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Preparation and
Characterization of Ni-doped
TiO2> Nanostructures for
Surface Cleaning
Applications

In this work, pure and Ni-doped nanostructured titanium dioxide (TiOz) thin
films were prepared by dc reactive magnetron sputtering technique onto glass
substrates. The structural characteristics of these nanostructures were
determined and analyzed. Scanning electron microscopy (SEM) confirmed
the formation of smooth and well-dispersed surfaces. The optical
measurements in the spectral range 300-800 nm have confirmed that the
optical energy gap of the pure and Ni-doped TiO2 prepared films were 3.3 and
2.95 eV, respectively. The contact angle measurements were carried out under
air setting using the sessile drop method. The measured values of the contact
angle of a water droplet on the surface before and after irradiation with UV
light for 15 and 30 minutes show that the contact angle of a water droplet on
the pure and Ni-doped TiO2 surfaces was decreased after 30 minutes of

irradiated and the prepared samples show high hydrophilicity.

Keywords: Photocatalysis; Titanium dioxide; Surface cleaning; Nanostructures
Received: 18 December 2020; Revised: 24 January 2021; Accepted: 31 January 2021

1. Introduction

The development of semi-conductors able to use
visible light has been a field of growing interest
during the last years [1]. Among various oxide and
non-oxide semiconductor photocatalysts, titanium
dioxide (TiO.) has been proven to be the most
suitable for wide environmental and energy
applications [2], because of its non-toxicity,
photochemical stability, low cost [3], and high
photocatalytic activity with a band gap of 3.2 eV [4].

Titanium dioxide has three phases in nature,
rutile, anatase, and brookite [5]. Rutile is the only
stable phase, whereas anatase and brookite e are
metastable at all temperatures and transfer to rutile
when they are heated [6]. The anatase is generally
reported to show the highest photoactivity compared
to the brookite or rutile because of the low
recombination rate of its photogenerated electrons
and holes [7].

Titanium dioxide (TiO2) has been used widely in
various fields, such as solar cells, photocatalytic
splitting of water for green-energy hydrogen (Hy)
production, air and water purification by removal of
organic and inorganic  pollutants,  super-
hydrophilicity for antifogging and self-cleaning, and
photo-killing of pathogenic bacteria [8].

The self-cleaning property of TiO; thin films has
become an interesting subject in recent years [9]. The
self-cleaning property has been known to be a
combined effect of the two photoactive characteristic
properties of TiO, thin films: super-hydrophilicity
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and photocatalysis. The photocatalytic property helps
decompose the organic compounds that come into
contact with the surface and thus prevents them from
building up. The super-hydrophilic property of the
TiO2 film on the surface allows water to spread
completely across the surface rather than remain as
droplets, thus making the surface easy to wash. Thus,
the photocatalytic and hydrophilic properties of TiO;
coated glass allow the water to easier wash away
deposited particles [10]. By increasing the
hydrophilicity and wettability characteristics of a
surface, which depends on surface microstructure,
surface chemical composition and surface geometry,
water can spread better over the surface and improve
the cleaning character of the surface. Many attempts
are made to increase the hydrophilicity of TiO> thin
films. It seems that the hydrophilicity can be
improved by doping TiO [11]. Also, TiO; films show
higher hydrophilicity properties and photocatalytic
activities under UV irradiation [12].

Different deposition techniques can be used to
form titanium oxides films, including plasma-
enhanced chemical vapor deposition (PECVD) [13],
hydrothermal method [14] , spray pyrolysis [15], sol-
gel method [16], electron beam evaporation (EBE)
[17], pulsed-laser deposition (PLD) technique [18],
and reactive dc magnetron sputtering [19].

In this study, pure and Ni-doped nanostructured
TiO2 thin films were prepared by dc reactive
magnetron sputtering technique. The spectral and
structural characteristics of these thin films were

PRINTED IN IRAQ 3



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 17, No. 1, January-March 2021, pp. 3-8

determined and studied. The prepared samples can be
used as self-cleaning surfaces.

2. Experimental Work

A dc reactive magnetron sputtering system shown
in Fig. (1) was used in this work. The chamber was
evacuated by a Leybold-Heraeus two-stage rotary
pump (24 m%/h) to a base pressure of about 5x10-
mbar. A solid titanium sheet (99.99% purity) was
used as a target. The chamber was filled with highly-
pure gas mixture containing argon and oxygen to the
desired pressure (0.25 mbar). The mixing ratio could
be precisely varied by mixing the two gases in an
external mixer before pumped into the deposition
chamber. The optimum mixing ratio was 1:1. The
titanium dioxide thin films were deposited onto glass
substrates after different deposition times. However,
the results presented herein are belonging to the
samples prepared after deposition time of 2 hours.

In order to perform doping process on the
prepared TiO, samples, a highly-pure (99.99%)
nickel sheet with ring shape of 4cm outer diameter
and 2cm inner diameter was placed on the cathode
surface as in the configuration shown in Fig. (2). In
this case, the gas mixture was containing argon only
in order to avoid the formation of nickel oxide.

Fower mppdy  Depoaition Chasber  Gan maoves

Arcter | Volage

Pusu
Guarage

Beband tiy (bt
oty

Fig. (1) The dc reactive magnetron sputtering system used in
the present work

Hydrophilic behavior was evaluated by measuring
the contact angle of a water droplet on the films using
a contact angle device shown in Fig. (3). A water
droplet is injected on the surface of the film using a
micro-injector (5ul) syringe pointed vertically down
onto the sample surface. High-resolution camera with
a macro lens which captures the image of the water
droplet. These images are analyzed using analysis
software. The contact angle of the water droplets was
measured on the surfaces of TiO, samples (pure and
doped) before and after irradiation with a UV source.

Z /_\\
n (u! }
-

@&

Fig. (2) Geometrical arrangement of the co-sputtering
configuration using Ti and Ni targets

Fig. (3) Experimental setup of contact angle measurement

3. Results and Discussion

The crystalline structure of the samples prepared
after deposition time of 2 hours was investigated by
the x-ray diffraction (XRD) patterns as shown in Fig.
(4). Both anatase (A) and rutile (R) phases of TiO2
were observed in these patterns. The diffraction peaks
at 20 values of 48.1°, 53.9°, 55.1° and 68.9° are
corresponding to (200), (105), (211) and (116) crystal
planes, respectively. They confirm the formation of
anatase (A) phase according to the JCPDS 21-1272
[20]. The rutile (R) phase was confirmed by the
diffraction peaks assigned at 27.8°, 36.2° and 62.7
corresponding to (110), (101) and (002) crystal
planes, respectively according to the JCPDS 21-1276
[21].

Fig. (4) XRD pattern for mixed-phase (anatase/rutile) TiO,
samples prepared using gas mixing ratio of 1:1 after deposition
time of 2 hours

Figure (5) shows the XRD pattern of Ni-doped
TiOz thin films prepared using Ar:O; gas mixture of
1:1 after deposition time of 2 hours. The diffraction
pattern reveals the formation of mixed-phase
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(anatase/rutile) TiO, structures as all diffraction
peaks assigned, The diffraction peaks at 26 values of
at 25.2°, 37.8°, 49°, 53.9°, 62.8°, 68.9°, and 75.55°
are corresponding to (101), (004), (200), (105),
(118), (116), and (125) crystal planes, respectively.
They confirm the formation of the anatase (A) phase
according to the JCPDS 21-1272 [20]. The rutile (R)
phase was confirmed by the diffraction peaks
assigned at 27.8°, 41.5°, and 54.9° corresponding to
crystal planes of (110), (111), and (211), respectively
according to the JCPDS 88-1175 [22]. The diffraction
peaks at 44.6°, 52°, and 76.9° are corresponding to
(111), (200), and (220) crystal planes, respectively,
those belonging to Ni dopants according to the
JCPDS 1-1260 [23].

——

Fig. (5) XRD pattern for Ni-doped TiO, sample prepared using
gas mixing ratio of 1:1 after deposition time of 2 hours

Figure (6) shows the Fourier-transform infrared
(FTIR) spectrum of the sample prepared using Ar:O-
gas mixing ratio of 1:1 after deposition time of 2
hours. This spectrum was recorded in the
wavenumber range 400-4000 cm™ using Shimadzu
8400S FTIR spectrometer. The band assigned to Ti-
O stretching vibration was observed at around 447
and 667 cm™ while the peak at 408.91 cm™is due to
Ti-O-Ti bonds in the TiO; lattice [24]. The absorption
band at 1620 cm™ is due to the presence of O-H
bending vibration [25], which is probably because of
the re-absorption of water from the atmosphere. The
absorption bands around 3450 cm™ are attributed to
the presence of the O—H stretching mode [26,27]. The
FTIR spectrum confirms the absence of any
impurities in the prepared samples. This can be
attributed to the operation and preparation at the
optimum conditions, which represents one of the
most important advantages of the magnetron
sputtering technique.

The absorption spectra of mixed-phase undoped
and Ni-doped TiO, films were recorded in the
spectral range of 300-800 nm. Figure (7) shows the
absorption spectrum of the mixed-phase (anatase-
rutile) TiO, nanostructures prepared using gas mixing
ratio of 1:1 after deposition time of 2 hours. We
observed that the absorbance value decreases with
increasing wavelength until it almost constant. The
absorbance decreases slightly in the region of low
energies (long wavelengths) while it increases
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drastically in the region of high energies (short
wavelengths). This means that the absorbance was
high in the ultraviolet region, then it gradually
decreased in the visible region, and then there is
almost no absorption in the infrared region. The
absorption edge was at 375.7 nm.

