this method. 

3. Laser treatment 
Experiments on reduction of graphite oxide to graphene 

were performed using localized laser heating. The picose-
cond laser (PL10100, 10 ps, 100 kHz, Ekspla) and the na-
nosecond laser (NL15100, 10 ns, 20 kHz, Ekspla) were 
used in experiments. Experimental setup with a picosecond 
laser included the laser, electro-optical shutter, nonlinear 
crystal for wavelength conversion, the beam expander and 
galvanometer scanners with focusing objectives for both 
1064 nm and 532 nm wavelengths (Fig. 3). Experimental 
setup with a nanosecond laser included the laser, nonlinear 
crystal for wavelength conversion, the beam expander and 
the galvanometer scanner for the 532 nm wavelength. 

The line patterns were formed in GO films by scanning 
a focused laser beam. During the tests, the average laser 
power was varied from 1 mW to 100 mW. Scanning speeds 
were changed from 1 mm/s to 1000 mm/s to see the effect 

of single and high overlap of laser pulses (99%). Experi-
ments were conducted in air, nitrogen or argon atmosphere. 

Laser NL 640

beam expander

galvanoscanner

F - Theta lens

 target
 

Fig. 2. Experimental setup for laser treatment of graphite oxide. 

Irradiation with the laser beam caused a change in mor-
phology of the GO film. After laser processing, samples 
were at first investigated under the optical microscope 
(Olympus BX51TF). Further evaluation of the laser pro-
cessed samples included scanning electron microscopy, 
measurement of electrical resistance and Raman spectros-
copy.  

Even that we conducted the experiment with infrared 
(1064 nm) and green (532 nm) laser radiation, in case of 
both used lasers (nanosecond and picosecond) the green 
radiation caused burning of the GO layer independently of 
process parameters. Therefore, the results presented below 
were achieved using the picosecond laser working at a fun-
damental wavelength.  

Using 100 mW and higher average laser power, de-
pending on the thickness of the sample and the scanning 
speed of the graphite oxide layer, the scanned areas burned 
out using the infrared laser as well. Using the average laser 
power below 10 mW did not show visible effects of the 
laser even in the thinnest samples, which were 10-40 nm in 
thickness. 

A scanning electron microscope (SEM) (JSM-6490 LV, 
JEOL) was used for more precise evaluation of surface 
modifications of laser treated GO films. Some SEM images 
are presented below.  

 
Fig. 3. SEM image of laser modified lines in GO film. Process 

parameters: laser PL10100, wavelength 1064 nm; irradiation dose 
6.37 J/cm2 (laser power 10 mW; scanning speed 10 mm/s); ambi-
ent air. Sample: aqueous GO suspension, concentration. 1.5*10-4 

g/ml; filtrated to 0.1 M KOH, PC substrate (pore d=0.4 µm); 

Laser 
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doped by Congo red dye 0.001 M, 10 mL; Film thickness 
1200 nm. 

 
Fig. 4. SEM image of laser modified lines in GO film. Process 

parameters: laser PL10100, wavelength 1064 nm; irradiation dose 
6.37 J/cm2 (laser power 30 mW; scanning speed 30 mm/s); ambi-

ent air. Sample: the same as for Fig. 4. 

Fig. 4 and Fig. 5 present laser modified lines in GO 
film doped with Congo red dye. The laser processing pa-
rameters are quite similar (the same irradiation dose: the 
laser power divided by the scanning speed). Surface of GO 
film was smoothened when the low laser power at low 
scanning speed were used. However, in case of higher laser 
power even at a higher scanning speed, smoothening of the 
surface was accompanied by cylindrical exfoliation of the 
graphite oxide layer. Keeping the same laser processing 
parameters but in nitrogen atmosphere, a visual effect of 
laser processing was similar (Fig. 6). A further increase in 
the mean laser power at the same scanning speed led to 
damage of the GO film in the center of laser scan line 
where intensity of the laser beam was maximal due to the 
Gaussian distribution of the beam. 

 
Fig. 5. SEM image of laser modified lines in GO film. Process 

parameters: laser PL10100, wavelength 1064 nm; irradiation dose 
6.37 J/cm2 (laser power 30 mW; scanning speed 30 mm/s); nitro-

gen atmosphere. Sample: the same as for Fig. 4. 

