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The properties of graphene oxide foils were modified by excimer laser irradiation at

different fluences and times. The irradiations were performed in air and in vacuum

using a pulsed UV laser operating at 248-nm wavelength and 23-ns pulse duration.

Measurements of ablation yield, microscope surface morphology and Raman spec-

troscopy were performed. The residual surface shows a significant oxygen reduction

due to the removing of functional oxygen groups, a thickness reduction due to the

removal of graphene layers depending on the used laser shots and a presence of

defects in the graphene sheets as evident by the Raman spectroscopy investigation.
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1 | INTRODUCTION

Graphene is an atomically thin, two-dimensional (2D) sheet of sp2 car-

bon atoms in a honeycomb structure. It has been shown to have many

interesting properties such as high biocompatibility,1 high mechanical

strength and flexibility,2 high electrical and thermal conductivity,3

molecular barrier abilities,4 special optical properties,5 and other

remarkable physical and chemical properties. For these reasons, it has

been the goal of countless research efforts to realize different devices

based on graphene (sensors, dosimeters, prostheses, etc.) and to

incorporate graphene into polymers to design polymer-based

nanocomposites.6–8 The deposition of relatively large graphene

monolayers with low defects concentrations is possible by using dif-

ferent methods, for example, Chemical Vapor Deposition (CVD) and

Physical Vapor Deposition (PVD) techniques with sophisticated con-

trols in high vacuum conditions.9

A simple and inexpensive method to prepare graphene oxide

(GO) foils, rich in water and functional groups of oxygen, which can be

converted into graphene-like foils containing micrometric sheets in

graphene, consists in the deposition of graphene oxide water disper-

sion at different concentrations. The solidification of the colloidal

solution permits to prepare micrometric and sub-micrometric

graphene oxide films. The physical and chemical properties of GO are

very different of the graphene, but processes of reduction

using thermal annealing, laser irradiation, and ionizing radiation allow

to produce reduced GO (rGO) films and foils with properties similar to

those of graphene, depending on their level of reduction.10,11

GO is an insulator material, with high absorbance and low reflec-

tivity in the visible region, rich in water and carbonyl, epoxydic,

hydroxylic, and carboxylic groups. Usually, GO is used as a raw

material for mass production of graphene via reduction. However,

under different conditions, the types and arrangements of oxygen-

containing groups in GO can be varied, giving excellent and controlla-

ble physical properties, such as tunable electronic and mechanical

properties depending on the oxidation degree, enhanced electrical

and thermal conductivity, optical transparency and fluorescence, and
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nonlinear optical properties. Based on these outstanding properties,

many electronic, optical, optoelectronic, and thermoelectric devices

with high performance can be achieved based on GO and different

reduction levels of rGO.12,13

The peculiar properties make graphene, GO, and rGO attractive

candidates for different applications going from biomedicine to

engineering, from nuclear physics to microelectronics and from envi-

ronment to cultural heritage fields.14–19

The presence of defects may affect the performance of such

devices. Radiations, temperature, and chemical etching may induce

damage in graphene foils. Soft and hard X-rays, energetic ions and

electron beams, neutrons, laser beams and thermal annealing can

easily break the sp2 bond structure forming defects in graphene that

is weakly bound to the substrate. Multilayer graphene, grown on

silicon carbide (SiC) and other substrates, after ionizing irradiation in

air e in vacuum generate defects on their bulk and surface depending

on the absorbed dose.20

GO has a similar hexagonal carbon structure to graphene but the

different functional groups of oxygen are responsible for many advan-

tages over graphene, including higher solubility, electrical insulation

and the possibility to realize a functional surface for use in

nanocomposite materials. Graphene derivatives have proven to be

effective fillers in polymer nanocomposite materials thanks to their

ideal material properties and dispersibility in polymer matrices, which

has led to many applications. The tight packing of sp2 carbon atoms

has been shown to serve as a near-perfect barrier to gas molecules,

which demonstrates its use in packaging materials, protection for sen-

sitive electronic devices, corrosion-resistant materials and realization

of nanofilters and membranes.21 The fine tuning of the filler content

in nanocomposites, in fact, can be used to adjust the selectivity of

certain-sized molecules to generate superior membrane technologies.22

GO laser irradiation is drastically modified by the laser irradiation

and its changes depend on the laser parameters23–25 (pulse energy and

duration, wavelength, and fluence) and irradiation conditions (vacuum,

air, gas, and focalization). For instance, significant difference occurs if

the irradiation is performed in air or in vacuum, generally producing high

oxygen reduction effects in vacuum and oxidation effects in air, as

reported in the literature.26–28 In this work, we focus on the study on

defect generation in graphene, induced by exposure to an ultraviolet

(UV) excimer laser, emitting 23-ns pulses at 248-nm wavelength. We

compare the irradiation of GO substrates in air and under vacuum,

showing through Raman spectroscopy, that, defects are introduced in

both cases, at different rates. The experimental results are important to

show the damage-creating mechanisms upon photon interaction as well

as designing graphene-based components for UV lithography systems.