Fig. (6) FTIR spectrum of undoped TiO, sample prepared at
inter-electrode distance of 4 cm and using Ar:O, gas mixture
of 1:1 after deposition time of 2 hour

4

Absorbance
N

[
P B

o
300 400 500 600 700 800
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Fig. (8) Absorption spectrum of undoped TiO, sample
prepared using Ar:O; gas mixture 1:1 after deposition time 2
hours

The absorption spectrum of Ni-doped TiO; thin
films is shown in Fig. (8). The Ni dopants have
successfully shifted the absorption of TiO, from UV
to the visible region because they tend to accept more
electrons and facilitate more holes to transport at the
surface. The absorption edge was at 420 nm.

The doping process of TiO, nanostructures with
Ni ions contributes to the modification of the
photocatalyst material throughout working in a
spectral region of longer wavelengths, i.e., from UV
to visible regions. The energy band gap (Eg) was
reduced from 3.3 t0 2.95 eV in case of Ni-doped TiO-
films, as shown in Fig. (9).
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4 scanning electron microscopy (SEM). The prepared
] surface is smooth and uniform. The nanoparticles are
aligned and homogeneously distributed (with no
3] voids), but their diameters and lengths are rather
uniform. The surface also contains polyhedral shells
distributed dispersively on the substrate, with some of

§ them lineup along the nanoparticle. The SEM images
8 2 show small granular grains distributed throughout the
S surface without any cracks. Also, spherical grains of
< ] sizes equal to 60-80 nm are also observed.

l -

300 400 500 600 700 800
Wavelength (nm)

Fig. (8) Absorption spectrum of Ni-doped TiO, sample
prepared using Ar:O, gas mixture 1:1 after deposition time 2
hours
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Fig. (9) Determination of energy band gap for undoped and Ni-
doped TiO, samples prepared in this work

Table (1) Results of the film thickness and energy band gap of
undoped and Ni-doped TiO, thin films

Sample Thickness (nm) Energy gap (eV)
Pure TiO, 190 33 SR RS T
Ni_doped T|02 204 295 SEW AL A Detsamvewt 0RO

Fig. (10) SEM images of the nanostructured TiO, thin film
prepared using Ar: O, gas mixture of 1:1 after deposition time

Figure (10) shows the surface morphology of of 2 hours

TiO, film grown on glass substrates with three
different scales (200nm, 500nm and 1lpum) of
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The prepared thin films were irradiate with 18W
UV source in the spectral range 200-400nm and
intensity of 10mW/cm? for two different intervals (15
and 30min). Contact angle measurements were
performed in air using the sessile drop method. The
contact angle of a water droplet on the surface was
measured before irradiation with UV and after
irradiation for 15 and 30min.

Figures (11) and (12) and table (2) show the
results of contact angle of water droplet on the
surfaces of undoped and Ni-doped TiO, samples. It
was decreased after irradiation of the prepared

samples for 15 and 30 minutes.

contact angle = 14,10

Fig. (11) Images of water droplet on the surface of undoped
TiO,sample (a) before, (b) after 15 min. and (c) after 30 min.
of UV irradiation

It was observed that the samples have high
hydrophilicity that increases with increasing
deposition time (i.e., film thickness). The good super-
hydrophilic wetting and the antifogging effect were
attributed to the highly accessible pores developed on
the TiO, coated slide, on which the water droplets can
be imbibed.
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et arygle = 18 30

Fig. (12) Images of water droplet on the surface of Ni-doped
TiO, sample (a) before, (b) after 15 min. and (c) after 30 min.
of UV irradiation

Table (2) results of contact angle (0;) measurements of
undoped and Ni-doped TiO, samples

0. after 0. after
0. before
Sample 15 min 30 min
irradiation
irradiation irradiation
Undoped TiO; 80.07° 38.16° 14.1°
Ni-doped TiO, 22.68° 18.30° 9.54°

4. Conclusions
Undoped and Ni-doped nanostructured TiO> thin
films were prepared by dc reactive magnetron

© ALL RIGHTS RESERVED

sputtering technique and deposited on glass
substrates. The structures of the prepared thin films
were mixed-phase and polycrystalline. These
nanostructures were highly pure and homogeneous.
The contact angle of a water droplet on the surfaces
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IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 17, No. 1, January-March 2021, pp. 3-8

of undoped and Ni-doped TiO, thin films was
decreased after 15 minutes of UV irradiation for all
samples. The Ni-doped TiO, samples have high
hydrophilicity that increases with increasing film
thickness.
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Some Physical Properties of
Metal-Hydroxyquinoline
Complexes in Different
Solvents

In this work, different organometallic complexes were prepared by linking
metallic ions such as aluminum, barium, copper, manganese and zinc to 8-
hydroxyquinoline ligand. The physical properties of these complexes in
different solvents, mainly DMF and DMSO, were studied. Most complexes
showed lower absorbance as well as lower refractive index when compared to
those of 8-hydroxyquinoline in DMF or DMSO. Some samples showed
comparable values due to the formation of nanoparticles within the prepared
structures. As well, the zinc-hydroxyquinoline (Zng2) complex showed that
two absorption edges with comparable intensities are formed. These results
may encourage to consider these complexes for some spectroscopic
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applications such as laser dyes and random gain media.
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1. Introduction

The 8-hydroxyquinoline (8-HQ) may be a cyclic
compound  ensuing  from  quinolone  (1-
azanaphthalene) and consists of 2 ring systems [1]. It
is one phenolate a part of catecholate and one alkali
donor of bipyridyl and is mirrored as a conjugate of 2
coordinating positions. It is thought about as
monoanionic species and bridges the gap between the
dianionic catecholate and therefore the neutral
bipyridine [2].

A fast survey of the structure of 8-HQ reveals that
it's -OH cluster and pyridyl N atom gift in 8-
hydroxyquinoline that have the flexibility to act as a
weak base and a weak acid underneath basic and
acidic conditions, severally that is in a position to
come with the equilibrium between quinolinate N~O
in deprotonated type and quinolinium NH*~OH
within the protonated form [3].

Zinc complexes are particularly vital as a result of
the simplicity in synthesis procedures and wide
spectral response. In depth analysis work goes on in
varied laboratories to synthesize new Zn complexes
containing new ligands to supply variety of novel
light zinc complexes [4-6].

Many complexes of 8-hydroxyquinoline such as
AlQs, ZnQ,, MgQz, ZnQ,, and BeQ; have been
extensively studied as emitters [7,8].

It is acknowledge that by substitution of a T-donor
cluster akin to chemical element atom on the
phenolate ring Associate in nursing an electron-
withdrawing one on the alkali pyridine ring leads to
red and blue shifted emissions [9-11].

8-Hydroxyquinoline is an organic compound with
the formula CoH;NO. It is a derivative of the
heterocycle quinoline by placement of an OH group
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on carbon number 8. 8-hydroxyquinoline (8-HQ) is a
conjugated system and a bi functional hydrogen
bonding molecule, in parotic solvents simultaneously
acts as an H donor at the O-H group and as an H
acceptor at the N atom [12].

The aluminium complex of 8-HQ, known as Algs
[13,14] has been applied to solar cells and
optoelectronics [15]. Ruthenium complexes of 8-
hydroxyquinoline are promising for catalysis in
photosynthetic systems for fuel production [16].

It is known that Cr(lll) and Al(lIl) have very
similar ionic radii, coordination numbers (typically
six) as well as comparable thermodynamic stabilities.
In addition, 8-hydroxyquinolinate complexes of
Cr(111) and AI(I1) also exhibit excellent electronic
spectral properties [17-20]. However, to the best of
our knowledge, Cr(lIl) 8-hydroxyquinolates are
rarely explored, even though 8-hydroxyquinoline
shown excellent coordination ability with various
metal ions [21,22].

In this work, organometallic complexes were
prepared by direct mixing of 8-hydroxyquinoline
ligand with some aqueous precursors to extract metals
linked to this ligand and form the required complexes.
Some physical properties and  spectroscopic
characteristics of the prepared complexes were
determined. Such study is required to assess the
performance of such complexes as fluorescent media
in visible region of electromagnetic spectrum.

2. Experimental Part

Table (1) shows the chemicals and precursors
used in this work to prepare the organometallic
complexes. Table (2) shows the properties of the
Dimethyl Formamide (DMF) and Dimethyl
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sulfoxide (DMSO) solvents used in this work to
prepare the final samples for spectroscopic
measurements.

Table (1) The chemicals and precursors used in this work

Chemical Description
AICl;.6H,0 Potassium alum
KAI(S04),.12H,0 Aluminium chloride hexahydrate
BaCl,.2H,0 Barium chloride dihydrate
CuCl,.2H,0 Copper chloride dihydrate
MnCl,.4H,0 Manganese chloride tetrahydrate
ZnCl, Zinc chloride
Zn(CH3C00),-2H,0 Zinc acetate dihydrate

Table (2) The properties of the DMF and DMSO solvents
used in this work

Polarity Dipole Dielectric

Index Moment Constant
DMF 6.4 3.86 36.71
DMSO 7.2 4.1 46.68

A sample of 4.35g of 8-Hydroxyquinoline was
dissolved in a mixture of 15 mL methanol and then it
was stirred well till orange transparent solution was
obtained. Separately, 3.75 g of AICI;.6H,O was
dissolved in methanol, and stirred well till crystal
transparent solution was obtained. These two
solvents were mixed and the resultant suspension
was stirred for 20 minutes. The other complex
solutions such as Bagy, Cugz, Mngz and Zng;, were
prepared using the same method as used for Algs. As
well, the mole ratios of 8-quinolinol to
Zn(CH3;CO0),-2H20 was chosen as 2:1. Finally, the
products were dried in oven at 60°C.

The absorbance of the prepared complexes was
determined using UV-visible spectrophotometer in
the spectral range of 200-900 nm. From these
measurements, the refractive index of each complex
was determined using suitable software.

Some samples were tested with the field-effect
scanning electron microscopy (FE-SEM) in order to
confirm the formation of nanoparticles within these
samples. The effect of nanoparticle formation on the
physical properties of prepared complexes was
introduced.

