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ABSTRACT— In this study, Highly Oriented
Pyrolytic Graphite was ablated in various polar
and nonpolar solvents by  Q-switched
neodymium: yttrium-aluminum-garnet laser
(wavelength=1064 nm, frequency=2 kHz, pulse
duration=240 ns). Then, the products were
examined using Scanning Electron Microscopy
and UV-Vis spectroscopy. The images showed
that different carbon structures such as
cauliflower-like structures in benzene, spiral
integrated forms in toluene, organic integrated
networks in hexane, and nanoparticles in ethanol
were formed. In n-methyl-2-pyrrolidone (NMP),
sheets and bulk deformed structures were seen.
Also, in Dimethylacetamide, particles in different
stages of growth could be detected. The
nonlinear optical absorption (NLA) behaviors of
the products were investigated by exposing them
to a 532 nm nanosecond laser using the Z-scan
technique. The saturated NLA coefficient,
obtained from structures of NMP and hexane-
based synthesized samples, are 1.1x10® and
-2.4x10% cm W, respectively. The saturable
absorption responses of these samples were
switched to the reverse saturable absorption
responses in the other synthesis mediums. The
maximum nonlinear absorption coefficient of
10.2x10%cm W' was measured for spiral
integrated superstructures, produced in the
toluene medium.

Keyworps: LP-PLA, Highly Oriented
Pyrolytic =~ Graphite, = Nonlinear = Optical
Absorption, Organic Solvent, Nanostructures

113

I. INTRODUCTION

Since the first laser ablation (LA) experiment in
1963 [1], a wide range of engineering and non-
engineering materials have been ablated by
laser. Due to the potential of thin layer
preparation, nanocrystal growth, surface
cleaning, tissue removing, etc. Laser ablation
has been investigated from various points of
view [2] by researchers all over the world. One
of the most attractive LA application areas is
nanostructure synthesis. Nanostructures which
are synthesized via LA have unrivalled
characteristics due to their exclusive path of
nucleation & growth [3]-[7]. Two of the main
materials used as targets in LA process are
carbonaceous and graphitic structures which are
studied according to their increasing tendency
to the synthesis and application of carbon
structures such as diamond, diamond-like
carbons (DLCs), fullerenes, carbon nanotubes,
and nanofibers [8]-[13].

Liquid-phase pulsed laser ablation (LP-PLA)
has certain benefits compared to laser ablation
in gas phase and vacuum, especially because of
its ability to synthesize metastable structures
which are not accessible in normal
temperatures and pressures [14]. The physical
mechanism of LP-PLA of solid target was
previously studied by Berthe, et al. [15]. When
a high-energy laser beam focuses on a target
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surface, at the initial stage of the interaction,
the particles are ablated with a large kinetic
energy from the target surface and a dense
plume is created in the solid—liquid interface. In
addition, compared to air and vacuum, the
covering effect of a liquid restricts the plasma
plume and so, an adiabatical expansion occurs
at a supersonic velocity. Therefore, a high
pressure and temperature plasma are created
and quenched in a short time, resulting in the
growth of various nanostructures.

Recently, researchers have focused on the
synthesis of metastable structures such as
diamonds [8], [16], DLCs [17], and carbon
nitrides [18] at room temperature. Most of the
experiments have been carried out in water
[17], [19], [20], although some other liquids
have been used as mediums such as ammonia
[21], 2propanol [22], benzene [23], [24],
hexane, toluene [23], and ethanol [12]. These
works have been studied in four areas of theory
and simulation [25], [26], plasma plume in
liquid environments [8], laser ablation
mechanistic issues [25], [27], and final product
investigation [3], [28]. In addition, the
nonlinear optical (NLO) studies were mainly
conducted on well-known carbon structures
such as graphene, fullerene, carbon nanotubes,
and on metal nanoparticles (NPs) decorated on
these  structures [29]-[34]. The NLO
characteristics have been observed as a result of
optical limiting in multi-walled carbon
nanotubes (MWCNTs) [30] and single-walled
carbon nanotubes (SWCNTs) [31]. Noble metal
NPs supported on the surface of carbon
nanotubes are also known to possess large

nonlinear optical properties [30], [34].
However, NLO properties of more unknown
carbon nanostructures with various

morphologies have been paid less attention.
One of these aspects is nonlinear optical
absorption (NLA) which in measurable by open
aperture Z-scan system. The sign of the NLA
coefficient could be negative or positive
depends on  the inherent  materials
characteristics and experimental conditions
(such as wavelength, intensity, and pulse
duration of the laser used). Each of these
behaviors originates from different physical
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mechanisms. Negative NLA is known as
saturation of absorption (SA). In this situation,
the sample optical transmittance increases with
increasing of the radiation intensity. In the case
of a positive NLA, the propagated laser
radiation was absorbed in the medium and
material transmittance reduces with increasing
of the optical intensity [35].