2 | MATERIALS AND METHODS

GO thin foils were obtained using the colloidal solution in water at

0.4% GO concentration furnished by Graphenea.29 Thin sub-

micrometric films were obtained depositing the solution on a rotating

polymer substrate using the spin coating system; micrometric films

with a thickness around 10 microns were obtained by solution drop

deposition and successive drying in air at 40�C. Deposited films and

foils were detached from the polymer substrate using the lukewarm

water float technique. The thin films were collected on aluminum

frames while the 10 microns thick foils were self-supporting. Figure 1

shows examples of thin films (0.1 microns in thickness) (a), the

10 microns prepared GO foils (b) and the surface roughness acquired

with a surface profiler of the GO foil (c).

The pristine GO has a density of 1.45 g/cm3, high thickness uni-

formity, and a surface roughness of the order of 1 micron or less. The

GO irradiation was performed by an KrF pulsed laser (248-nm wave-

length with 23-ns pulse duration, maximum pulse energy of 600 mJ)

operating in single pulse or in repetition rate up to 10-Hz frequency.

The laser intensity generally ranges between 108 and 1010 W/cm2,

obtained using a laser spot focused diameter of about 200 μm.

Literature reports that the absorption coefficient of 248 nm

wavelength into graphite is about α = 16 μm�1.30 Assuming this

datum comparable with that into GO, the penetration depth of the

laser penetration in the irradiated surface layers is of about δ = 1/

α = 0.063 μm = 63 nm.

The GO irradiation was realized in air (at 23�C, 1 atm and 50%

humidity) and in high vacuum (10�5 mbar) with two different experi-

ments, which similar set-ups which are reported in the schemes of

Figure 2a and b, respectively. In both cases, laser pulse uses an energy

from about 2 mJ up to about 400 mJ and a circular spot focalization

with a large diameter of about 3 mm. The spot was maintained large

to have irradiated areas suitable for successive physical analyses.

The UV laser irradiation produces a layer removing higher than

the laser penetration depth because of the dense plasma produced at

the solid–gas interface, very fast plasma expansion in air and in vac-

uum during the laser pulse interaction of 23-ns duration. The total

removed thickness produced by single laser pulses was measured in

terms of ablation yield given in μg GO matter per laser shot.

The GO film thickness was measured before and after the laser

ablation using single e multiple laser shots. In order to study the sur-

face modification induced by the UV laser irradiation, optical and elec-

tron microscopy was used to analyze the irradiated GO surfaces in

detail. The surface roughness was measured with a surface profiler

(Tencor P10) having a depth resolution of 1 nm.

Micron-Raman spectra were acquired with a Leica microscope

using a Spectra Physics Ar+ ion laser operating at 514.5 nm, with a

maximum power of 25 mW. The laser power on samples was about

0.125 mW. The analysis was performed on graphene oxide foils using

a 2-μm laser spot size focused on the sample surface by a 50� objec-

tive (Leica N-Plan 566027). Raman spectra were collected and

analyzed with Renishaw Wire© software, supplied with the spectrom-

eter. This software performs baseline correction and then removes

the fluorescence background with a calculation method based on

cubic spline interpolation.31 The typical vibrational modes of the

carbon-based materials are evident in all the μRaman spectra acquired

on different ion beam irradiated GO samples between 900 and

2000 cm�1 (D and G peaks) and between 2400 and 3400 cm�1 (2D,

D + G and C features). The first and second order Raman regions

568 TORRISI ET AL.
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F IGURE 1 Graphene oxide (GO) thin
films with 0.1 microns thickness (A), GO
thick foil with 10 microns thickness (B),
and surface roughness measurement of a
10 micron GO film (C)

F IGURE 2 Experimental set
up of graphene oxide
(GO) irradiation in air (A) and in
vacuum (B)
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were fitted to Lorentzian curves, while PseudoVoigt function was

used for the G band, by Fityk software.32

3 | RESULTS

The microscope investigations of the prepared GO surface and of the

UV laser irradiated surface are reported for comparison in the SEM

images, at the same magnification, of Figure 3A for the pristine,

Figure 3B for the sample irradiated in vacuum and in Figure 3C for

that irradiated in air.