3. Results and Discussion

Figure (1) shows the absorption spectra of the 8-
hydroxyquinoline (8-Hq) ligand dissolved in two
different solvents (DMF and DMSO). It is clear that
this ligand shows high absorbance in the ultraviolet
(UV) wavelengths shorter than 340 nm before a fast
decrease to be approximately transparent at 380 nm
and longer wavelengths (visible region). However,
the 8-Hgq dissolved in DMSO shows higher
absorbance (>100%) than that in DMF. This may be
attributed to the properties of these solvents mainly
polarity index, dipole moment, and dielectric
constant.
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Fig. (1) Absorbance of 8-hydroxyquinoline ligand in different
solvents (@) DMF and (b) DMSO

In similar way, the values of refractive index of
the 8-Hq ligand in two different solvents (DMF and
DMSO) were determined and compared as shown in
Fig. (2). At wavelengths shorter than 345 nm, the 8-
Hg in DMF shows higher value of refractive index
than that in DMSO. However, the maximum value of
refractive index about 1.5 was determined at 352 nm
for both cases. Also, both samples show identical
behavior in the visible region (380-700 nm).
Accordingly, the effect of solvent was clearly
observed in the UV region.
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Fig. (2) Variation of refractive index of 8-hydroxyquinoline
ligand in different solvents (a) DMF and (b) DMSO

The absorption spectra of organometallic
complexes (Algs, Bagz, Cugz, Mngz and Zngy) in
DMF are presented in Fig. (3). Table (3) shows the
absorption edges of the 8-Hq ligand and prepared
complexes in DMF. Similarly, the absorption spectra
of organometallic complexes (Algs, Bagz, Cudp,
Mng; and Zng_) in DMSO are presented in Fig. (4).
Table (4) shows the absorption edges of the 8-Hq
ligand and prepared complexes in DMSO. The
summary of these results are shown in Fig. (5).
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It is clear that the type of solvent has no effect on
the absorption edge of the Algs complex, has slight
effect on the absorption edge of the Cugz and Mnq:
complexes, and reasonable effect on the absorption
edge of the Bag. complex. The Zng, shows two
comparable absorption edges at 340 and 400 nm in
DMF and at 338 and 400 nm in DMSO. Also, in
general, the organometallic complexes show shift in
absorption edge towards longer wavelengths.
However, the Bag, in DMF shows irregular behavior
as the absorption edge was simply decreased by
~100% (at 318nm) when compared to the absorption
edge of the 8-Hq in DMF (at 334nm).
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Table (3) Absorption peaks of the prepared complexes 1 +———— . T
compared to that of 8-Hg in DMF 300 400 500 600 700
Wavelength (nm)
. Absorption Edge 1.6
Complex Absorption Peak (nm) Baq2
8-Hg in DMF 2.113 334 ——8-Hq
Alqgs 0.852 386 1.5
Bag, 0.938 318
Cug;, 0.174 414
Mng. 0.387 392 5 14
7n 0.342 340 S
i 0.341 400 <
213
Q
Table (4) Absorption peaks of the prepared complexes g
compared to that of 8-Hg in DMSO &
1.2
Complex Absorption Peak ABSHTOME (=0l
(nm) 11
8-Hg in DMSO 4 346
Algs 1.356 386
Bag; 0.385 402 1+ T T
Cug, 0.247 406 300 400 500 600 700
Mnd. 0.354 400 Wavelength (nm)
7n 0.544 338
4 0.526 400
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In general, all prepared complexes have lower
values of refractive index when compared to the 8-Hq
in DMF or DMSO. This is attributed to the linkage of
metallic ions to the ligand. However, the Baqg in
DMF and Algs in DMSO have refractive indices
comparable to that of 8-Hq in either DMF or DMSO.
This result agrees to that of absorption shown before.

In order to interprete the different behaviors of
Algs and Bag, complexes, the FE-SEM has
confirmed the formation of nanoparticles in these
samples with minimum particle size of 8.2 and 49.4
nm for Algs and Bagy, respectively, while other
complexes, such as Zng,, shows reasonably larger
particles. These nanoparticles are highly expected to
play a key role in the spectroscopic properties of the
prepared complexes due to the quantum size effect.
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Table (5) Refractive indices of the prepared complexes

compared to that of 8-Hqg in DMF

Maximum
Sl Refractive index @

8-Hg in DMF 1.488 382
Algs 1.487 386
Bag; 1.502 318
Cuq; 1.144 414
Mng;, 1.293 392
Znp 1.265 340
1.264 400

Table (6) Refractive indices of the prepared complexes

compared to that of 8-Hg in DMSO

Maximum
Complex Refractive index @nm

8-Hg in DMSO 1.503 352
Algs 1.511 402

Bag, 1.292 402

Cug; 1.198 406
Mng;, 1.273 400
Zng, 1.381 338
1.371 404
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Fig. (8) FE-SEM images of some M-8-hydroxyquinoline
complexes prepared in this work

4. Conclusion

In concluding remarks, the properties of solvent,
such as polarity index, dipole moment and dielectric
constant, have affected the physical properties of
organometallic complexes, especially absorption and
refractive index in the spectral range 300-800 nm.
Linkage of metal ions to the ligand structure has lead
in general to decrease the absorbance as well as the
refractive index of the prepared complex. The
formation of nanoparticles within the complex
structure was found to have reasonable effect on these
properties due to the quantum size effect.
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Comparative Study of Structural
and Optical Properties of Silicon
Dioxide Nanoparticles Prepared
by DC Reactive Sputtering and
Sol-Gel Route

In the present work, nanostructured silicon dioxide thin films were synthesized using
two different deposition techniques: sol-gel and dc reactive plasma sputtering.
Amorphous structural phase of silica films was observed for the samples synthesized by
both methods. The scanning electron microscopy indicated that the average particle size
of samples prepared by plasma sputtering was smaller than that of samples prepared
sol-gel. The spectroscopic measurements confirmed the formation of siloxane bonds as
well as the high content of hydroxyl groups in samples prepared by sol-gel while those
prepared by plasma sputtering showed lower content of OH while siloxane was not
found in the final sample at all. Energy band gap was determined and found to be 4.57
eV for sample prepared by sol-gel and 3.82 eV for samples prepared by plasma
sputtering. These results highlight the advantages of plasma sputtering technique over

sol-gel as thin film deposition methods.

Keywords: Silicon dioxide; nanostructures; Reactive magnetron sputtering; Sol-gel
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1. Introduction

In recent years, nanoparticles have attracted much
attention because to their distinct properties that
make them suitable for different applications
including catalysts, humidity sensors, pigments and
pharmaceuticals [1,2]. Silicon dioxide or silica (SiO2)
nanostructures have represented excellent choice in
scientific and industrial applications due of its ease of
production and appropriateness for a wide range of
uses such as anti-resistance, corrosion resistance,
stiffness, dielectric and optical transparency [3-5].
The industrial silica (silica gels, acidic silica and
precipitated silica) is pure and can be produced as
powder with amorphous structure compared to
natural silica that is crystalline like quartz [6].

There are several physical and chemical
deposition methods used to prepare silica thin films
such as reactive sputtering [7-10], spray pyrolysis
[11], anodization [12] and sol-gel [13-16]. Among
these methods, sol-gel is a chemical wet method
includes changing the composition and viscosity of
the sol, and the thickness of the prepared film can be
reasonably controlled. Final product may be shaped
in several structural forms by controlling gelation
conditions and can be supported with different
materials. Sol-gel is usually used to prepare
amorphous phase with drying at 250 °C. There are
several factors that influence the final product of sol-
gel such as pH, temperature, time, molar ratios of
reactants, and properties of solvent [17].

On the other hands, the dc reactive plasma
sputtering technique is highly interesting for
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industrial purposes for many reasons, mainly; metal
alloys can be synthesized as thin films, formation and
thickness of the prepared films can be controlled [18],
and large-scale production is possible [19]. There are
many factors affecting sputtering technique such as
gas pressure, gas mixing ratio, flow rate, substrate
biasing, inter-electrode distance, discharge power,
etc. [14-18].

The goal of the present work is to compare the
optical and structural characteristics of silica
nanoparticles synthesized by two different deposition
techniques; sol-gel and dc reactive plasma sputtering.
Such comparison is very important to make these
nanoparticles applicable in several applications.

2. Experimental Part

The Synthesis of silica thin films by sol-gel
method includes mixing ethanol and
tetraethylorthosilicate (TEOS, Sigma-Aldrich, 98%)
with a molar ratio of 1:4 to prepare the first mixture.
The catalyst mixture was containing deionized water
calibrated to certain pH value by addition of 0.15 M
of hydrochloric acid (HCI, >95%) mixed with ethanol
(EthOH, Fluka Grantie, 99.9%) at molar ratio of 2:4.
Then, the catalyst mixture was added dropwise to the
first mixture to form the final sol. Finally, 0.5 ml of
N,N-dimethaylformamide (99%) was added to the
final sol as drying-control chemical additive, then
casting in a covered glass tube at 60 °C aging for 2
hours. After that, the silica films were prepared by
placing drops of the sol on substrate with spinning
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speed of 3500 rpm by spin coating system and dried
the film at 60 °C for 2 hours.

Synthesis of silica thin films using dc closed-field
unbalanced magnetron (CFUBM) reactive plasma
sputtering technique was carried out as follows. A p-
type silicon wafer of 6cm diameter was linked to the
cathode inside deposition chamber as a target and the
glass substrate was placed on the anode. The
deposition chamber was initially evacuated down to
~0.01 mbar using double-stage rotary pump. The
operation parameters of the sputtering configuration
include total gas pressure in the range 0.06-0.1 mbar,
inter-electrode distance of 4 cm, Ar:O; gas mixing
ratio of 1:1, gas flow rate of 1 sccm. The applied
voltage could be varied during operation in order to
control the discharge current at 40 mA. In the
chamber, after reaching the operating pressure of
0.01 mbar, the gas mixture of discharge (argon) and
reactive (oxygen) gases were pumped into chamber
and the plasma was generated at breakdown voltage
of about 290V. Deposition time was 3 hours.