In this research, the solvent-dependency of
carbon nanostructures' morphology synthesized
in LP-PLA of highly oriented pyrolytic graphite
(HOPG) has been investigated in order to
explore the possibility of proposing new
carbonaceous materials with improved NLA
properties. For this purpose, the NLA behaviors
of these nanostructures exposed to the 532 nm
(10 ns pulse duration) laser radiation have been
studied.

1. EXPERIMENTS

A. Synthesis Procedure

HOPG (NT-MDT, ZYB Quality) was placed at
the bottom of a glass vessel filled with 2.5 cm’
of distinct organic solvents including ethanol
(Merck, >99.9%), toluene (Merck, >99.9%), n-
hexane (Merck, >98%), benzene (Merck,
>99.8%), dimethylacetamide (DMA) (Merck,
>99.5%), and n-methyl-2-pyrrolidone (NMP)
(Merck, >99.9%). The height of the solvent on
top of the target is 1.5 mm and was later
reduced during laser irradiation by different
rates depending on the volatility of the solvent.
To conduct the experiments, an acousto-
optically Q-switched neodymium: yttrium-
aluminum-garnet (Nd:YAG) laser (1064 nm)
with 240 ns pulse duration, adjusted to operate
at 2 kHz repetition rate, was employed. The
energy density on the target, the so-called

fluence, was about 13.65 J.cm 2.

Due to the toxic gas released through laser
irradiation, a plexiglass box equipped with a
suction pipe connected to a fan was designed to
withdraw the gas. This box is fixed from top to
the exit path of the laser beam and a suction
tube joint with a fan is fixed on the other side of
the box to conduct the gas out of the laboratory.
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The arrangement of the laser apparatus, HOPG
target in vessel and protective set are
schematically shown in Fig. 1. The irradiation
time in these experiments was 20 min and the
focal spot size was 70 um. The laser ablation
also was done at room temperature.

laser beem

HOPG target
immersed in
‘organic solvent

T i
Fig. 1: Schematic of laser apparatus, protective box,
and suction tube.

B. Characterization

The as-synthesized samples were ultrasonicated
for 20 min with an ultrasonic cleaner
(Labbrethe 17, FR/TSCH, 140 W, 50 Hz).
Scanning Electron Microscopy (SEM) samples,
prepared by drop casting followed by Au
coating, were investigated (Hitachi SE-4160
Field Emission Gun Scanning Electron
Microscopy (FEG-SEM), Japan and LEO 1530
Gemini FEG-SEM, Cambridge, U.K.). Some of
the applied solvents had relatively high UV cut-
off edges. So, for UV-Vis spectroscopy, the
liquid environment was replaced with ethanol
using simple decantation without drying to
avoid secondary agglomeration. The final
colloidal solution was transferred into a 10 mm
quartz cell and the UV—-Vis absorption spectra
were taken (Lambada 25 model, Perkin Elmer
Inc.) in a 190-1100 nm scan range and 2 nm
resolution.
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C. Z-scan set-up

The nonlinear optical properties of carbon
nanostructures were investigated by applying
Z-scan technique, which was developed by
Bahae et al. [36]. This technique, due to its
simplicity and high sensitivity, is a common
method to measure optical nonlinear behavior
of materials. In this technique, the self-
focusing/defocusing response of the materials
under laser irradiation determines the NLA and
the refraction. For this purpose, a focused
single Gaussian laser beam is exposed onto a
nonlinear medium, as illustrated in Fig. 2.