The first (Figure 3A) indicates that the surface is uniform and

compact with a low roughness (less than 1 microns), the second

(Figure 3B), obtained using in vacuum a single laser shot irradiation of

400-mJ pulse energy, shows small irregularities due to the laser erosion

effects, the third, performed using the same energy of laser irradiation

and single shot in air, shows remarkable effects of exfoliation induced

by the laser irradiation and by the presence of air pressure (Figure 3C).

The exfoliation increases the surface roughness at about 2–3 microns

level, demonstrating that a significant amount of surface defects is

produced by the presence of air during the UV laser irradiation.

The laser irradiation of GO produces the removal of the first sur-

face layers of GO leaving the irradiated surface wrinkled with evident

exfoliation effects and producing a thinning of the pristine GO foil. The

ablation yield, expressed in terms of removed mass per laser pulse, was

evaluated as a function of the laser fluence (pulse energy/spot surface)

and of the irradiation mode, in air and in vacuum. Its measure can be

done in three different modes: measuring the weight loss of small GO

samples after ablation of a certain number of laser pulses; measuring

the volume of the ablation crater evaluated with a surface profilometer;

using GO foils of known thickness and evaluating the number of laser

pulses that cause their perforation. In the first case, employing a laser

fluence of 5 mJ/mm2, from the mass lost using 100 laser shots, the

ablation yield was evaluated of the order of 18 μg/pulse and 21 μg/

pulse for irradiation in air and in vacuum, respectively. In the second

case, at the same fluence, the conical volume of the ablated crater per

laser shot, measured using the surface profiler at a laser fluence of

5 mJ/mm2, was determined by a circular spot diameter of 3 mm and

area of about 7.07 mm2, and a crater depth of about 5 and 6 μm in air

and in vacuum, respectively. The ablated mass corresponds to about

18 and 20 μg/pulse, respectively. At the same dose, in the third case,

using GO foils of 10 μm (single foil), 20 μm (two overlapping sheets),

and 30 μm (three overlapping sheets), the number of laser shots

required to pierce the sample was, respectively, of 2, 4, and 6 for the

laser irradiation in air and of 2, 4, and 5 for the laser irradiation in vac-

uum, in agree with a depth ablation of about 5 and 6 microns for irradi-

ation in air and in vacuum, respectively. The three methods have given

measurements of ablation yield in perfect agreement between them.

Figure 4 reports the experimental data obtained at different laser

fluence ablating GO in air and in vacuum environment. The reported

measurements are affected by errors of �5%.

Results indicate that the GO ablation yield due to UV laser abla-

tion grows linearly with the laser fluence. By using the laser pulse

energy of about 35.4 mJ and a spot of 7.07 mm2, corresponding to a

F IGURE 3 Scanning electron microscope (SEM) image of the pristine GO (A) and of the laser irradiated in vacuum (B) and in air (C)

570 TORRISI ET AL.
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laser fluence of about 5 mJ/mm2, the ablation yield in air is 17.5 μg/

pulse while in high vacuum, it increases up to about 20 μg/pulse.

Thus, the UV laser irradiation in vacuum enhances the effect of GO

ablation with respect to air. This can be explained, probably, because

of the desorption of the oxygen functional groups and water

degassing in vacuum assisted by the laser irradiation producing chemi-

cal etching with scission of carbon nanosheets. The ablation yield at

the fluence of 5 mJ/mm2 in vacuum of 20 μg/pulse at 248 nm wave-

length and 23 ns pulse duration corresponds to a removing depth in

GO of about 6 μm. This value results significantly higher with respect

to that obtained using IR laser operating at 1064 nm, 3 ns pulse dura-

tion and 3 mJ/mm2 fluence, assuming a value of about 2 μm per laser

shot.33 Of course, the involved process and the pulse duration time

are very different in the two cases. The UV ablation is not thermal,

but it is a photochemical etching break chemical bonding and promot-

ing their desorption in vacuum. The high penetration depth of UV

laser irradiation can be explained by the excessive laser pulse duration

of 23 ns with respect to the 3 ns of the IR laser pulse. The IR radia-

tion, instead, is a photothermal process producing material removing

due to the high thermal process and involving a mass up to a depth

due to the thermal diffusion length of the heat in the material. The IR

laser irradiation of GO in air, using diode laser operating at 970-nm

wavelength and 100-ms pulse duration, shows higher ablation yields

evaluated of the order of 3.5–35 μg/pulse depending on the chosen

laser pulse energy.34

At the actual stage, it was not possible to separate the ablation

yield contribution of water and carbon from the GO sample in air and

in vacuum. It should be used a mass spectrometer for the in-vacuum

irradiation, for instance, in order to separate the two contributions.