The structural and optical characteristics of the
silica thin films prepared by both techniques were
studied by the x-ray diffraction (XRD) using
Shimadzu diffractometer with Cu Ko radiation
(A=1.54060A) at 40.0 kV and 30 mA, scanning
electron microscopy (SEM), Fourier-transform
infrared (FTIR) spectrometry using Shimadzu 8400S
spectrometer, and UV-Visible spectrometry using
Visual Spectrometry 2.1Sr (Korea).

3. Result and Discussion

The XRD analysis was performed on the prepared
samples and typical diffraction patterns are shown in
Fig. (1). It is clearly observed that the samples
prepared by both methods have amorphous structures
because the XRD diagrams did not show patterns
emerging from the crystalline phases. Silica are
mostly exhibit amorphous structure when prepared
by common deposition techniques. However,
crystalline silica can be synthesized by crystal growth
processes.

The vibrational bands of silica were found in the
FTIR spectra of thin film samples as seen in Fig. (2).
These spectra show common bands, a broad band
centered at 3400 cm™ is ascribed to stretching
vibrations of the free silanol group Si-OH on the
surface of silica network and the hydroxyl groups of
adsorbed water [20]. The bands around ~460 (466)
cm! match to the bending mode of Si-O-Si bond and
the band around ~802 cm™ match to the symmetric
vibration of Si-O bond. The situation and the form of
Si-O vibrational band around 1072 (1063) cm refer
to asymmetric vibration appears a stoichiometric
silicon dioxide structure [21-23].

Figure (3) illustrates the UV-Visible absorption
spectra of silica thin films synthesized by sol-gel and
plasma sputtering. The absorption edge is 339 nm for
the samples prepared by sol-gel and 352 nm for the
samples prepared by sputtering. The absorption of

silica thin films is highly dependent on the
transparency (or thickness) of the film. It can be seen
that the intensity of the absorption spectrum of pure
silica continuously decreases with wavelength
without any peaks [25,26].
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Fig. (1) XRD patterns of silica thin film samples prepared by
(a) dc reactive sputtering, and (b) sol-gel

Fig. (2) FTIR spectra of silica thin film samples prepared by
sol-gel (black line) and by dc reactive sputtering (red line)

We can conclude from the figure above that the
plasma sputtering technique is better because of the
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high homogeneity, as well as lower OH groups, i.e.,
less porosity.

Using Tauc’s equation, the band gap energy of
prepared thin film samples can be determined as:
(ahv)™ = A (hv — Eg)
where h is the Planck’s constant, v is the photon
frequency, Eqis the band gap energy, and Ais a
constant
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Fig. (3) Absorption spectra of silica thin film samples prepared

by sol-gel method (black line) and by dc reactive sputtering
(red line)
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Fig. (4) Determination of energy band gap for silica thin film
samples prepared by (a) sol-gel, and (b) dc reactive sputtering

The value of n depends on the nature of the
electron transition and is equal to 0.5 or 2 for the
direct and indirect transition band gaps, respectively
[27]. The energy band gap was determined to be 3.82
eV for the sample prepared by plasma sputtering and
4.57 eV for the sample prepared by sol-gel as shown
in Fig. (4).

Figure (5) shows the SEM micrographs of the
silica samples prepared in this work by both methods.
The SEM micrographs in Fig. (5a) shows silica
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nanoparticles prepared by sol-gel method. It can be
observed that the average particle size is 26.8 nm.
Figure (5b) shows silica nanoparticles prepared by
plasma sputtering technique. The average particle
size is 18 nm. This large difference in average particle
size can be considered as an advantage of sputtering
technique in nanostructure fabrication. It also can be
seen that the aggregation over the prepared
nanoparticles is relatively low [28].

P SR el R |
. . ®) .
Fig. (5) SEM micrographs of silica nanoparticles prepared by
(a) sol-gel, and (b) dc reactive sputtering

4. Conclusion

In concluding remarks, the structural and optical
properties of the nanostructured silicon dioxide thin
films synthesized by sol-gel method and sputtering
technique have been compared. Silicon dioxide
nanostructures prepared in this work was same
amorphous and have one peak in all two methods.
Spectroscopic  studies showed that the SiO;
compound was formed in both methods but with
lower OH groups, little aggregation and higher
homogeneity of nanoparticles prepared by sputtering
technique. The band gap energy of the film samples
prepared by plasma sputtering (3.82 eV) was lower
than that prepared by sol-gel (4.57 eV). Accordingly,
we can conclude that plasma sputtering technique is
better to synthesize silica due to high uniformity of
film thickness, good control of deposition rate, good
adhesion of film to substrate and good optical
properties.
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1. Introduction

One technology that applies solid-state diffusion
is the fabrication of semiconductor integrated circuits
(ICs). Each integrated circuit chip is a thin square
wafer having dimensions on the order of 6 mm by 6
mm by 04 mm; furthermore, millions of
interconnected electronic devices and circuits are
embedded in one of the chip faces. Single-crystal
silicon is the base material for most ICs. In order for
these IC devices to function satisfactorily, very
precise concentrations of an impurity (or impurities)
must be incorporated into minute spatial regions in a
very intricate and detailed pattern on the silicon chip;
one way this is accomplished is by atomic diffusion.

Most practical diffusion situations are unsteady-
state ones. That is, the diffusion flux and the
concentration gradient at some particular point in a
solid vary with time, with a net accumulation or
depletion of the diffusing species resulting. This is
illustrated in Fig. (1), which shows concentration
profiles at three different diffusion times.

Normally two heat treatments are used in this
process. In the first, or predeposition step, impurity
atoms are diffused into the silicon, often from a gas
phase, the partial pressure of which is maintained
constant. Thus, the surface composition of the
impurity also remains constant over time, such that
impurity concentration within the silicon is a function
of position and time according to Equation 5.5.
Predeposition treatments are normally carried out
within the temperature range of 900 and 1000°C and
for times typically less than one hour.
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Concentration of diffusing species
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Fig. (1) Concentration profiles for unsteady-state diffusion
taken at three different times, ty, t,, and ts

The second treatment, sometimes called drive-in
diffusion, is used to transport impurity atoms farther
into the silicon in order to provide a more suitable
concentration distribution without increasing the
overall impurity content. This treatment is carried out
at a higher temperature than the predeposition one (up
to about 1200°C), and also in an oxidizing
atmosphere so as to form an oxide layer on the
surface. Diffusion rates through this SiOz layer are
relatively slow, such that very few impurity atoms
diffuse out of and escape from the silicon. Schematic
concentration profiles taken at three different times
for this diffusion situation are shown in Fig. (2); these
profiles may be compared and contrasted to those in
Fig. (1) for the case wherein the surface concentration
of diffusing species is held constant. In addition,
figure (3) compares (schematically) concentration
profiles for predeposition and drive-in treatments.
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Fig. (2) Schematic concentration profiles for drive-in diffusion
of semiconductors at three different times, ti, t,, and t;

If we assume that the impurity atoms introduced
during the predeposition treatment are confined to a
very thin layer at the surface of the silicon (which, of
course, is only an approximation), then the solution to
Fick’s second law takes the form

xZ

C(x,t) = \/%exp (— E) Q
Here Qo represents the total amount of impurities in
the solid that were introduced during the
predeposition treatment (in number of impurity atoms
per unit area); all other parameters in this equation
have the same meanings as previously. Furthermore,
it can be shown that

Q0 = 26, 72 @)

where Cs is the surface concentration for the
predeposition step (Fig. 3), which was held constant,
Dp is the diffusion coefficient, and tp is the
predeposition treatment time.

Cy

After predeposition

After drive-in

Concentration of diffusing species (C)

Distance into silicon (x)

Fig. (3) Schematic concentration profiles taken after (1)
predeposition and (2) drive-in diffusion treatments for
semiconductors. Also shown is the junction depth, x;

Another important diffusion parameter is junction
depth, x;. It represents the depth (i.e., value of x) at
which the diffusing impurity concentration is just

equal to the background concentration of that
impurity in the silicon (Cs) (Fig. 3). For drive-in
diffusion xj may be computed using the following
expression:

2 = [@patom (=2 )| ®

mDgtg
Here Dd and ta represent, respectively, the diffusion
coefficient and time for the drive-in treatment.

2. Experimental Part

Subsequent to the predeposition and drive-in heat
treatments just described, another important step in
the IC fabrication process is the deposition of very
thin and narrow conducting circuit paths to facilitate
the passage of current from one device to another;
these paths are called interconnects, and several are
shown in Fig. (4), a scanning electron micrograph of
an IC chip. Of course the material to be used for
interconnects must have a high electrical conductivity
— a metal, because, of all materials, metals have the
highest conductivities. Table (1) cites values for
silver, copper, gold, and aluminum, the most
conductive metals. On the basis of these
conductivities, and discounting material cost, Ag is
the metal of choice, followed by Cu, Au, and Al.

Fig. (4) Scanning electron micrograph of an integrated circuit
chip, on which is noted aluminum interconnect regions.
Approximately 2000X. (Photograph courtesy of National
Semiconductor Corporation.)

