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EFFECT OF LASER FLUENCE ON THE CHARACTERISTICS
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BY PULSED LASER ABLATION IN WATER
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The effect of laser fluence on the characteristics of carbon nanostructures produced by pulsed laser
ablation has been investigated. The beam of a Q-switched Nd:YAG laser of 1064 nm wavelength at 7 ns
pulse width and different fluences was employed to irradiate the graphite target in distilled water. The X-ray
diffraction pattern, transmission electron microscopy, field emission scanning electron microscopy, Raman
spectrum, and linear absorption properties of carbon nanostructures were used to characterize the ablation
products. Carbon nanoparticles beside the graphene nanosheets were observed due to variation of laser flu-
ence. The results show that under our experimental condition with increasing laser fluence the amount of
carbon nanoparticles in suspensions was increased while the amount of graphene nanosheets was de-
creased.
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Hccnedosano enusnue NIOMHOCMU JA3EPHO2O USLYYEHUS HA XAPAKMEPUCTIUKU VeNepOOHbIX HAHO-
CMPYKMYP, NOIYHACMbIX UMAYIbCHOU JAA3epHOU abnayuel. /[ 3mo2o epagumosas MuieHb 8 OUCTULIUPO-
sanHol 800e odayuanrace umnyivcamu YAG:Nd-nazepa ¢ mooynsayueii 000pomuocmu npu wupute UMnyascad
7 HC U pa3iuyHOU NIOMHOCMU NOMOKA AA3epH020 usnyyenus va A = 1064 um. [[na nonyuenus xapaxmepu-
CMUK NpoOyKmo8 abiasAyuu UCNOIb308AHbI PEHM2EHO8CKAA OUDPaKyus, npoceedusarowds 31eKmpoHHAs
MUKDPOCKONUSA, NOJIe8Asl IMUCCUOHHAS CKAHUPYIOWAS DNeKMPOHHASL MUKPOCKONUS, CHEKMPbl KOMOUHAYUOH-
HO20 paccesHus U XapaKkmepucmurku JTUHEUH020 NO2IoujeHus yenepoouslx Hanocmpykmyp. Ilpu usmernenuu
RJIOMHOCIU JA3EPHO20 UIYHeHUs HaAPSAOY C HAHOCAOAMU 2pagheHa HabI00anIuch HAHOYACMUYbL Yeaepood.
B 0anuwix sxcnepumenmanbHulX YCi08Uax npu yeeaudeHuy NIOMHOCIU JA3EPHO20 USLYYEHUs KOIUYEeCmB0
V2NepOOHbIX HAHOUACTIUY 8 CYCHEH3UAX YEETUUUBALOCh, A KOAUYECTNBO HAHOCL0e8 ePpApena YMEeHbUAIOCh.

Knroueevie cnosa: epapum, nanocioil epapena, uMnyavbCcrHas ia3epras abisyus, yenepooHas HaHoud-
cmuya.
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Introduction. Graphene is composed of a single layer of carbon atoms formed in a honeycomb lattice.
It has attracted lots of attention since it was discovered experimentally in 2004. Graphene is a two-dimen-
sional carbon material with sp* bonds and has relativistic energy dispersion [1, 2]. The considerable interest
in graphene can be due to three reasons. First, its electron transport may be defined by the Dirac equation
and this allows one to approach quantum electrodynamics in a simple condensed matter experiment [3, 4].
Second, the scalability of graphene to nanoscale dimensions [5] makes it an attractive candidate for applica-
tions, due to its ballistic transport at room temperature combined with chemical and mechanical stability.
Third, various forms of graphite, nanotubes, and others can be considered as derivatives of graphene [6].

Different techniques, including chemical or physical methods, have been used to produce the carbon
nanostructures [7]. Among the various techniques, the pulsed laser ablation (PLA) method has attracted a lot
of attention in the production of materials on the nano-scale [8—10]. There are many advantages for the syn-
thesis of nanostructured materials from a solid target in a liquid medium by the PLA method. The first
advantage of the PLA method is the low-cost equipment for controlling the ablation atmosphere. Another
important feature of the PLA method is the high purity of products without any contamination and side
products [11, 12]. Most importantly, it has been shown that the size, morphology, and structure of the syn-
thesized material can be controlled by varying parameters such as laser wavelength, laser fluence [9], laser
pulse width [10], aqueous ablation environment [13, 14], and temperature of liquid environment [15, 16].

