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The nonlinear optical responses of gold nanoparticles dispersed in castor oil produced by sputtering
deposition were investigated, using the thermally managed Z-scan technique. Particles with
spherical shape and 2.6 nm of average diameter were obtained and characterized by transmission
electron microscopy and small angle X-ray scattering. This colloid was highly stable, without the
presence of chemical impurities, neither stabilizers. It was observed that this system presents a
large refractive third-order nonlinear response and a negligible nonlinear absorption. Moreover, the
evaluation of the all-optical switching figures of merit demonstrated that the colloidal nanoparticles
prepared by sputtering deposition have a good potential for the development of ultrafast photonic

devices. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4831679]

. INTRODUCTION

Colloidal metallic nanoparticles have been intensively
investigated in recent years. The reason for this great interest
is related to the astounding physical responses that these sys-
tems provide when they interact with light sources, due to
the excitation of localized surface plasmon resonances
(LSPRs)."? In many cases, the LSPR generates a huge
enhancement of the local field in the surroundings of the
nanoparticles, which raises the nonlinear optical responses of
the colloidal medium.>'> Owing to this fact, different pro-
posals have been made in order to exploit this effect for the
development of different optical and photonic applications,
such as surface enhanced Raman spectroscopy (SERS),*
optical limiters,*® and optical switching devices.>®

In particular, aiming ultrafast all-optical switching
applications, it is necessary to develop a suitable colloid,
combining the liquid host and metallic particles’ absorptive
and refractive responses. Usually, the composite’s effective
nonlinear refractive index, 7.4, can be modified by changing
the nanoparticles filling factor f. However, changing the
value of f also affects the materials’ linear and nonlinear
absorptions. Due to this fact, this ideal composite material
has to be designed in order to present large enough n,.4 to
perform optical switching operations in thicknesses compa-
rable to the absorption length. Moreover, the unavoidable
increase on linear and nonlinear absorptions induced by the
metallic particles should not compromise the device’s per-
formance. This can be evaluated quantitatively by the calcu-
lation of the figures of merit (FOM), W = Any,y /Ao and
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T =203 /ny, where Anp,y is the maximum refractive index
change achievable, limited by saturation. A good material
for all-optical switching must satisfy simultaneously the con-
ditions |[W| >0.27 and |T| < 1.'°

On the other hand, it is known that the dielectric func-
tion of composite media depends strongly on the dielectric
functions of the host and the inclusion, as well as on the par-
ticles’ shape, size, and filling factor. For spherical particles,
in particular, the composite linear absorption coefficient (o)
is related to the real and imaginary parts of the inclusion
first-order optical susceptibility, varying linearly with the
particles filling factor (f)'”

18xnf  .\3/2 & ()
()= 3% . & o
* 7 e e

where 1 is the light wavelength, ¢, is the host dielectric func-
tion, ¢, and ¢ are the real and the imaginary parts of the
particles dielectric function, respectively.

Similar behavior is also observed for the nonlinear re-
fractive index and absorption coefficient. Previous works
have demonstrated that, in composite medium, the presence
of nanometric inclusions can modify strongly the material’s
nonlinear response.‘%’18 In this case, both host and inclusion
linear and nonlinear optical properties contributes to the
overall behavior. Indeed, the larger the amount of the inclu-
sion the more significant is the modification on the compos-
ite response in comparison with the neat host. In addition, if
the inclusions are consisted of metallic nanoparticles, the ex-
citation of the localized surface plasmon resonance add an
extra contribution to the composite response, due to the
enhancement of the local field near the particles surface.

© 2013 AIP Publishing LLC
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For systems containing spherical particles at very low

concentration, f < 1, the third-order nonlinear susceptibil-

ities of the host, ;(S), and individual particles, X,(\f;, are

related to the composite effective nonlinear susceptibility
by!?

11 = falnP g + 117 @

where 1 = 3¢y (1)/ [SNP(/I) + ZSH(A)} , ey(2) and eyp(1) are
the host and the nanoparticle dielectric functions, respec-
tively. As the nonlinear refractive index and absorption coef-
ficient are related to the medium real and imaginary parts of
the third-order susceptibility by
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It can be shown that for this kind of composite material
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Combining Egs. (2), (5), and (6), it can be observed that
the FOM, W, and T are strongly affected by the real and
imaginary parts of the inclusion and host’s linear and nonlin-
ear susceptibilities. Therefore, for an accurate evaluation of
the medium potential aiming all-optical switching applica-
tion, the knowledge of the nanoparticles susceptibility is
essential.