Table (1) Room-Temperature Electrical Conductivity Values
for Silver, Copper, Gold, and Aluminum (the Four Most
Conductive Metals)

Metal Electrical conductivity (Q.m)* x10”
Aluminum 3.8
Gold 4.3
Copper 6.0
Silver 6.8

Once these interconnects have been deposited, it
is still necessary to subject the IC chip to other heat
treatments, which may run as high as 500°C. If,
during these treatments, there is significant diffusion
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of the interconnect metal into the silicon, the
electrical functionality of the IC will be destroyed.
Thus, because the extent of diffusion is dependent on
the magnitude of the diffusion coefficient, it is
necessary to select an interconnect metal that has a
small value of D in silicon. Figure (5) plots the
logarithm of D versus 1/T for the diffusion, into
silicon, of copper, gold, silver, and aluminum. Also,
a dashed vertical line has been constructed at 500°C,
from which values of D for the four metals are noted
at this temperature. Here it may be seen that the
diffusion coefficient for aluminum in silicon (2.5x10
2L m?/s) is at least four orders of magnitude (i.e., a
factor of 10%) lower than the values for the other three
metals.

Aluminum is indeed used for interconnects in
some integrated circuits; even though its electrical
conductivity is slightly lower than the values for
silver, copper, and gold, its extremely low diffusion
coefficient makes it the material of choice for this
application.An aluminum—coppersilicon alloy (94.5
wt% Al-4 wt% Cu-1.5 wt% Si) is sometimes also
used for interconnects; it not only bonds easily to the
surface of the chip, but is also more corrosion
resistant than pure aluminum.

More recently, copper interconnects have also
been used. However, it is first necessary to deposit a
very thin layer of tantalum or tantalum nitride beneath
the copper, which acts as a barrier to deter diffusion
of Cu into the silicon.

wrficient Im

Ditfusion co

Fig. (5) Logarithm of D-versus-1/T (K) curves (lines) for the
diffusion of copper, gold, silver, and aluminum in silicon. Also
noted are D values at 500°C

3. Results and Discussion

Boron atoms are to be diffused into a silicon wafer
using both predeposition and drive-in heat treatments;
the background concentration of B in this silicon
material is known to be 1x10%° atoms/ms. The
predeposition treatment is to be conducted at 900°C
for 30 minutes; the surface concentration of B is to be
maintained at a constant level of 3x10%® atoms/ma.
Drive-in diffusion will be carried out at 1100°C for a
period of 2 h. For the diffusion coefficient of B in Si,
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values of Qdand Do are 3.87 eV/atom and 2.4x10°3
m?/s, respectively.

The value of Qo is calculated using Eq. (2).
However, before this is possible, it is first necessary
to determine the value of D for the predeposition
treatment [Dp at T=Tp = 900°C (1173 K)] using
Equation 5.8. (Note: For the gas constant R in
Equation 5.8, we use Boltzmann’s constant k, which
has a value of 8.62x107° eV/atom.K). Thus

Q
D, = Dyexp (— ﬁ) 4)
3.87 eV/atom
10-5eV/atom)(1173K)

- -3,.2 -
=(24%x103m /s)exp[ B62
=5.73 x 1072°m?/s

The value of Qo may be determined according to
Eq. (2) as follows:

Qo = 265 |22 ()

(5.73 x 10729 m? /s)(30 min) (60 s/min)
Ja

= 2(3 x 1026 atom/m?3)

= 3.44 x 108 atom/m?

Computation of the junction depth requires that
we use Eq. (3). However, before this is possible it is
necessary to calculate D at the temperature of the

drive-in treatment [Daat 1100°C (1373 K)]. Thus,
3.87 eV/atom

" (8.62 x 10-5eV/atom) (1373K)

Dy = (2.4 x 10‘3m2/s)exp[

=151 x10"m?/s
Now, from Eg. (3),

X, = [(4Ddtd)ln (CBQ—d)] o)

mDgt

[4(1.51 x 10717)(7200)

1
2

< 3.44 x 108 >]
X In

(1 x 1029),/(m)(1.51 x 10-17)(7200)
=219%x107®*m = 2.19um

At x=1 um for the drive-in treatment, we compute the
concentration of B atoms using Eg. (1) and values for
Qo and Dq determined previously as follows:
Qo x?
C(x, t) = \/mexp (— m)
3.44 x 10'8 <
p

= [S):¢
V(@ (151 x 10-17)(7200)
=5.90 X 10?3 atoms/m?

(1 x 1076)2
T (@)(1.51 x 10-17)(7200)>

4. Conclusion

In this study, the concentration profiles for
unsteady-state and drive-in diffusion conditions into
semiconductors taken at different times were
considered and compared. As well, the diffusion of
copper, gold, silver, and aluminum in silicon was
determined using the analytical expressions derived
from Fick’s law of diffusion. These situations were
compared to the experimental situation of boron
diffusion into silicon and the effect of heat treatment
as considered by integrated circuit technology.
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into Directional Radiation

Based on Surface Plasmon-
Coupled Emission

The use of metallic particles to modify emission was accomplished by interaction
of the excited dipoles of the fluorophore with oscillating electrons in a nearby
metallic surface. We used the term "'metal** to describe such surfaces. We described
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how a fluorophore near a metal can have a different radiative-decay rate. This is
an unusual effect because this rate does not change substantially when a
fluorophore is in different environments. In this study, we describe another
phenomenon that occurs when a fluorophore is near a metal. Under certain
circumstances a fluorophore can couple with a continuous metallic surface to
create groups of oscillating electrons called surface plasmons. If the metal film is
thin and on an appropriate substrate the plasmons radiate their energy into the

substrate. We call this phenomenon surface plasmon coupled emission (SPCE).
There are numerous potential applications for this phenomenon that efficiently
collects the emission and transforms it into directional radiation.
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1. Introduction

Prior to describing the theory for SPCE it is
informative to describe this phenomenon (Fig. 1).
Suppose an excited fluorophore is positioned above a
thin silver film, where the metal film is continuous
and about 50 nm thick. Such films are visually
opaque. Remarkably, the emission from the
fluorophore is not reflected but is efficiently
transferred through the film. The spatial distribution
of fluorescence is isotropic or nearly isotropic.
However, the emission seen through the film occurs
only at a unique angle 6 measured from the normal.
Since the sample is symmetric about the normal z-
axis the emission occurs as a cone around the axis.
This cone is not due to selective transmission of
emission through the film. A large fraction of the total
emission appears in the cone. About half of the
emission appears in the cone and about half is free-
space emission away from the film. The emission in
the cone has the same emission spectrum as the
fluorophore.

The light from the excited fluorophore appearing
in the cone is called surface plasmon-coupled
emission (SPCE) [1]. This name reflects our current
understanding of the phenomenon. We believe the
excited fluorophore creates surface plasmons in the
metal. These plasmons do not appear to be the result
of RET to the surface because the distances over
which SPCE occurs are too large for RET. SPCE
occurs over distances up to 200 nm or 2000A, which
are much larger than Forster distances near 50A. The
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plasmons radiate into the substrate at an angle
determined by the optical properties of the metal and
substrate. Since the wavelength distribution of SPCE
is the same as the fluorophore emission it is tempting
to assume it originates from the fluorophore.
However, the emission is 100% p-polarized, even if
the fluorophores are randomly oriented and excited
with unpolarized light. See Chapter 2 for a definition
of p-polarization. This polarization indicates the
surface plasmons are radiating and not the
fluorophores.

' 8 Directional
8 _ I B Emission
Fig. (1) Surface plasmon-coupled emission. F is a fluorophore

The phenomenon of SPCE appears to be closely
related to surface-plasmon resonance (SPR). SPR is
now widely used in the biosciences and provides a
generic approach to measurement of biomolecule
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interactions on surfaces [2-6]. A schematic
description of SPR is shown in Fig. (2). The
measurement is based on the interaction of light with
thin metal films on a glass substrate. The film is
typically made of gold 40-50 nm thick. The surface
contains a capture biomolecule that has affinity for
the analyte of interest. The capture biomolecule is
typically covalently bound to the gold surface. This
sample is optically coupled to a hemispherical or
hemicylindrical prism by an index-matching fluid.
Light impinges on the gold film through the prism,
which is called the Kretschmann configuration. The
instrument measures the reflectivity of the gold film
at various angles of incidence (8), with the same angle
used for observation ().

Light
source

Glass

Index matching
fluid

4+ Glass
Gold film

> Evanescent field

o)
ot

-

= 200 nm

Fig. (2) Typical configuration for surface-plasmon resonance
analysis. The incident beam is p-polarized

2. Approach and Modelling

The usefulness of SPR is due to the dependence
of the reflectivity of the gold film on the refractive
index of the solution immediately above the gold
film. The angle-dependent reflectivity of the gold
surface is dependent on the refractive index of the
solution because there is an evanescent field
extending from the gold surface into the solution.
Binding of macromolecules above the gold film
causes small changes in the refractive index, which
result in changes in reflectivity. Figure (3) shows
typical SPR data: a plot of reflectivity versus the
angle of incidence for a 47-nm gold film [7-9]. The
reflectivity minimum occurs at the SPR angle. The
SPR angles change as the gold surface is coated with
11-mercaptoundecanoic acid (MU), then biotinylated
polylysine (PL), and finally avidin. The changes in
SPR angle are due to changes in the refractive index
near the gold surface due to the adsorbed layers.

The decrease in reflectivity at the SPR angle (6sp)
is due to absorption of the incident light at this
particular angle of incidence. At this angle the
incident light is absorbed and excites electron
oscillations on the metal surface. The reflectivity is
sensitive to the refractive index because of the
evanescent field that penetrates approximately 200
nm into the solution (Fig. 2). The evanescent field

appears whenever there is resonance between the
incident beam and the gold surface. An evanescent
field is not present when there is no plasmon
resonance, that is, when the reflectivity is high.