Experimental work on the production of carbon nanostructures by the PLA method has been carried out.
In 2012, Mortazavi et al. prepared the graphene layer by pulsed laser ablation of a graphite target inside lig-
uid nitrogen [17]. Chen et al. in 2007 [18] synthesized the carbon nanoparticles an different solutions using
the PLA method. In their work, carbon nanoparticles synthesized in water are slightly larger than those made
in tetrahydrofuran. Carbon nanoparticles produced in both liquids have an amorphous phase and cover a
wide range of wavelengths with high transmittance [18]. Recently, we showed the effects of the volumetric
ratio zinc oxide and graphene suspensions on the nonlinear response of a mixture of ZnO nanoparticles and
graphene nanoparticles produced by the PLA method [19]. Tabatabaie et al. reported on the effect of laser
fluence on the production of graphene nanosheets by pulsed laser ablation in liquid nitrogen [20].

In this work, we have used distilled water as the ablation environment, and the effect of the laser fluence
on the production of carbon nanostructures such as graphene nanosheets and carbon nanoparticles by the
PLA method has been investigated experimentally.

Experimental set up. Carbon nanostructures such as graphene nanosheets were produced by pulsed
laser ablation of a graphite target (99.99%) placed at the bottom of a glass vessel filled with 80 ml distilled
water. Before ablation, the graphite target and containers were cleaned ultrasonically in alcohol, acetone, and
distilled water for 10 min respectively. The graphite target was irradiated vertically with the first harmonic of
a Q-switched Nd:YAG laser (A = 1064 nm) of 7 ns pulse width and 5 Hz repetition rate. Each sample was
prepared with 5000 laser pulses. Samples 1-5 were prepared with a laser fluence of 0.5, 0.7, 1, 1.2, and
1.5 J/em?, respectively. A convex lens with its focal length of 80 mm was used to focus the laser beam on the
surface of graphite target in water. The height of water on the target was 5 mm during the ablation.

A variety of analytical techniques was applied for characterization of products. Optical absorption spec-
tra of the samples in a quartz cell of 10 mm path length were measured by an UV-Vis-NIR spectrophotome-
ter from PG Instruments (T-80). A Zeiss-EM10C-80kV transmission electron microscope (TEM) and a Hi-
tachi S4160 field emission scanning electron microscope (FE-SEM) were employed for taking the images of
the samples at different scales. For TEM imaging, a few drops of suspensions were dried on a carbon coated
copper grid and for FE-SEM imaging, a few drops of suspensions were dried on a silicon substrate. The
X-ray diffraction (XRD) pattern of the dried drops of suspension on the silicon substrate was measured using
a STOE-XRD system. A Raman thermonicolet disperse spectroscope from Almega was utilized to determine
the structure, quality, and amount of graphene in the dried drops of suspensions on the glass substrate. The
molecular structures of the samples were characterized by a Nexus 870 Fourier transform infrared (FTIR)
spectroscope.

Results and discussion. UV-Vis-NIR absorption spectra, FTIR spectra, and XRD analyses were carried
out to examine the optical properties and crystal structures of carbon nanostructures such as graphene
nanosheets and carbon nanoparticles (Fig. 1). Suspensions of the carbon nanostructures contain carbon nano-
sheets, i.e., graphene and carbon nanoparticles. With increasing laser fluence the color of the samples was
changed from colorless to dark brown. In this case the color of the suspension may depend on the carbon
nanostructure size, concentration, and morphology. The color of carbon nanostructures in sample 4 and 5 is
darker than the other samples, which can be due to the larger concentration of carbon nanoparticles in these
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solutions. In this experiment with increasing laser fluence, the amount of graphene nanosheets in the suspen-
sions decreases. It is clear that the size of nanostructure and properties of carbon nanostructures produced by
laser ablation are strongly dependent on the experimental parameters such as laser fluence.

The absorption spectra of the samples are shown in Fig. la. UV-Vis-NIR absorption spectra were ob-
tained in order to characterize the optical absorbance of the colloidal solutions and to confirm the nature of
the carbon nanostructures. The spectra were recorded with distilled water as the baseline reference in a 1 cm
thickness quartz cell. The typical UV-Vis-NIR absorption spectrum of suspensions of carbon nanostructures
shows a plasmonic peak around 300 nm due to n—n* transitions of C=0 [21, 22]. The characteristic feature
of graphene can be due to the appearance of an absorption peak at about 300 nm in oxidized graphite. The
intensity of the absorption peak in the nanostructures of sample 4 and 5 is higher than in the other samples
and is due to a larger number of carbon nanoparticles in these samples. This result is confirmed by the color
of the carbon nanostructure suspensions. A lighter color of the solution represents a lower concentration of
carbon nanoparticles, whereas a darker color indicates a higher concentration of carbon nanoparticles. The
intensity of the absorption peak for the carbon nanostructure confirms that the number of carbon nanoparti-
cles produced at higher fluence is greater than at other fluences. In the other words, the concentration of the
graphene nanosheets in solution increased with decreasing laser fluence.