However, the irradiation in vacuum favors the desorption of gas

phases and molecules split by GO structures due to UV photochemi-

cal irradiation and the formation of reduced GO phases. On the con-

trary, the irradiation in air may promote oxidation phases and

increment of the oxygen bonded to the GO structure though the

radical formation during the UV carbon ablation, according to the lit-

erature.35 Moreover, in air the water humidity and the nitrogen pres-

ence may influence the ablation process and the residual molecules

retained in the radiated GO.

The presented data are related to UV irradiation producing pho-

tochemical effects in the irradiated GO placed in air or in vacuum.

Chemical bonds are broken, and dissociative molecular states are gen-

erated. The laser absorption can be based on single and two photon

absorption mechanisms, thus, photon energies of about 5 eV

(248 nm) and 10 eV (double frequency) released to the GO sample

may produce chemical rupture of the bonds C C (3.6 eV), C H

(4.2 eV), C O (3.7 eV), C═C (6.4 eV), C C (8.7 eV), O H (4.4 eV),

and others.36 In the case of visible and infrared (IR) laser irradiation,

instead, photothermal processes are induced with GO thermal desorp-

tion of water, oxygen, and other gases and thermal ablation of carbon

and other molecular species.33–35,37

The Raman spectroscopy of the pristine and irradiated GO at dif-

ferent laser pulse energies both in air and in vacuum was performed

in the shift region of about 400–3500 cm�1.

Figure 5 reports the Raman spectra comparison of irradiation in

air, normalizing to the G peak and with the subtracted background,

using laser pulses from 5 mJ up to 12.5 mJ, that is, for fluences within

0.7 and 1.75 mJ/mm2.

The typical vibrational modes are evident in all the μRaman spec-

tra acquired on different UV laser pulse energy irradiating GO samples

between 900 and 2000 cm�1 (D and G peaks) and between 2400 and

3400 cm�1 (2D, D + G and C peaks). The spectra reveal that the laser

irradiation determines substantial differences in their characteristics.

The two typical vibrational modes of carbon in GO, the G and D

peaks, are localized between 900 and 2000 cm�1. The D-mode is cau-

sed by the disordered structure of graphene, while the G peak is due

to the high frequency E2g phonon at the Brillouin Zone center.38 The

second order vibrations of graphene show the 2D and D + G vibra-

tions in the (2600–3000) cm�1 spectral range. The band at about

3100 cm�1 is due to C H vibrations.39

The fitted spectra allow to determine the parameters that evolve

with the laser fluence or laser pulse energy. Among them, the peaks

area ratio D/G, (D + G)/G, 2D)/G and (C H)/G. Such spectra, dec-

onvolved and after background subtraction, allow to evaluate the

above-mentioned ratios as a function of the laser fluence or pulse

energy for irradiation in air conditions (23�C, 1 atm and 40% air

humidity).

Such ratios were reported in the plot of Figure 6 as a function of

the laser pulse energy for the four spectra reported in Figure 5, indi-

cating an evident growth in the case of the D/G peak yield ratio, that

is, an increment of the disorder of the GO structure with the laser

fluence. This increment is high at 5-mJ pulse energy, reaching about

the 45% with respect to the pristine value, while it is of about 35% for

higher laser pulse energies. The (D + G)/G ratio does not change sig-

nificantly with the laser pulse energy. The increment with the energy

is observed also for the 2D/G ratio but it is less evident than for D/G

one due to the overlapping with the other near vibration bands. Its

increment is about 35% at 5 mJ and stabilizes at about 16% at higher

F IGURE 4 Ablation yield of graphene oxide (GO) versus the laser
fluence in air and in vacuum conditions

TORRISI ET AL. 571
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laser pulse energy. The (C H)/G ratio increases with the laser pulse

energy, probably as result of the formation of new chemical bonds

between the target carbon atoms and the hydrogen present in the air

in the form of humidity.