The existence of an evanescent field is
reminiscent of total internal reflectance (TIR), which
occurs between a glass—water interface when the
angle of incidence from the glass slide exceeds the
critical angle [10]. There can be confusion about the
relationship between the critical angle in TIR (6¢) and
the SPR angle (8sp). The physical origins of 6c and
Osp are similar, in that both are dependent on
wavevector matching at the sample—glass or metal
interface. However, these angles are different and not
directly related. This difference between 6¢ and 0sp is
illustrated in Fig. (4), which compares glass and
silver—coated glass surfaces [11,12]. The silver-
coated surface shows high reflectivity at all angles
except around the plasmon angle near 30°. The
reflectivity of a glass surface is quite different. The
reflectivity is low below the critical angle 6c,
increases sharply to nearly 100% at 6c, and remains
high for all angles above 6c. For the glass surface and
angles above 0c there exists an evanescent field from
the totally internally reflected light. For the silver-
coated glass there is no evanescent field in the
aqueous phase unless the angle of incidence is near
the SPR angle. The reflectivity of the silver film is
high at angles significantly larger or smaller than 6sp.
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Fig. (3) SPR reflectivity curves for a 47-nm gold film on BK-7
glass. IHlumination was at 633 nm. The gold film was
progressively coated with 11-mercaptoundecanoic acid (MU),
followed by biotinylated poly-lysine (PL), and then avidin.
Adapted from [7-9]

The evanescent wave due to SPR is much more
intense than that due to TIR [11-17]. The relative
strengths of the fields can be measured by the
fluorescence from fluorophores near the surface. For
the sample shown in Fig. (4) fluorophores were
localized within the evanescent field by coating with
a polyvinyl alcohol (PVA) film that contained a
fluorophore. The dependence of the emission on the
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incident angle indicates the relative intensity of the
evanescent wave felt by the fluorophores. For the
glass surface the emission intensity is low for 6 < 6c.
This low value is essentially the same as seen in a
typical fluorescence measurement where the
fluorophore is excited in a glass or quartz cuvette. As
the incident angle exceeds Oc the intensity drops
about twofold because the incident light undergoes
TIR rather than passing into the sample. Above the
critical angle the remaining intensity represents the
amount of excitation due to the TIR evanescent wave.
This result indicates that the field strength for TIR is
roughly the same for the incident light and the
evanescent wave.

3. Results and Discussion

Different results are seen for the labeled film on
the silver surface. The emission intensity is near zero
for angles above and below 6c because of the high
reflectivity of the metal film. In contrast to uncoated
glass, the light does not penetrate the sample even
though 6 < 6¢. There is a dramatic increase in the
emission intensity of the film near the plasmon angle:
about 15-fold. This effect is due to a 10- to 40-fold
increase in the intensity of the evanescent field above
silver as compared to above glass with TIR [18-21].
This increase in field strength above a metal film is
one origin of the increased sensitivity possible with
plasmon-coupled emission.

1.0 10 +
‘.- 0.8 48 ;
X -
2 =z
)>—. %91 ‘L Rellectonce Emission 16 ;
5 P Ag Ay A
o 0.4F f > Gloss -~ = = Glass 44 %
4 14 &
w ¥ 2
2 o -ﬂj 8¢ 8sp 12 3
I T o
fad st s N 3
0 4 4 0 &

20 25 30 35 40
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Fig. (4) Reflectivity curves for a bare glass and silver-coated
glass, both spin coated with a fluorophore in polyvinyl alcohol.
The prism is LaSFNy glass, 633 nm. Also shown is the
fluorescence from the labeled PVA film on the glass and silver
surfaces [11]

An important characteristic of the SPR angles is
that they are strongly dependent on wavelength. Fig.
(5) shows the reflectivity curves of a gold film for
several wavelengths [22]. The surface plasmon angle
decreases as the wavelength decreases. The
dependence on wavelength can be understood in
terms of the optical constants of the metals, which
depend upon wavelength (frequency) and the
dielectric constant of the adjacent prism. This
dependence of 0sp on wavelength is the origin of
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intrinsic spectral resolution when observing surface
plasmon-coupled emission.
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Fig. (5) Calculated wavelength-dependent reflectivity for a 47-
nm-thick gold film [22]

4. Conclusion

In this study, we describe another phenomenon
that occurs when a fluorophore is near a metal. Under
certain circumstances a fluorophore can couple with
a continuous metallic surface to create groups of
oscillating electrons called surface plasmons. If the
metal film is thin and on an appropriate substrate the
plasmons radiate their energy into the substrate. We
call this phenomenon surface plasmon coupled
emission (SPCE). There are numerous potential
applications for this phenomenon that efficiently
collects the emission and transforms it into directional
radiation.
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Temporally and Spatially
Localized Phase
Transformations in Ferrous
Alloys for Materials
Processing Applications

In this study, the temporally and spatially localized phase transformations in
ferrous alloys were investigated. These transformations were temporally
restricted by rapid irradiation with laser pulses and quenching by liquid nitrogen
jet flow. The spatial localization of these phase transformations was carried out
by placing the sample of ferrous alloy between two thermal and electrical
insulators to prevent any heat or charge flow towards the surrounding. The
optical microscopy was used for introducing the microstructures of the ferrous
alloy samples. It was shown that the temporal and spatial localization can
enhance the eutectic and eutectoid positions on the iron-carbon phase diagrams
to which the ferrous alloy are classified.
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1. Introduction

Generically, cast irons are a class of ferrous alloys
with carbon contents above 2.14 wt%; in practice,
however, most cast irons contain between 3.0 and 4.5
wt% C and, in addition, other alloying elements. A
reexamination of the iron—iron carbide phase diagram
(Fig. 1) reveals that alloys within this composition
range become completely liquid at temperatures
between approximately 1150 and 1300°C, which is
considerably lower than for steels [1,2]. Thus, they
are easily melted and amenable to casting.
Furthermore, some cast irons are very brittle, and
casting is the most convenient fabrication technique
[3].

Cementite (FesC) is a metastable compound, and
under some circumstances it can be made to
dissociate or decompose to form «-ferrite and
graphite, according to the reaction [4]

FesC — 3Fe (o) + C (graphite) (D)

Thus, the true equilibrium diagram for iron and
carbon is not that presented in Fig. (1), but rather as
shown in Fig. (2). The two diagrams are virtually
identical on the iron-rich side (e.g., eutectic and
eutectoid temperatures for the Fe—FesC system are
1147 and 727°C, respectively, as compared to 1153
and 740°C for Fe—C); however, figure (2) extends to
100 wt% C such that graphite is the carbon-rich
phase, instead of cementite at 6.7 wt% C (Fig. 1) [4,5]

This tendency to form graphite is regulated by the
composition and rate of cooling. Graphite formation
is promoted by the presence of silicon in
concentrations greater than about 1 wt%. Also, slower
cooling rates during solidification  favor
graphitization (the formation of graphite) [6]. For
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most cast irons, the carbon exists as graphite, and both
microstructure and mechanical behavior depend on
composition and heat treatment. The most common
cast iron types are gray, nodular, white, malleable,
and compacted graphite [7-10].

Figure 9.24 Fig. (1) The iron—iron carbide phase diagram [5]

The carbon and silicon contents of gray cast irons
vary between 2.5 and 4.0 wt% and 1.0 and 3.0 wt%,
respectively. For most of these cast irons, the graphite
exists in the form of flakes (similar to corn flakes),
which are normally surrounded by an a-ferrite or
pearlite matrix; the microstructure of a typical gray
iron is shown in Fig. (3a). Because of these graphite
flakes, a fractured surface takes on a gray appearance,
hence its name.
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Fig. (2) The true equilibrium iron—carbon phase diagram with
graphite instead of cementite as a stable phase [5]

Mechanically, gray iron is comparatively weak
and brittle in tension as a consequence of its
microstructure; the tips of the graphite flakes are
sharp and pointed and may serve as points of stress
concentration when an external tensile stress is
applied. Strength and ductility are much higher under
compressive loads. Gray irons do have some
desirable characteristics and are utilized extensively.
They are very effective in damping vibrational
energy; this is represented in Fig. (4), which
compares the relative damping capacities of steel and
gray iron. Base structures for machines and heavy
equipment that are exposed to vibrations are
frequently constructed of this material. In addition,
gray irons exhibit a high resistance to wear.
Furthermore, in the molten state they have a high
fluidity at casting temperature, which permits casting
pieces that have intricate shapes; also, casting
shrinkage is low. Finally, and perhaps most
important, gray cast irons are among the least
expensive of all metallic materials.

30 IRAQI SOCIETY FOR ALTERNATIVE AND RENEWABLE ENERGY SOURCES AND TECHNIQUES



Fig. (3) Optical photomicrographs of various cast irons. (a)
Gray iron: the dark graphite flakes are embedded in an a-
ferrite matrix. 500p. (b) Nodular (ductile) iron: the dark
graphite nodules are surrounded by an a-ferrite matrix. 200p.
(c) White iron: the light cementite regions are surrounded by
pearlite, which has the ferrite—cementite layered structure.
400p. (d) Malleable iron: dark graphite rosettes (temper
carbon) in an a-ferrite matrix. 150p. () Compacted graphite
iron: dark graphite wormlike particles are embedded within
an a-ferrite matrix. 100p [11]

Gray irons having microstructures different from
that shown in Fig. (3a) may be generated by
adjustment of composition and/or by using an
appropriate treatment. For example, lowering the
silicon content or increasing the cooling rate may
prevent the complete dissociation of cementite to
form graphite (Eg. 1) [12-14]. Under these
circumstances the microstructure consists of graphite
flakes embedded in a pearlite matrix. Figure (5)
compares schematically the several cast iron
microstructures obtained by varying the composition
and heat treatment [15,16].