FTIR spectra of the carbon nanostructure prepared by laser pulses in distilled water are shown in
Fig. 1b. The FTIR spectrum was recorded in the spectral range of 400—4000 cm™'. The peak at 700 cm ' is
due to a vinyl or aromatic C—H bond. These bonds may be formed between carbon atoms and hydrogen at-
oms of water medium. The absorption peak in the range of 3200-3600 cm ' is correlated to the O—H stretch
of H,O molecules [8]. The peak in the range of 1630 to 1650 cm ' shows the C=C bond [23]. The signal in
the FTIR spectrum at 2075 cm”' was in agreement with the reported value for carbon-carbon triple bonds
(between 2000 and 2200 cm™') [24]. The intensity of an absorption band in FTIR spectra depends on the
number of the specific bonds present. In this work, the intensity of absorption bands at 16301650, 2075,
and 3200-3600 cm ™' in all samples increased with increasing laser fluence, but the intensity of the absorp-
tion band at 700 cm ' is random in the samples.

XRD spectra of the samples are presented in Fig. 1c. The X-ray diffraction measurement was performed
for dried films of the samples from the concentrated suspension on a Si substrate. A peak of X-ray photons
diffracted from the Si substrate can be seen at 20 = 69.41° and the XRD spectrum of the graphite target is
plotted at the bottom of the Fig. 1c. The graphite target has a strong peak at 20 = 26.4° and two weak peaks
at 44.4° and 55°, respectively. As can be seen, the preferred orientation of the lattice structure of the carbon
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Fig. 1. UV-Vis-NIR absorption (a) and FTIR (b) spectrum of the samples 1-5,
and XRD spectrum from the synthesized samples and graphite target (c).
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nanostructure produced by pulsed laser ablation is completely different for the graphite target. A small peak
at 20 = 33° is attributed to the structure of fullerite in the samples [25]. In fact, we do not expect any XRD
peaks from the monolayer graphene. Generally, graphene as the two-dimensional material is not able to cre-
ate resonance and XRD peaks, so the absence of strong XRD peaks in the samples is evidence of nanosheets
in multilayer graphene in the samples. In this experiment the nanostructures produced with 0.5 and 0.7 J/cm®
laser fluence should be close to the graphene structure because of their weak peak. This result is confirmed
by TEM micrographs and UV-Vis-NIR absorption spectra of the samples. According to TEM micrographs,
transparent graphene nanosheets are formed in samples 1 and 2. Due to the smaller amount of carbon
nanoparticles in these samples, the intensity of the absorption peak in these samples (samples produced with
0.5 and 0.7 J/em? laser fluence) is lower than in the other samples.

Figure 2a shows TEM micrographs of the samples. The TEM images show the existence of graphene
nanosheets as well as a variety of carbon nanostructures. Graphene nanosheets represent the morphology of
transparent sheets, and folding of graphene can be seen on the sheets. From the TEM results, it was found
that the laser fluence was a parameter that affected the type of carbon nanostructure produced. In the sample
1 (produced with the lowest laser fluence) we observed the most transparent graphene nanosheets and the
least number of nanoparticles. In the other samples, by increasing the laser fluence, graphene nanosheets
become darker, and this result can be attributed to an increase in the number of graphene nanosheets. Also,
the number of carbon nanoparticles increased with increase in laser fluence. These results are in good
agreement with the absorption spectroscopy results.

Figure 2b illustrates the FE-SEM micrographs of the samples. In sample 1 a large number of graphene
nanosheets with dimensions of microns and minimal thickness can be seen. In the second sample, there are
less graphene nanosheets and they are thicker, and also in this case a number of points can be seen that are
due to other carbon structure. According to FE-SEM images of samples 1 and 2, we have seen the best gra-
phene nanosheets compared to other samples. In the other samples the number of graphene nanosheets de-
creased, and so the thickness of the graphene nanosheets increased, and they are completely darkened. Also
in samples 3, 4, and 5 the number of other carbon structure increased. The results of FE-SEM images are in a
good agreement with other results in our work.
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Fig. 2. TEM (a) and FE-SEM (b) micrographs of the carbon nanostructures.

Raman spectra of the samples are presented in Fig. 3. The data have been recorded with 0.1 cm ' spec-
tral resolution from the dried drops of suspensions on a glass substrate. The main features in the Raman
spectra of carbons are the so called G and D peaks, which lie at 1200-1450 and 1500-1600 cm ', respec-
tively, for visible excitation [17]. The assignment of the D and G peaks is straightforward in the “molecular”
picture of carbon materials. These bands are present in all polyaromatic hydrocarbons. The G band is due to
the bond stretching of all pairs of sp® atoms and points out the optical E>, phonons at the Brillouin zone cen-
ter. The D band is due to the breathing modes of sp2 atoms in rings [26, 27].