Open Aperture
Z-scan Results

BE: Beam Expander
L: Lens
PD: Photo Detector

Fig. 2: Experimental setup of Z-scan technique

Sample transmittance with a finite aperture is
measured in the far field as a function of the
sample position (on z axis). The sample
position is defined with respect to the focal
plane of L lens in Fig. 2. To perform the Z-scan
experiments, a Q-switched neodymium-doped
yttrium orthovanadate laser from the EKSPLA
Company (model NL640) was used. The light
source was coupled with a second harmonic
generation (SHG) unit which generates 532 nm
laser pulses with 10 ns pulse duration. A lens
with a focal length of 80 mm was used (L lens
in Fig. 2) to focus the laser beam on a 70 pm
spot diameter, as determined with the knife-
edge technique. The laser operates at 200 Hz
pulse repetition rate and 0.03 mJ pulse energy.
The maximum laser beam intensity at focal
point is 7.02x10” W.cm™ on the sample surface.
The colloidal suspension of various carbon
nanostructures was transferred to a 2 mm quartz
cuvette, which was fixed on a translation stage
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and moved over the 60 mm length through both
sides of the focal region of the laser beam. The
sample was moved 2 mm in each step and
position-dependent transmission was measured
in an oscilloscope by using photodiodes (PD2)
for open aperture trace of the Z-scan setup. The
detected signals were stored and compared with
the main laser beam signals (PD1 in Fig. 2),
which are wused to calculate the NLA
coefficients of these suspensions.

I11.RESULTS AND DISCUSSION

A. Structural characterization

Figure 3 shows the lamellar structure of
ablating HOPG target. The typical ablated
surface of the HOPG in these solvents is seen in
the inset of Fig. 3. The typical deep crater,
which is usually formed as a result of the laser
beam collision with the target during the
ablation process, is not seen in any of these
experiments. The Scraping of the outer layer of
the HOPG is the tangible effect observed on the
targets after ablation which was seen in all the
tested solvents.

Fig. 3: SEM of HOPG lamellar structure. Inset: the

scraping of the outer layer of HOPG after laser
ablation

SEM images of synthesized structures in
various solvents; two aromatic hydrocarbons
(toluene and benzene), an alkane (n-hexane), an
alcohol (ethanol), a cyclic amide (NMP), a
polar organic solvent (DMA), and finally an
alkane (hexane) are illustrated in Fig. 4. A
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spiral integrated structure of more than ten
micrometers in length was formed in the
product of HOPG ablation in toluene
(Fig. (4.a)). Its fine structure can be seen in
Fig. (4.b-c). The chains twisting in different
directions are observed in the 2D view of the
product in medium magnification. More
focused image in Fig. (4.c) reveals the 3D
structure in different steps of growth. While
some features are at their initial stages and just
look like seeds (Sectionl), the other Sections
are in the intermediate steps of growth
(horizontal growth in Section 2), and the last
Sections are in the final stage of boosting
(vertical growth in Section 3) which form spiral
oriented nanowalls. Unlike the prepared
samples in toluene, the individual ball-shape
superstructures are seen in a benzene
environment (Fig. (4.d)). Detailed features of
this superstructure are shown in Figs. (4.e-f). A
Cauliflower-like  structure is the overall
appearance of the product. Nanowalls of less
than 1 um in thickness are the fine components
of this superstructure. SEM images of the
product prepared by the ablation of HOPG in
ethanol are illustrated in Fig. (4.g-1) in which
the cut-off slices, agglomerated, and individual
nanoparticles of 10-50 nm are observed. As it
can be seen, some of the agglomerated
nanoparticles are joining to make 100 nm
spherical particles (Fig. (4.h)), and some are
forming shapeless agglomerates. In DMA,
nanoparticles of different sizes, micrometer size
cubic and spherical particles are observed
(Fig. (4.g-1)). The spherical morphology of
particles changes to cubic structures through
growth. The addition of small particles to the
cubes seems to be the cause of growing which
is shown in Fig. (4.1) inset. Distinct structures
are fabricated in n-hexane: non-agglomerated
nano/micro size cubes (Fig. (4.m)), severely
agglomerated nanoparticles (Fig. (4.n)), and
somehow diffused and sintered particles
(Fig. 4.0). In NMP, graphitic sheets with
different lateral size and thickness are seen
(Fig. (4.p)). More magnified images are shown
in Fig. (4.q-1).



500nm (r)

Fig. 4: SEM images of samples synthesized in: (a), (b) and (c) toluene; (), (e) and (f) benzene; (g), (h) and (i) ethanol;
(4), (k) and (1) DMA; (m), (n) and (o) hexane; and (p), (q) and (r) NMP.

The major morphological difference between
the samples is the integration of the structures
in the toluene- and benzene-ambient produced
products with the other products. It seems
aromatic structures of the solvents would
prepare a favorite condition for the integration

growth of structures in the plasma plume
formed by laser irradiation on top of the
HOPG target [8]. The nucleation velocity is
much lower than the growth velocity.
However, in NMP as a cyclic amide, graphite
sheets are peeled from the surface and finally
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in DMA, a range of different crystal sizes are
seen. These results confirm the critical role of
solvent physical properties such as refractive
index, viscosity, ionization energy, polarity
and chemical composition on the formed
plasma and also subsequent reactions in the
plasma volume and on the plasma-solvent
boundary which result in the formation of
carbonaceous nano and microstructures.