)

Fig. (4) Comparison of the relative vibrational damping
capacities of (a) steel and (b) gray cast iron [15]

Adding a small amount of magnesium and/or
cerium to the gray iron before casting produces a
distinctly different microstructure and set of
mechanical properties [17-19]. Graphite still forms,
but as nodules or spherelike particles instead of
flakes. The resulting alloy is called ductile or nodular
iron, and a typical microstructure is shown in Fig.
(3b). The matrix phase surrounding these particles is
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either pearlite or ferrite, depending on heat treatment
(Fig. 5); it is normally pearlite for an as cast piece.
However, a heat treatment for several hours at about
700°C will vyield a ferrite matrix as in this
photomicrograph. Castings are stronger and much
more ductile than gray iron. In fact, ductile iron has
mechanical characteristics approaching those of steel.
For example, ferritic ductile irons have tensile
strengths ranging between 380 and 480 MPa (55,000
and 70,000 psi), and ductilities (as percent
elongation) from 10% to 20% [20-22]. Typical
applications for this material include valves, pump
bodies, crankshafts, gears, and other automotive and
machine components.
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Fig. (5) From the iron-carbon phase diagram, composition
ranges for commercial cast irons. Also shown are schematic
microstructures that result from a variety of heat treatments.
Gf, flake graphite; Gr, graphite rosettes; Gn, graphite nodules;
P, pearlite; a, ferrite [23]

For low-silicon cast irons (containing less than 1.0
wt% Si) and rapid cooling rates, most of the carbon
exists as cementite instead of graphite, as indicated in
Fig. (5). A fracture surface of this alloy has a white
appearance, and thus it is termed white cast iron [1].
An optical photomicrograph  showing the
microstructure of white iron is presented in Fig. (3c).
Thick sections may have only a surface layer of white
iron that was “chilled” during the casting process;
gray iron forms at interior regions, which cool more
slowly [24]. As a consequence of large amounts of the
cementite phase, white iron is extremely hard but also
very brittle, to the point of being virtually
unmachinable. Its use is limited to applications that
necessitate a very hard and wear-resistant surface,
without a high degree of ductility—for example, as
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rollers in rolling mills [25-28]. Generally, white iron
is used as an intermediary in the production of yet
another cast iron, malleable iron [1].
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1. Introduction

Nanotechnology has been rapidly growing and
finding various applications in different fields of
science and technology over the last decades.
Different kinds of nanomaterials have been
synthesized and characterized for their potential use
in electrical, optical and medical devices and etc. The
carbon allotropes discovered in recent decades, are
the most outstanding examples of nanomaterials with
distinct types of morphologies and applications.
Fullerenes, carbon nanotubes, graphene and carbon
nanoparticles are respectively 0, 1, 2 and 3
dimensional structures of carbon with their own
characteristic physical properties. These carbon
allotropes have been extensively studied for their
mechanical, electrical, optical and nonlinear optical
(NLO) properties. Concerning their NLO properties,
it is shown that fullerenes have reverse saturable
absorption at certain wavelengths [1,2], carbon
nanotubes show ultrafast third-order nonlinearities
and saturable absorption [3] and graphene shows
ultrabroadband resonant NLO response [4,5].
Furthermore, it is shown that the recently discovered
graphene oxide (GO) has reverse saturable absorption
[6] and optical limiting properties [7-10].

A variety of techniques are being used for
measuring the NLO properties of materials. Among
them, the z-scan technique introduced by Sheik-
Bahae et al. [11,12] is considered as one of the
simplest methods for measuring the real and
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imaginary parts of the complex nonlinear refractive
index of materials. Despite its simplicity, in many
cases, the original z-scan theory [12] is not
completely accurate, i.e. when the nonlinear medium
response to laser radiation is nonlocal in space.
Whenever the laser induced nonlinear response at a
certain point of the medium is not solely determined
by the laser intensity at that point, but also depends
on the laser intensity in the surrounding regions, it
will be called a nonlocal nonlinear optical response
[13]. Generally, a variety of mechanisms may
contribute to the nonlinearity, some of which may be
nonlocal [14]. For instance, when the nonlinear
medium is dispersed inside a dielectric solution,
reorientation of the dipoles (permanent or induced
molecular dipoles) as a result of the optical field
action is nonlocal in space and changes the electric
field experienced by the nonlinear medium. Recently,
the z-scan theory has been generalized to consider the
possibility of the sample nonlocal response in case of
pure nonlinear refraction [15] and nonlinear
refraction at the presence of nonlinear absorption
[16]. It is shown that nanostructures can exhibit
nonlocal responses due to the laser beam scattering
by nanoparticles [17]. However, a variety of other
mechanisms may produce the nonlocal nonlinear
response of nanostructures, such as the dipolar
response of the induced or permanent polarized
molecules of the material that contains the nano-
objects. The nonlocal z-scan theory [15,16], can be
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used for systematically analyzing the role of various
mechanisms in producing the nonlocal nonlinear
response of different materials.

Recently, we have reported a new method for
synthesizing GO supported Au nanoparticles [18]. In
this paper, we describe the preparation of GO/Au
dispersions in three different solvents, i.e. water,
DMF (N,N-Dimethylformamide) and NMP (N-
Methyl-2-pyrrolidone). Nonlinear optical properties
of the resultant dispersions have been measured using
the z-scan technique. The nonlocal z-scan theory [16]
has been used for analyzing the measured data and to
obtain the nonlinear refractive index, nonlinear
absorption coefficient and order of nonlocality of the
dispersions.

2. Experimental Part

Preparation of Au nanoparticles and synthesis of
GO and GO/Au powders was explained in our
previous work in detail [18]. Preparation of GO/Au
suspensions in different solvents will be described.
The method of measuring the nonlinear optical
properties of materials will be explained thereafter.

The GO/Au suspensions were prepared in three
different solvents: water, DMF (N,N-
Dimethylformamide) and NMP (N-Methyl-2-
pyrrolidone) with a concentration of 2 mg/mL. The
dispersions in each solvent were prepared by a 1 h
sonication. The dispersions were further centrifuged
at 5000 rpm for 20 min. GO suspensions were also
prepared in the three mentioned solvents without the
Au nanoparticles to study the role of nanoparticles
addition on their optical properties.

The z-scan technique was used for measuring the
complex nonlinear indices of refractions of the
GO/Au suspensions. Scheme of the used z-scan
experimental setup is shown in Fig. (1).

APERTURS v
l '
=]
PHOTODETECTOR R SAMLE LAMR
Fig. (1) Schematic illustration of the z-scan setup

In this setup, the laser beam (CW He-Cd,
A=442nm, P= 12 mW) is focused to a spot size of 1.6
pum by an f= 25 cm convex lens. The beam spot size
is first measured on the focusing lens by a CCD
camera (SAMSUNG SDC415PH) and then
calculated at the focal position using the well-known
thin lens conversion formulas [19]. In order to avoid
the CCD saturation or damage, the laser beam
intensity is reduced by a variable beam attenuator
consisting of a half-wave plate and a polarizing beam
splitter cube. A 1 mm thickness quartz cell containing
the suspension is moved along the optical axis (the z
axis) from one to the other side of the lens focal point.
Before measurements, suspensions were
ultrasonicated for 20 minutes to prevent their

precipitation. For measuring the real part of the
nonlinear refractive index, the z-scan setup is used in
its closed-aperture form which is shown in Fig. (1). In
this form, since the nonlinear material reacts like a
weak z-dependent lens [20], the far-field aperture
makes it possible to detect the small beam distortions
in the original beam. Since the focusing power of this
weak nonlinear lens depends on the nonlinear
refractive index [20], it would be possible to extract
its value by analyzing the z-dependent data acquired
by the detector and by cautiously interpreting them
using an appropriate theory [16]. To measure the
imaginary part of the nonlinear refractive index, or
the nonlinear absorption coefficient, the z-scan setup
is used in its open-aperture form. In open-aperture
measurements, the far-field aperture is removed and
the whole signal is measured by the detector. By
measuring the whole signal, the beam small
distortions become insignificant and the z-dependent
signal variation is due to the nonlinear absorption
entirely. Using the z-scan theory [12,16], one can find
the value of the nonlinear absorption coefficient.

3. Results and Discussion

The resulting solution of Au-NPs was
characterized by UV-Visible spectroscopy. Figure (2)
shows the UV-Vis absorption spectrum of Au
nanoparticles solution. In this work, All the UV-
Visible measurements were performed at room
temperature by a Perkin Elmer 550ES from 300 to
750 nm with a resolution of 1 nm. The resonance at
531 nmiis clearly seen and arises due to the excitation
of surface plasmon vibrations in the Au nanoparticles
[21]. The presence of this plasmonic absorption peak
is clear evidence in support of the formation of Au
nanoparticles.
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Fig. (2) Absorption spectrum of Au nanoparticles solution

In Fig. (3), the Transmission Electron Microscopy
(TEM) image of the Au nanoparticles is shown. TEM
images were taken by Philips CM120 transmission
electron microscope. The estimated mean particle
size of Au nanoparticles is about 27 nm. The mean
particle size was obtained by measuring the diameter
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of over 100 particles in all the TEM images to ensure
good statistics.

Fig. (3) TEM image of Au nanoparticles

Figure (4) shows the TEM images of GO/Au
nanocomposite powder. It can be seen that Au
nanoparticles are distributed between the GO layers.

Fig. (4) TEM image of GO/Au nanocomposite powder

Figure (5) shows the optical absorption spectra of
the GO suspensions in three solvents with and
without the presence of Au nanoparticles. For
simplicity, we have named GO suspensions in DMF
(N,N-Dimethylformamide), water and NMP (N-
Methyl-2-pyrrolidone) as the G-D, G-W and G-N,
respectively. Furthermore, GO/Au suspensions in
DMF, water and NMP are also respectively named as
G-A-D, G-A-W and G-A-N. It can be seen that by
addition of Au nanoparticles to G-D, G-W and G-N,
Au plasmonic absorption peak appears on the G-A-D,
G-A-W and G-A-N absorption spectra. The
plasmonic absorption peak of the Au nanoparticles at
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531 nm is a little red-shifted in DMF and shifted more
toward the blue end of the visible spectrum by
changing their surrounding medium from water to
NMP. In order to more clearly see these features, the
measured  wavelengths at  which  plasmonic
resonances have occurred are listed in table (1).

o
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Fig. (5) Optical absorption spectra of GO and GO/Au
dispersions in different solvents. Acronyms: G-A-D (GO/Au in
DMF), G-D (GO in DMF), G-A-W (GO/Au in water), G-W
(GO inwater), G-A-N (GO/Au in NMP) and G-N (GO in NMP)

Inspecting Fig. (5), one can also see that the
plasmonic peak is less predominant in NMP solution.
Since G-A-D, G-A-W and G-A-N have GO/Au in
common, variation of their linear optical properties
can be attributed to their different solvents that
surround the Au nanoparticles. Indeed, according to
the Mie theory, the wavelength at which plasmon
resonance occurs depends on optical characteristics
of the medium which surrounds the nanoparticles
[22]. It would be of no surprise if the surrounding
medium can also play an influential role in
determining the nonlinear optical response of
nanoparticles.