As can be seen in Fig. 3a, the D and G lines are observed in the spectra at around 1360 and 1590 cm '
corresponding to the generated graphene. With increasing local defects in the graphene, the D band intensity
increases [19]. By comparing the intensity of the D and G bands in the samples, we see that we can achieve
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the quality of the graphene produced in the samples. As we can see from the diagrams in Fig. 3a, the inten-
sity of the G band for all samples is greater than the D band. This result shows that the quality of the gra-
phene nanosheets in the samples is acceptable. At the same time, by increasing the laser pulse energy from
0.5 to 1.5 J/cm?, the intensity of the G band decreased. In samples 1 and 2, the small magnitude of the ratio
of the integrated intensity of the disorder-induced D band to that of G (/p/l) indicates the increased fraction
of sp* domains in these samples and suggests a satisfactory quality of the graphene nanosheets produced in
lower laser fluence. Overall in this experiment, with increasing laser fluence the quality of graphene
nanosheets is reduced. According to other result of the analyses the number of carbon nanoparticles in-
creased with increasing laser fluence.

I
¢ Sample 1 Sample 2 a

4000 ) 4000 ¢
2000 2000

1100 1300 1500 1700 1100 1300 1500 vg, cm™ 3000| Sample 5

2000
3OOOIR Sample 3 3000 Sample 4 1008__ N
—1

2000 ,n 5000 1100 1300 1500 vg, cm
1000 A~ T 1000

1100 1300 1500 1700

07_ _ ‘____ — \,
1100 1300 1500 vg, cm’

Iy

Sample 1
40000

20000 }\

b
4000 Sample 2

=AM

1000 1500 2000 2500 1000 1500 2000 2500 v, cm™ " Sample 5
4000
I Sample 3 Sample 4 2000 N\ N J\_\
4000 4000 0
2000 vaﬁ 2000 ///\f ,ﬁA/\x 1000 1500 2000 2500 v, cm’!
0 \‘ k——‘ 0 \'\ . ~

1000 1500 2000 2500 1000 1500 2000 2500 vg, cm'

Fig. 3. Raman scattering spectrum of the samples (1-5) in the ranges of 1100—1700 (a)
and 1000-3000 cm™' (b).

The Raman shift spectra caused by the dried suspension of the carbon nanostructures in the range of
1000-3000 cm ' are presented in Fig. 3b. A strong peak in the range of 2500-2800 cm ' in the Raman spec-
tra is due to the sp® carbon materials. This band in the Raman spectrum is a distinguishing feature of graph-
itic sp® materials and is called 2D-band. According to reports, the 2D-band is a second-order two-phonon
process, and the frequency is strongly dependent on the excitation laser energy [28]. Figure 4b shows that in
the Raman spectra for samples 2—5 the 2D-band occurred around 2700 cm™'. In sample 1, this peak is shifted
towards higher frequencies. This shift may be due to the formation of graphene oxide in this sample [29].
The number of graphene layers is correlated to the feature of the peak in the 2D-band. When the layers of
graphene increase, the Raman spectrum will be not the same for the monolayer graphene, which is due to the
added forces from the interactions between layers of the AB-stacked graphene. In other words, the splitting
of the peak in the 2D-band leads to an increasing number of modes that can combine to produce a wider,
shorter, higher frequency peak [19, 20].
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Conclusion. In this experiment, carbon nanostructures such as carbon nanoparticles and graphene
nanosheets have been synthesized using pulsed nanosecond Q-switched Nd:YAG laser ablation of graphite
in distilled water medium. TEM micrographs and data of other analyses, such as UV-Vis-NIR absorption
spectra, confirm that the carbon nanostructures are divided into two classes of multilayer graphene and car-
bon nanoparticles. The results indicate that the amount of graphene nanosheets and the number of the carbon
nanoparticles are proportional to laser fluence. According to the results, the amount of the carbon nanoparti-
cles in the suspension increases with increasing laser fluence. The high intensity of the absorption peak in
the sample produced with a laser fluence of 1.5 J/em® confirms that the number of the carbon nanoparticles
produced under this fluence is greater than under other fluences. In accordance with the TEM micrographs,
the graphene nanosheets are more transparent in the samples produced with lower laser fluence.
The FE-SEM micrographs show that in the sample produced with the laser fluence of 0.5 J/em®, a large
number of graphene nanosheets with dimensions of microns and minimal thickness are formed. The Raman
spectra show that a satisfactory quality of graphene nanosheets can be achieved in lower laser fluence.
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