 
Fig. 6. SEM image of laser modified lines in GO film. Process 

parameters: laser PL10100, wavelength 1064 nm; irradiation dose 
10.62 J/cm2 (laser power 50 mW; scanning speed 30 mm/s); ni-
trogen atmosphere. Sample: aqueous GO suspension, concentra-

tion. 1.5*10-4 g/ml; filtrated to H2O, PC substrate (pore 
d=0.4 µm); doped with Alkali blue dye 0.001 M, 0.5 mL; Film 

thickness 1200 nm. 

The used dopants modified the GO film and laser pro-
cessing results were different in the same range of parame-
ters. Fig. 7 and Fig. 8 present SEM images of laser modi-
fied lines in the GO film doped with Alkali Blue dye.  

 

Fig. 8. SEM image of laser modified lines in GO film. Process 
parameters: laser PL10100, wavelength 1064 nm; Irradiation dose 
2.55 J/cm2 (laser power 20 mW; scanning speed 50 mm/s); argon 

atmosphere. Sample: the same as for Fig. 7. 

The surface of laser modified areas in samples doped with 
the Congo red dye is smooth, while the surface of laser 
irradiated areas in Alkali Blue dye doped samples was no-
tably damaged with irregular cracking patterns. The reason 
could in ability of Congo red to form larger moieties com-
posed of the nanoplatelets of graphene due to interaction 
between the amino groups in Congo red molecule and the 
functional groups of GO located on the edges of nanoplate-
lets. 

4. Electrical resistance of modified GO layer 
Graphite oxide and graphene possess completely differ-

ent electrical and related thermal conductivity properties. 
GO is an isolating material, while graphene is well known 
as  a highly conductive one. Therefore, measurements of 
electrical resistance were used as one of the means to eval-
uate reduction of GO to graphene phase. The resistance 
was measured with an ohmmeter between edges of an array 
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of laser beam modified lines of 1 cm in length. Results for 
the GO films with the initial thickness of 800-1200 nm are 
shown in Fig. 9.  
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Fig. 9. Dependence of the GO film resistance on the irradiation 
dose for different GO films. Samples irradiated with the 1064 nm 

wavelength from the picosecond laser in air atmosphere. Solid 
lines are approximations of experimental data. 

Resistance of the GO films irradiated with the picose-
cond 1064 nm laser decreased by 4-5 orders from 100s of 
megaohms to one kiloohm in a certain range of laser pro-
cessing parameters. The irradiation dose was estimated 
from laser fluence in the center of the focused laser beam 
and beam overlap during scanning the beam across the sur-
face. Rapid changes in the resistance were observed on the 
low dose side, while minimum in resistivity was also pro-
nounced. For the GO film with thickness of 800 nm it was 
identified that the low pulse energy (0.5 µJ) did not cause 
changes in resistivity of the film independent of the accu-
mulated dose.  

5. Raman spectra analysis 
Laser irradiated samples of GO films were analyzed us-

ing Raman scattering spectroscopy. This technique is con-
sidered to be one of the most reliable means in identifying 
graphene allotrope [7].  

Raman measurements were performed with 632.8 nm 
excitation (He-Ne laser) by using the confocal Raman spec-
trometer/microscope LabRam HR800 (Horiba Jobin Yvon) 
equipped with a grating containing 600 grooves/mm and a 
liquid nitrogen cooled CCD camera down to -132oC work-
ing temperature. The laser power at the sample was re-
stricted to 1 mW and the laser beam was focused to ~ 2 µm 
diameter spot on the surface. Spectra were taken with 50x 
objective lens. Raman measurements were carried out in 
180o geometry. The integration time was 10 s. Each spec-
trum was recorded by accumulation of 10 scans yielding 
overall integration time of 100 s. Raman spectra were cap-
tured from different areas of the samples: pristine GO films, 
which were not irradiated with the laser and from the center 
of laser scribed lines. 

Most significant features of the spectra of graphitic ma-
terials were as follows (identification according to [9,10]): 

• G-band 1582 cm-1 
• D-band 1350 cm-1 

• D'-band in 1620 cm-1 
• 2D-band 2700 cm-1 
The G-band corresponds to the sp2-bonds of carbon at-

oms in the material (in-plane E2g vibrational mode) [11]. 
This type of bonds forms graphite and graphene. The D and 
D'-bands correspond to the A1g breathing mode and are 
considered to be related to defective arrangement of carbon 
atoms. For this reason, the D-band should disappear in 
Raman spectra of highly oriented graphene layers without 
defects [12]. The intensity ratio of the Raman bands ID/IG is 
widely used to quantify defects in graphitic materials. The 
2D-band is the overtone of the D-band. Its shape indicates 
the number of layers of graphene, and therefore the line can 
also be used for the I2D/IG ratio [9]. 