If the surrounding medium has a dielectric nature,
it can change the induced nonlinear phase shift in the
impinging laser beam on the sample surface in z-scan
experiments due to its nonlocal action [14,15].

The complex nonlinear refractive index of all the
specimens was measured using the z-scan technique.
To this end, z-scan technique was used in both closed
and open aperture configurations. For G-D, G-W, G-
N and Au nanoparticles suspensions, no detectable
signal could be detected by the far-field detector
which means that these samples do not produce a
detectable nonlinear response for the used
experimental conditions. Indeed, in the first order of
approximation, the intensity dependent nonlinear
refractive index and absorption coefficient can be
written as:

n=mny + n,l 1)
a=ay+ Bl (2
where ng and o, and n, and B are the linear refractive
index and absorption coefficient and nonlinear
refractive index and absorption coefficient,
respectively. Since the intensity itself is proportional
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to the laser power, we have chosen the laser power as
low as possible (12 mW) to be able to study the sole
effect of Au nanoparticles addition to G-D, G-W and
G-N. Indeed, these samples had nonlinear responses
for higher laser powers. We have deliberately
decreased the laser power to a level that no detectable
signal could be measured for these samples. This
would make the final conclusions more obvious and
one can easily evaluate the role of Au nanoparticles
addition in changing the nonlinear responses of G-D,
G-W and G-N. Furthermore, if the exciting laser
source has a wavelength (i.e., 442 nm in our case) far
from the surface plasmonic absorption peak of
nanoparticles (537 nm for Au nanoparticles), one can
avoid the plasmonic resonance contribution in the
nonlinear response of the samples. This would also
reduce the thermal effect contribution in the nonlocal
response of the samples and make it possible to
concentrate on the role of the dielectric nature of the
solvents itself.

Table (1) The measured plasmonic absorption peak
wavelengths of Au nanoparticles suspension as well as GO/Au
dispersions in deferent solvents

Absorption Peak (nm)
Au G-A-D G-A-W G-A-N
537 534 527 435

The open aperture z-scan data of G-A-D, G-A-N
and G-A-W are represented in figures 6(a-c).
Furthermore. The reverse saturable absorption
behavior in Fig. (6) are shown to be characteristics of
the GO [6,7,23]. The nonlocal z-scan theory [16] is
used for finding the nonlinear refractive index and
nonlinear absorption coefficient of the samples. In
short, in this theory the nonlinear absorption
coefficient and refractive index can be found using a
two-step procedure. Using the open aperture z-scan
data, the nonlinear absorption coefficient S can be
deduced by performing a one parameter fit using the
following equation:

ln(l + qo(z))

= 3
To(@) q0(2) ®
with
_ BloLegt
qo(z) = T+ (2/20)? (4)

where  Legr = (1 — exp(—ayL))/agis the sample
effective thickness and is defined using the sample
real thickness L. lo being the on-axis intensity at focus
and zo is the laser beam Rayleigh length. In the second
step and with g known, the nonlinear index of
refraction n, and the nonlinear parameter m can be
obtained with a two parameter fit on the closed-
aperture z-scan data using the next equation:
(4mkn2x +B(x*+ (2m+ 1))) IoLegt
2+ (@2m+1)2)x2+1)

®)

T.(z)=1-

where x=2/z¢ and k is the wave number. The nonlinear
least squares fitting is used to fit Eqg. (5) to the
measured closed aperture z-scan data. The trust-

region algorithm of the MATLAB software is
implemented for this purpose. The phenomenological
parameter m is the order of nonlocality and can be any
real positive number. This parameter shows the
nonlocality amount in the sample response to the
electric field of the irradiating laser beam [15,16].

In this study, the dipolar response of the induced
or permanent polarized molecules of the materials
that surround the Au nanoparticles can produce the
nonlocality. Since all the samples have GO in
common, their different nonlocal responses can be
attributed to their different kinds of solvents. The
fitting results according to equations (3) and (5) are
also respectively shown by solid lines in Fig. (6). The
measured nonlinear optical properties of the samples
are summarized in table (2). G-A-N exhibits superior
nonlinear optical properties in comparison with G-A-
D and G-A-W.

Note that although the linear absorption
coefficient of G-A-N is less than 2 times than that of
the G-A-D, the nonlinear refraction of the former is
around 200 times larger than the latter. We are of the
opinion that the different nonlocal responses of their
corresponding solvents, NMP in the former and DMF
in the latter, is the major reason for this difference.
One must note that nonlinear scattering by Au
nanoparticles and heat distribution or the thermal
effect may also contribute in the nonlocal response of
the samples. However, two points seem in order.
First, all the samples have been prepared in the same
way and we expect nearly equal amounts of Au
nanoparticles in the same volumes of them.
Therefore, it is also expected that Au nanopaticles
contribution in the observed nonlocality, be nearly the
same for all the samples. Second, since the linear
absorption coefficients of the samples have the same
order of magnitudes (see table 2), and this coefficient
mainly determines the amount of deposited heat
inside the samples, we expect the amount of
nonlocality due to the resulted temperature gradient
be also at the same order of magnitudes for all of
them. Therefore, one can conclude that this is the
dielectric nature of the surrounding media that
dominates the nonlocality and results in the
considerable difference between the nonlinear
responses of G-A-D, G-A-N and G-A-W.
Unfortunately, the nonlocal z-scan theory [15,16] is
unable to distinguish between the various nonlocal
mechanisms in z-scan experiments in its current form,
and more work should be done to further develop it.
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Fig. (6) Open aperture z-scan data (dots) and fitting results
(solid lines) of a) G-A-D, b) G-A-N and c) G-A-W. All the three
samples exhibit reverse saturable absorption for the used laser
wavelength

The most noteworthy point about table (2) is that
the nonlocal parameter of G-A-N is relatively larger
than those of the G-A-D and G-A-W. This may
indicates the more polarizability of the G-A-N
compared with G-A-N and G-A-W. Since m is a
phenomenological parameter and is included in the
sample nonlinear response just for considering the
difference between the spatial distribution of the
induced nonlinear phase shift and the laser beam
intensity distribution [15], much more studies are
needed to approve this conclusion. Indeed, the
nonlocal z-scan theory should be further developed to
quantify the role of various physical phenomena that
may change the sample nonlinear response. Another
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important point that should be noted is that by
addition of Au nanoparticles, the nonlinear optical
properties of GO in different solvents have been
improved considerably. The enhanced nonlinear
optical behaviors may arise due to the enhanced
nonlinear scattering by the incorporated Au
nanoparticles. Indeed, as we have pointed out
previously, nonlocality arises when the laser induced
nonlinear response at a certain point of the medium
depends also on the laser intensity in the surrounding
regions. The nonlinear scattering of Au nanoparticles,
which depends on the laser intensity at their positions,
can change the nonlinear response at other positions
and hence can contribute in the nonlocal response of
the media. The improved nonlinear optical properties
of GO can broaden its application in various fields.
Its larger nonlinear refractive index can find a
possible application in optical switches and its
enhanced reverse saturable absorption, which can be
seen in figure 6, can bring it into application in optical
limiters.

Table (2) Nonlinear optical properties of G-A-D, G-A-N and G-
A-W. The linear optical absorption coefficients at 442 nm are
also given in the last column

Ny o
sample . hany) (cm[}}v\/) U (cm?)
G-A-D  23x107  4.4x103 5.2 131
G-A-N  45x10°  6.2x10° 422 2.16
G-A-W  62x107  1.2x103 1.4 1.09

4. Conclusion
GO, Au nanoparticles and GO/Au

nanodispersions in different solvents have been
prepared and their optical, structural and nonlinear
optical properties have been studied in this work. It is
shown that the solvent material can change the optical
and nonlinear optical properties of GO/Au. It is
proposed that the nonlocal action of the solvent
material may be the source of variation of the
nonlinear optical properties of the samples. This
proposal is confirmed by applying the nonlocal z-scan
theory [15,16] for analyzing the z-scan measurement
data. Previously, it was also shown that the light
scattering by nanoparticles may be the source of
nonlocality in the sample response in z-scan
measurements [17]. We are of the opinion that
whenever one expects the sample nonlocal response
in z-scan experiments, the nonlocal z-scan theory
should be used to measure the more accurate values
of the nonlinear refractive and absorption
coefficients. More future studies can be conducted to
examine the role of other nonlocal mechanisms in z-
scan experiments. The nonlocal z-scan theory should
also be further developed to for quantifying the role
of various nonlocal mechanisms. In this way, it would
be possible to extract the values of other constants,
like the sample polarizability or heat diffusion
coefficient, from the measured nonlocal parameter.
It is also shown that the incorporation of Au
nanoparticles can enhance the nonlinear optical
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behavior of the GO. The improved nonlinear optical
properties of GO can open new avenues for its
application in various fields. Other metallic
nanoparticles may also improve the nonlinear optical
properties of the GO and many more experiments can
be performed to investigate how they can do this.
Such works are in progress and will be reported in
near future.
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