Using Egs. (5) and (6), several authors obtained the
third-order nonlinear susceptibilities of nanoparticles pro-
duced by different methods.'*'*° Nevertheless, the use of
this procedure to characterize particles produced by wet
chemistry methods can lead to inaccurate results. In fact, the
nanoparticles’ production based on chemical reactions
intrinsically results in colloidal systems containing byprod-
ucts, stabilizing agents, and remaining substrates.?’ This hap-
pens due to the nature of the employed reduction of the
corresponding metal salt or complexes, which is conducted
in the presence of additional stabilizing agents to avoid sub-
stantial growth. Indeed, the presence of chemical impurities
near the particles surface basically modifies the surrounding
environment experienced by the latter. As the localized sur-
face plasmon resonance phenomenon depends strongly with
the particles neighborhood, its frequency as well as the field
enhancement factor will be affected by the impurities.
Therefore, the optical responses, linear and nonlinear, of a
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colloidal system are influenced by the presence of chemical
impurities, even at small amounts. Hence, as the colloidal
nanoparticles linear and nonlinear optical properties depend
strongly with the surrounding medium,'” the reported values
of the nonlinear susceptibility are probably contaminated
by the additional compounds present in these colloids.
Moreover, if those impurities have lower damage threshold
in comparison with the host and particles, their presence may
limit the use of the colloidal system for nonlinear optical
applications as well.

In this work, we investigated the nonlinear optical
response of colloids produced by sputtering deposition of Au
nanoparticles (AuNPs) directly onto castor oil without using
any stabilizing agent.”’* The electronic contribution to the
nonlinear refraction of these colloids were evaluated using
the Z-scan technique with thermal management and the all-
optical switching figures of merit for this composite system
were also obtained. In addition, the third-order nonlinear sus-
ceptibility of AuNPs in an organic dispersant without the
presence of other chemical impurities was obtained. Our
results show that pure colloidal metallic AuNPs produced by
this physical preparation method are promising materials for
ultrafast nonlinear optical applications.

Il. EXPERIMENTAL

The AuNPs were prepared following the same sputtering
procedure reported before.”® Castor oil was chosen as liquid
substrate for sputtering deposition in order to produce stable
colloids without using other chemical reagents rather than
the oil and the Au target. Moreover, this vegetable oil
presents negligible third-order nonlinear optical responses at
near infrared region.'**> Hence, the colloid nonlinear refrac-
tive index and absorption coefficient depend mainly on the
third-order nonlinear susceptibility of the metallic particles.
The oil was degassed for approximately 3h at 298 K under
vacuum prior to being introduced into the sputtering machine
(MED 020, Bal-Tech). Deposition was performed for 5 min
in the following conditions: 300V and 20mA of applied
voltage and current with an argon pressure of 2Pa at room
temperature. In each deposition, a mass of 1.2 g of castor oil
was placed on a Petri plate (3 cm of diameter) and horizon-
tally set in the sputter coater. The liquid surface was located
at a distance of 50mm from the gold target (99.99% in
purity).

The AuNPs size and shape were characterized by trans-
mission electron microscopy (TEM) and small angle X-ray
scattering (SAXS) techniques. For TEM measurements, the
samples were prepared by dispersion of the AuNPs in isopro-
panol at room temperature and then collected on a carbon-
coated copper grid.

SAXS experiments were performed in the colloids at the
SAXS1 beam line of Brazilian Synchrotron Light Laboratory
(LNLS) with 2=1.488 A and 0.05< Q <3.33nm"', where
0 =4mn sin(20)/7; Q is the scattering vector, 0 is the scattering
angle, and A is the X-ray wavelength. The colloidal solutions
were injected by a syringe into a cell with mica windows
specially designed for SAXS experiments in liquids. The fit-
ting procedure of the experimental SAXS data was made
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usin%lthe SASfit program by minimizing the squared chi
()

For nonlinear optical characterization, a mode-locked
Ti-Sapphire laser, delivering pulses of 200 fs at a 76 MHz
repetition rate, tuned at 793 nm was employed as the excita-
tion source. The laser beam was modulated by a chopper
(14Hz) and focused onto the sample by a convergent lens
7.5cm focal length. The samples consisted of 1 mm width
quartz cell filled with the investigated colloid. The cell was
mounted on a translation stage and moved around the lens
focal plane (z=0). The light transmittance was then meas-
ured by a closed-aperture photodetector as a function of the
sample position. The detected signal was temporally ana-
lyzed by digital oscilloscope and then processed by a
computer.