These reactions involve the reactions of
ablated species from the target with
themselves, excited molecules of the solvent,
and also with solvent molecules [5] which in

our case composed of carbon, oxygen,
hydrogen and in DMA, nitrogen too
In NMP, besides the few synthesized

nanoparticles, exfoliated sheets are the major
product. Shock waves produced by the
adiabatic expansion of plasma plume in the
liquid and its subsequent impact on the HOPG
surface would be the reason of HOPG
exfoliation by laser [37]. In the other five
solvents, this impact is lower than the desired
exfoliation threshold of the HOPG which in
turns is the result of lower pressure increase in
plasma plume.

B. UV-Vis absorption

Optical absorption spectra were studied in the
range of 200-900 nm. Since no remarkable
feature is seen in the 400-900 nm, the initial
part of the spectra in the range of 200-400 nm
is investigated which is illustrated in Fig. 5. In
toluene and benzene, only one peak is seen at
255 and 252 nm, respectively (Fig. (5.a-b)). In
ethanol, DMA and hexane, two characteristic
peaks with different maxima and widths are
seen: 223 and 271 nm in ethanol (Fig. (5.c)),
237 and 267 nm in DMA (Fig. (5.d)) and also
230 and 270 nm in hexane (Fig. (5.e)). In
NMP, a sharp peak at 234 nm is observed
(Fig. (5.1)). Observation of peaks within 215-
275 nm is the sign of carbonaceous materials.
These absorption features are seen due to
plasmon resonance in the free electron cloud
of carbonaceous material © electrons. The =«
plasmon is associated with collective
excitations of m electrons around 150-310 nm

118

Nonlinear Optical Absorption of Carbon Nanostructures Synthesized by ...

(4-8 eV). It seems that the slight solvent
remained from primary synthesis ambient and
the exact graphitic structure including the
shape, spatial dimension, graphitization
degree, and presence of defects are the most
important features which determine the overall
UV-Vis spectra maxima and widths. The
formation of aggregates and the agglomeration
state of particles also influence the width of
peaks [38]-[42].
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Fig. 5: UV-Vis spectra of carbon nanostructures
synthesized by ablation of HOPG in different
solvents.

In DMA- and hexane-ambient synthesized
samples, two stronger features are visible; one
at about 233+4 nm and a less pronounced one
at around 270 nm, while in ethanol-ambient
synthesized samples, the stronger peak is at
271 nm and the weaker one is somewhat seen
at a shorter wavelength (223 nm). It seems that
cubic and spherical graphitic particles in
agglomerates and individual forms are the
origin of these two typical peaks. Observation
of individual peaks in the samples prepared in
toluene and benzene are the result of the
presence of a homogenous product with a
surface plasmon resonance (SRP) of about 37
nm redshift in respect to the 217.5 nm of
graphite particles. This is due to the variation
in electronic structures of the nanostructured
graphitic products formed in these two
aromatic  solvents. In NMP, graphitic
nanosheets are synthesized. The observed peak
at 234 nm could be assigned to either graphite
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[43] or graphene oxide [44]. But the lack of
shoulder in 300 nm confirms the presence of
graphitic sheets.

C. Nonlinear optical characteristics

To investigate the  structure-dependent
nonlinear optical properties of various carbon
nanostructures, the colloidal as-synthesized
samples were irradiated with a laser beam at
1.35 mJ/pulse energy in the Z-scan setup.
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Fig. 6: The normalized open aperture Z-scan
transmittance curves obtained for different
structures synthesized in NMP and hexane ambient.
Solid lines are numerical fits to the experimental
data.

Fig. 6 represents the open-aperture (OA) Z-
scan results of a 2 mm thick cell containing
these structures prepared in NMP and hexane.
The solid line is the theoretical fit to the
experimental data according to equation (1)
(see below). In NMP- and hexane-synthesized
samples, a pure negative NLA, known as
saturable absorption (SA) phenomenon, was
measured in the OA Z-scan trace when the
sample moved along the Z-axis. The
difference between the Z-scan curves of these
two samples is the height of the peaks that
increased from 0.05 up to 0.13 values. In
addition, the negative absorption of samples is
strengthened in the case of the synthesized
sample in hexane solvent and the response
curve is broadened on the Z-axis.