Examples of the Raman spectra captures on the sample 
processed at various laser and scanning parameters are 
shown in Fig. 10.  
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Fig. 10. Raman spectra of unaffected GO film and various scan-
ning parameters using 1064 nm radiation in nitrogen atmosphere 

Sample: 0.02 M KOH+GO suspension, concentration. 5*10-5 
g/ml; Sonification for 30 min; Coating thickness 400 nm, Filtrated 

to 0.1 M KOH, PC substrate (pore d=0.45 µm). 

Depending on the laser treatment parameters, the ratio 
ID/IG decreased 10 times, and the 2D-band, indicating  gra-
phene layers formation, appeared [13]. However, the D-line 
was observed in Raman spectra of all laser irradiated GO 
films, used in the investigations. This spectral line shows 
presence of packing irregularities [9] and the reason can be 
presence of oxygen during the experiments. The D-line was 
slightly reduced by irradiating GO in argon atmosphere 
[14]. G line shift to the higher wave numbers can be recog-
nized in the spectra with higher 2D-band intensities. Such 
shift corresponds to the decrease in the number graphene 
layers. [15]. Therefore, we also conducted experiments in 
an evacuated chamber filled with nitrogen or argon gas. For 
samples, irradiated with the picosecond laser in nitrogen or 
argon atmosphere, the ID/IG ratio was lower than in air at-
mosphere at the same laser treatment parameters. For more 
demonstrative identification of most suitable laser treat-
ment parameters I2D/IG ratios were calculated (Fig. 11). The 
highest value of this ratio means the best reduction results. 
According to this evaluation better results are achieved in 
argon and nitrogen atmosphere, when the irradiation dose 
was 6.37 J/cm2. 
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Fig. 11. The ratio of intensities in Raman lines I2D/ID versus scan-

ning speed at the constant mean laser power of 50 mW 
(F=0.16 J/cm2) in air, nitrogen and argon atmosphere. Experi-

ments were conducted with 1064 nm radiation. Sample: H2O GO 
suspension, concentration. 5*10-4 g/ml; suspension with Alkali 

blue 0.001 M, 0.5 ml (c 5*10-6 M); sonificated 1 h; Coating thick-
ness 1200 nm, Filtrated to H2O, PC substrate (pore d=0.4 µm). 

Similar behavior was observed for the GO film doped 
with Congo red. The highest ratio between intensities of 
Raman lines I2D/ID was achieved when laser irradiation was 
performed in oxygen-free atmosphere (Fig. 12), however 
the optimal laser processing parameters shifted to the lower 
mean laser power, keeping the same irradiation dose. 
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Fig. 12. The ratio of intensities in Raman lines I2D/ID versus scan-

ning speed at the constant 30 mW, power (F=0.1 J/cm2) in air, 
nitrogen and argon atmosphere.. Experiments were conducted 
with 1064 nm radiation. H2O GO suspension, concentration. 

5*10-4 g/ml; Suspension with Congo red 0.001 M, 5 ml (c 5*10-5 
M) Sonificated 1 h; Coating thickness 1200 nm, Filtrated to H2O, 

PC substrate (pore d=0.4 µm); 

6. Conclusions 
Summarizing the experiments on laser reduction of 

graphite oxide to graphene, the picosecond laser generating 
at 1064 nm wavelength initiated conversion of the material. 
The processing regimes were evaluated based on measure-
ment of electrical resistance and Raman scattering spectra. 
The optimal mean laser power was in the range of 10-

100 mW (laser fluence in the range of F=0.01-0.3 J/cm2), 
depending on the sample thickness and preparation. The 
optimum scanning speed was from 10 to 50 mm/s at the 
100 kHz repetition rate.  

Resistance of the GO films irradiated with the picose-
cond 1064 nm laser decreased by 4-5 orders in a certain 
range of laser processing parameters and the 2D-line ap-
peared in Raman spectra of same samples after laser treat-
ment in ambient air indicating formation of graphene phase. 
By conducting additional experiments in nitrogen and ar-
gon atmosphere we succeeded to achieve the higher I2D/ID 
ratio in Raman spectra of laser modified samples.  

However, the D-line still remained in Raman spectra 
and further development of GO coatings is required for 
avoiding structural defects in graphene phase after local 
reduction by laser irradiation. 
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