Nonlinear absorption measurements were performed
with the same experimental setup but using a configuration

T(z,t) =1+ 0Tan™'
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without aperture and chopper. In this case, the laser repeti-
tion rate was reduced to 1kHz by a Pockels cell and the
measured transmittance signal was processed by a lock in
amplifier.

Owing to the laser large repetition rate, the cumulative
thermo-optical effect dominates the refractive response of the
medium after some time of the sample being irradiated. In this
experimental condition, we must use a variation of Z-scan
technique that manages the thermal induced nonlinear
effects.’®>” Hence, it is possible to separate the thermal and
the electronic contributions to the observed nonlinear refrac-
tion, analyzing the transmittance signal at different time scales.

First, we define =0 as the time instant that the chopper
begins unblock the laser beam. At time instants much larger
than the chopper rise time, the thermal response dominates
and the measured transmittance in Z-scan technique can be
expressed by?’

2q(z/z0)

k%+)

where 0 is the thermal induced phase-shift, z, corresponds to
the Rayleigh range of the laser beam, ¢ is the order of the
multiphoton process, 1.(z) = wo?(1 + (z/20))/4D is the
characteristic thermal lens time, w, is the beam waist at the
focal plane, and D is the medium thermal diffusivity.

During the time period between =0 and the chopper
rise time, the laser beam is partially blocked in such a way
that the beam power on the sample varies with time.
Therefore transmittance measurements within this period
cannot be described by the Eq. (7) and are disregard at the
analysis procedure. However, the temporal evolution of the
Z-scan traces can be followed from the opening rise time
onwards.*®

Ideally, the electronic contribution to the observed non-
linear refraction, n,, gives an instantaneous response.
Although we could not measure the normalized transmit-
tance at =0, we can reconstruct this curve extrapolating the
time evolution curves of the measured normalized transmit-
tance, at all sample positions, using Eq. (7).>” Hence, the
value of n, can be obtained fitting the normalized transmit-
tance curve at =0 employing the standard equation of Z-
scan method*®

4AD(z/zp)
(/200 +9] [e/z0)? + 1]

T()=1+ ()

where \/§A®0 = knylyLyy is the nonlinear phase shift,
Lesr = (1 — e L) /oy is the sample effective length, o is
the linear absorption coefficient of the colloid, and L is the
sample length.

For nonlinear absorption measurements, the transmit-
tance curve was normalized dividing the measured values by

() ’ 7

+ (z/20 ) +2q+1+(z/zo)

the transmitted intensity when the sample was positioned far
away from the lens focal plane. Thus, the nonlinear absorp-
tion coefficient can be obtained by fitting the results using
the equation™®

Wl

fj ©)

m=0 ”n +1

where z is the sample position with respect to the lens focal
plane, qo(z,7) = Blo()Leyy/(1+2%/23), B is the material
nonlinear absorption coefficient, Io(¢) is the laser intensity at
z=0, zo = nw%//l is the beam Rayleigh length, wy is the
minimum beam waist, and 4 is the laser wavelength.

lll. RESULTS AND DISCUSSION

In Figures 1(a) and 1(b), it is presented a typical TEM
image of the produced particles and the corresponding par-
ticle’s diameter histogram. The histograms of the AuNPs
were obtained from the measurement of more than 300 par-
ticles and were reproduced in different regions of the Cu
grid, found in arbitrarily chosen areas of enlarged micro-
graphs. As can be observed by TEM, the particles presented
spherical shapes with an average diameter of 3.6 = 0.7 nm.

Figure 1(c) shows the intensity as function of the scatter-
ing vector Q and the respective fit of the experimental data.
By analyzing the scattering curve, it can be observed that the
AuNPs do not form agglomerates, since the scattering inten-
sity do not increase for low Q, and are non-interacting due to
the absence of an structure factor. The size distribution could
be obtained by fitting the scattering intensity by considering
a form factor of spheres with a Lognormal size distribution,
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(b)) TEM

- mean = 3.6 (0.7)