As shown in Figs. (7.a-b), with the substitution
of other organic solutions (DMA, toluene,
benzene and ethanol) as a synthesis ambient,

119

Vol. 7, No. 2, Summer-Fall, 2013

the SA behaviors of produced structures are
changed. Indeed, the negative absorption of
samples is switched to a positive absorption,
known as reverse saturable absorption (RSA)
phenomenon. The nonlinear response of these
samples is weak in the cauliflower-like
structure synthesized in benzene. The highest
nonlinearity is observed in the spiral
nanowalls of the integrated structure formed in
toluene ambient. To calculate the NLA
coefficient (B) for  various carbon
nanostructures, the Z-scan experimental data
was theoretically fitted by normalized
transmittance relation in a single OA Z-scan
trace. The normalized transmittance of an OA
Z-scan trace has been determined previously
by Bahae et al. as follows [36]:

m

T(Z)=i 1 _IBIOLeff (1)

=(m+1)” | 1+(2/2,)

where, T is the normalized transmittance of the
open aperture Z-scan, |y is the irradiated laser
beam intensity in the focal point, and Z, is the

Rayleigh length. The L =(1—87“°L)/a0 is

the effective length of the sample, L is the
sample length (2 mm) and ¢, =(—InT,)/I is
the sample linear absorption coefficient. Ty is
the linear transmittance of the samples as
illustrated in table 1 for each sample.

The calculated values of the nonlinear
absorption  coefficient (B) for wvarious
structures are shown in table 1. The best
theoretical fit is obtained by using the -1.1x10
¥ and -2.4x10® (cm W) saturation NLA
coefficients for NMP and hexane ambient,
respectively. In the case of positive behavior
for DMA, toluene, ethanol, and benzene
ambient, values of 3.5x10®, 10.2x10™®, 2.5x10"
8 and 0.9x10® (cm W) were obtained for
positive NLA coefficients. These values are
also comparable to those obtained for SWCNT
and MWCNT films and graphene [35], [45],
[46]. However, the value of NLA coefficient
calculated for toluene-ambient suspension is
higher than the calculated value measured and
calculated for CNTs suspensions [47].
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Fig. 7: The normalized open aperture Z-scan
transmittance curves obtained for different
structures synthesized in a) ethanol and benzene, b)
DMA and toluene ambient. Solid lines are
numerical fits to the experimental data.

Table 1 Values of the negative NLA coefficient (B) for
NMP and hexane and positive NLA coefficient (B) for
DMA-, benzene-, ethanol- and toluene-based synthetic
products calculated from theoretical fits.

Sample Bx10° (cm W™
Hexane 24
NMP -1.1
Benzene 0.9
Ethanol 2.5
DMA 3.5
Toluene 10.2
No exact explanations of the observed

nonlinear absorption mechanism were offered
in previous studies. Some speculations of the
origin of the absorption involved the
consideration of the electron interband
transitions under the excitation of the laser.
For example, the nonlinear positive absorption
value of platinum NPs was attributed to the
two-photon absorption mechanisms in the
previous studies [48], [49]. However, the exact
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mechanisms of absorption behaviors in various
carbon nanostructures were not completely
uncovered and further studies are needed for
the definition of the processes leading to this
phenomenon. Chemical bondings, particle size
and morphology of the products, suspension
concentration, also the laser intensity would
affect the NLA values and sign [20], [48-50].
For specification of the NLA mechanisms
occurred in each carbonaceous product,
complicated experiments are needed.

It seems that the integrated structure produced
in toluene with its unique absorption peak in
255 nm shows an outstanding NLA positive

coefficient in comparison to the other
products.

IV.CONCLUSION
Graphitic  nanostructures  with  different

morphologies were synthesized using the
ablation of highly oriented pyrolytic graphite
(HOPG) target in different organic solvents in
an ambient condition with the inexpensive
marking Q-switched neodymium: yttrium-
aluminum-garnet (Nd:YAG) laser. Although,
aromatic solvents of toluene and benzene
stimulate the formation of integrated
superstructures, laser ablation in ethanol,
dimethylacetamide (DMA), and hexane result
in cubic and spherical particles. However, in
n-methyl-2-pyrrolidone  (NMP),  graphitic
sheets were prepared by laser exfoliation.
Apart from their morphologies, these
structures showed two different nonlinear
behaviors: negative and positive nonlinear
absorption (saturation of absorption (SA) and
reverse saturable absorption (RSA),
respectively). The highest positive nonlinear
optical absorption (NLA) coefficient fitted to
the normalized open aperture Z-scan curves,
was seen in the nanowalls prepared in toluene
which is higher than carbon nanotubes (CNTs)
and graphene suspensions.
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