In agreement with the literature, the irradiation in vacuum of GO

shows different results with respect to the case of the irradiation in

air.26 Figure 7 shows the Raman spectra comparison of UV laser irra-

diation in vacuum, normalizing to the G peak and subtracting the

fitted background, using laser pulses from 2.5 mJ up to 7.5 mJ, that is,

for fluences within 0.35 and 1.05 mJ/mm2. Also, in this case spectra

permit to evaluate the peak yield ratios D/G, (D + G)/G, 2D/G, and

(C H)/G as a function of the laser irradiation conditions. By the fitted

spectra, it was possible determine the parameters that evolve with

the laser fluence or laser pulse energy at a vacuum condition of

10�5 mbar and 23�C temperature. Also in this case the D peak yield

increases with the laser fluence, as demonstrated by the D/G ratio

increment with the laser pulse energy, indicating that a damage of the

graphene structure is produced by the UV laser in vacuum. However,

the damage is lower with respect to the in-air irradiation, in fact the

maximum D/G ratio increases of about 18% at 2.5 mJ with respect to

the pristine value and stabilizes at an increment of about 10% at

higher pulse energies. In this case the (D + G)/G ratio increases signif-

icantly with the laser pulse energy indicating an increment of the dis-

order of the GO produced by the UV laser irradiation in vacuum. A

small increment with the energy is observed also by the 2D/G ratio,

but it is less evident than for D/G one. Its maximum increment is

about 37.5% at the maximum used laser energy of 7.5-mJ energy. The

(C H)/G ratio, instead, decreases with the laser pulse energy, as

expected. In fact, the UV laser irradiation in vacuum liberates water

F IGURE 5 Normalized Raman spectra comparison for graphene oxide (GO) irradiated in air

F IGURE 6 Peak yield ratios (b) vs. laser pulse energy for graphene
oxide (GO) irradiated in air

572 TORRISI ET AL.
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and functional groups of oxygen, especially the hydroxylic group

(C OH) and the carboxylic group (O═C OH), reducing the C H con-

tent of the graphene sample, according to the literature.40 Such ratios

were shown in the plot of Figure 8, for a comparison of the yield ver-

sus the laser energy in vacuum.

Thus, the comparison between Figures 6 and 8 shows that the in-

air irradiation produces a significant increment of the D/G, 2D/G and

(C H)/G ratios, indicating that high structural modifications of the

graphene order with increment of the C H molecules bonded to the

structures occurs with the UV laser irradiation. The in-vacuum irradia-

tion reduces the damage to the graphene structures and decreases

the C H chemical bonds, as indicated by the D/G and (C H)/G

Raman yield ratios.

4 | DISCUSSION AND CONCLUSIONS

The paper reports some data about the excimer laser ablation in air

and in vacuum of GO foils with thickness of the order of 10 microns.

The results indicate that the ablation in vacuum is more effective with

respect that in air, probably due to the desorption and sublimation of

water and other functional groups of oxygen removed by the photo-

ablative process occurring in vacuum. The ablation process also in

absence of thermal processes develops effects of exfoliation at the

residual GO surface, as evinced by electron microscopy. The effect of

layer removal of GO for the used fluence is of the order of 10 μg/

pulse. Considering the large laser spot of 3 mm in diameter and using

the density of 3.6 g/cm3, this ablation corresponds to the removing of

a thickness of about 0.39 μm. Thus, using a laser fluence of 5 mJ/

mm2, from Figure 4, it is possible to evince a removing of a thickness

of about 0.7 μm in air and of about 0.8 μm in vacuum. The high layer

F IGURE 7 Normalized Raman spectra comparison for graphene oxide (GO) irradiated in vacuum

F IGURE 8 Peak yield ratios (b) vs. laser pulse energy for graphene
oxide (GO) irradiated in vacuum
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removing with respect to the laser penetration depth of the order of

63 nm indicates that the ablation process occurs continuously during

the laser pulse duration of 23 ns. The produced plasma, dense but

under-critical, permits the laser transparence and the continuum

removing of GO monolayers, especially in vacuum conditions.

Further investigations concerning the structure of GO modified

by the laser irradiation in air and in vacuum were conducted using

micro Raman spectroscopy of the irradiated surfaces. It demonstrates

that the D peak grows with the laser pulse energy and that the disor-

der of the graphene in the GO sheets enhances both in air and in vac-

uum with an excess of disorder in the case of vacuum with respect to

air irradiations. Another observation is devoted to the laser wave-

length of 248 nm corresponding to photons of about 5 eV in energy.

In regime of photo-dissociation, the photon energy is able to break

the chemical bond C C (3.6 eV) and the C O (3.7 eV).41 Single pho-

ton absorption does not permit to break the C═C bond (6.26 eV) and

the stronger C C, C═O (8.6 eV) and C O bonds32; however, at high

laser intensity, the multiphoton absorption effect with two photon

absorption may reach the energy sufficient to break these strong

chemical bonds generating reactive free radicals. These aspects

explain the high ablation yield and the effect of exfoliation shown by

the GO irradiated surfaces. Presented results can be used for applica-

tions of treated GO surface by UV laser beams in order to define con-

trolled modifications in the structure due to photo-ablative and not

photo-thermal processes, such those occurring using IR and visible

lasers. The modified layers can be controlled by the laser energy and

fluence and by the very low penetration depth of the used UV

radiation.
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