FIG. 1. (a) TEM image and (b) respec-
tive histogram showing the particle

1 » 3 4 5 6 7 size distribution of AuNPs in castor
,_ Diameter (nm) oil. (¢) SAXS curve and fitting of
- AuNPs in castor oil and (d) the corre-
(@» e it 30+ (((d])) SAXS . mean =2.3(0.7) sponding size distribution obtained by
O data considering spheres with a Lognormal
‘2 254 size distribution in the form factor.
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Figure 1(d). The result showed a mean diameter of
2.3 = 0.7nm, which is slight lower that the value obtained
by TEM (3.6 = 0.7 nm). This difference may be due to the
high accuracy of SAXS for measuring the particle’s size
since the scattering intensity carries contributions of all pres-
ent particles and not only a limited number as in the case of
TEM. Also there is no difficult in counting the smaller par-
ticles by SAXS, what is not the case of TEM. In fact, it is not
discarded the possibility of particles coarsening after dilution
of the AuNPs in castor oil with isopropanol during TEM
analysis, since the relative amount of isopropanol was high
enough for such effect in nanoparticles size.”

From the produced Au colloids, three different concen-
trations were obtained by diluting the mother solution adding
known amounts of Castor Oil. Using this approach, three

1.5 Toe
§ 06
1.24 co
Q § 02
% 0.9 E o
2 < 0 3 6 9 12 15
g 0.6 Filling Factor (x107)
Q
<
0.31
0.0
400 500 600 700 800
Wavelenght (nm)

FIG. 2. UV-VIS-NIR absorption spectra of samples A (red line), B (green
line), and C (blue line). The inset shows the variation of the castor oil and
colloids linear absorption coefficient with the particles filling factor.

colloids were prepared, namely, samples A, B, and C, with
1.36 x 1074, 5.18 x 107>, and 3.19 x 107 filling factors,
respectively. In Figure 2, it is presented the absorption spec-
tra of these systems. A resonance band, centered at 504 nm,
associated to the nanoparticles’ localized surface plasmon is
observed. In this figure inset, it is plotted the castor oil and
the colloid absorption coefficients at 793 nm, as a function of
the particles’ filling factor. A clear linear relation between
these quantities is obtained, which indicates that the pro-
duced particles present spherical shape, which corroborates
to the TEM and SAXS analysis.

In Figure 3, it is shown the results for the peak-valley
transmittance variation as a function of the time, for all sam-
ples, which were obtained from the thermally managed
Z-scan measurements. It can be observed that the presence
of metallic nanoparticles increases significantly the modulus

04
88 8 © 8 888 Oo o
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-50- o ° 5 ©
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& o %oo
3 o
lzQ. -100+ o
150 o2 ° (]
-1504 | o B
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o
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FIG. 3. Peak-valley transmittance variation as a function of the time for
samples A (red open circles), B (green open circles), and C (blue open
circles). The employed average laser powers were 15 mW, 11 mW, and 10
mW, respectively.
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FIG. 4. Reconstructed Z-scan curves
obtained at =0 for the samples (a) A,
(b) B, and (c) C, and (d) the open-
aperture measurement result for the
mother solution. The light intensities at
z=0 plane were 2.8 X 10 W/cm2,
2.0 x 10°W/em?, 1.9 x 10°W/em?, and
1.1 x 10" W/em?, respectively.

15 10 05 00 05 10 15
z (cm)

of the ATp_y for short and long times. This result shows that
both electronic and thermal contributions for the nonlinear
refractive index of the colloid are enhanced owing to the
presence of the Au nanoparticles.

The electronic contribution to nonlinear refraction of the
colloids samples was obtained applying the extrapolation
method to the complete time evolution of the Z-scan meas-
urements. In Figure 4, it is presented the reconstructed
Z-scan curves obtained at =0 for the colloidal systems. As
can be observed, the presence of Au particles gives a nega-
tive contribution to the colloids nonlinear refractive index,
which is increased as the particles’ filling factor is raised.

Open aperture Z-scan measurements were also performed
aiming the observation of this colloidal system nonlinear
absorption. Unfortunately, we could not identify any kind of
nonlinear absorption processes taking into account the limita-
tions of our experimental setup, which did not allowed us to
measure nonlinear absorption coefficients smaller, in modulus,
than 0.5 cm/GW. It is presented in Figure 4(d) a typical open

-0.8+

ng'_(x10"3%cm*/W)

3.0 6.0 910 12I.O 15.0
f (x10°)

FIG. 5. Behavior for the electronic part of the nonlinear refractive index
with the particles’ filling factor.

45 10 05 00 05 10 15

z(cm)

aperture Z-scan for the mother solution, which has
f=4.29 x 10~ It should be noticed that, even for that high
concentrated colloidal system, if there was any transmittance
variation due to nonlinear absorption processes, it was hidden
by the noise present in our measurements.

Figure 5 presents the behavior for the electronic contribu-
tions to the nonlinear refractive index with the particles’ filling
factor, f. As expected for composite media consisted of metal-
lic spherical particles at low concentrations, the colloid nonlin-
ear refractive index varies linearly with f, as described by the
generalized Maxwell-Garnett for optical nonlinearities. Fitting
this result with Eq. (4), the real part of the third-order nonlin-
ear susceptibility of the metallic particles in castor oil obtained
was 7\h(—o; 0, —, ®) = —9.4 x 10~¥m?/V2. This quan-
tity gives the individual contribution of a single metallic
nanoparticle to the effective third-order nonlinear response
of the composite medium. The higher susceptibility of
the particle, the larger effective refractive index can be
achieved.

It is worth mentioning that the electronic contribution to
the nonlinear response of a medium is a property related to
the nonlinear interaction between the optical field and the
charge carriers of the material. Hence, materials with distinct
electrical nature exhibit peculiar nonlinear responses associ-
ated to different physical mechanisms. Moreover, even the
same material may present nonlinear refractive indexes
with opposite signals due to laser excitations at different
wavelengths.®

In particular, for metallic nanoparticles, their nonlinear
responses are related to the electronic transitions of the parti-
cle induced by the optical field, such as interband and intra-
band transitions, as well as the excitation of hot electrons
and localized surface plasmons.>>*** In the present work,
the combination of those factors implied on a self-focusing
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response. Naturally, from our results only, it is not possible
to elucidate which of those phenomena is given the most im-
portant contribution to the observed behavior. Moreover, as
positive and negative responses have been reported so far
even for particles of the same metal, further detailed investi-
gation must be carried out, for instance with systems with a
careful control of impurities, in order to provide a definitive
answer to this matter.

At last, we have evaluated the values of W and T all-
optical switching FOM for this composite medium. As can
be observed from Egs. (1)—(4), these quantities do not
depend explicitly on the particles filling factor for a colloid
composed by spherical particles, as the host presents negligi-
ble third-order nonlinear responses. Indeed, the nanoparticles
third-order nonlinear susceptibility and the dielectric func-
tion of the host and the inclusions give the main contribu-
tions to these FOM values. For this particular colloidal
system, we obtained that |W| is larger than 1.2 = 0.2, while
the value of |T| is smaller than 0.50 = 0.2. In these calcula-
tions, we have considered that the maximum refractive index
change limited by saturation was larger than the product of
the measured 7,4 and the I, employed in this experiment for
the highest concentrated colloid and that the nonlinear
absorption coefficient modulus was smaller than 0.5 cm/GW,
which was our experimental limit. These results demonstrate
that this colloidal system presents a huge potential for
all-optical switching applications.

It is worth mentioning that this is the first result reported
in literature for the all-optical switching FOM of metallic
colloidal systems without the presence of chemical impur-
ities, such as byproducts, stabilizing agents, and remaining
substrates. Due to this fact, a direct comparison with others
colloids containing metallic nanoparticles cannot be made,
even for Au particles within castor oil, prepared by chemical
methods. Indeed, evaluating the FOM parameters from
the results in Ref. 14, we obtained |W|=1.7=* 1.1 and
|T|=1.6 £1.4. Hence, the performance for all-optical
switching for the chemically produced colloid is inferior to
what was obtained in this present work. However, it is not
possible to figure out yet if the size differences, the absence
of impurities, or a combination of both factors can explain
the improvement observed for the system prepared by sput-
tering deposition. A systematic study involving colloids con-
sisted of nanoparticles of the same metal, produced by a free
of impurities method, within the same dispersant; presenting
the same shape, but different average sizes is still needed in
order to elucidate the real role of the particles size to the
composite medium nonlinear optical responses.

IV. CONCLUSION

In summary, we investigated the electronic contribution
to the nonlinear refractive index of colloidal AuNPs pro-
duced by sputtering in castor oil. Varying the particles filling
factor, we observe a huge enhancement of the colloid elec-
tronic nonlinear refraction and the real part of the individual
AuNPs third-order nonlinear susceptibility was obtained. It
was also observed that this colloid exhibits very good all-
optical switching FOM. Our results show that the AuNPs

J. Appl. Phys. 114, 183104 (2013)

produced by sputtering deposition onto castor oil is a very
good candidate for the development of ultrafast nonlinear
optical devices.
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