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ABSTRACT: The metal−semiconductor heterostructures have recently emerged as
a new class of functional materials for their potential applications due to plasmon-
exciton interactions. Here, we demonstrate the nonlinear optical switching and
enhanced nonlinear optical response of Au−CdSe heterostructures. The nonlinear
optical properties of CdSe quantum dots and Au−CdSe heteronanostructures are
investigated by using a Z-scan technique at 532 nm picosecond laser pulses, and 800
nm femtosecond laser pulses. Interestingly, we observe switching behavior from
saturable absorption (SA) to reverse saturable absorption (RSA) with increasing
laser intensity. The effective two-photon absorption cross section (σeff) of Au−CdSe
heteronanostructures is greatly enhanced which is attributed to charge transfer
between CdSe and Au nanoparticles. The nonlinear refraction changes its sign from
positive to negative nonlinearity at higher intensities for Au−CdSe heterostructures.
Third order nonlinear optical susceptibility is being measured by using the DFWM technique at 532 nm. Similar switching
behavior is observed in Au−CdSe heteronanostructures at nonresonant excitations (800 nm), where a CdSe quantum dot shows
reverse saturable absorption behavior attributed to the two-photon absorption. The optical switching behavior of these
heterostructures could play a potential role in photonics and optoelectronic applications.

■ INTRODUCTION

Hybrid nanostructured materials based on metal nanoparticles
and semiconductor quantum dots are emerging materials for
future potential applications in various areas such as photonics
and optoelectronics because of their functionalities.1−7 Among
the most prominent optical materials that are considered for
future practical applications in photonics, metal−semiconduc-
tor hybrid nanostructures play a promising role because of their
high optical nonlinearity and ultrafast time response.8,9 The
quantum confinement effects in semiconductors and dielectric
confinement effects in metals make them a promising class of
third order nonlinear materials, working at off-resonance as well
as at resonance with fast response time.10,11 Semiconductor
quantum dots (QDs), with dimensions close to the Bohr radius
of an electron−hole pair, have received tremendous attention
owing to their unique physical and optical properties.12

Metal−semiconductor hybrid nanostructures, in which the
metal component and the semiconductor counterpart are
closely coupled in an effort to produce different functionalities,
exhibit properties which are far beyond those of individual
structures. Since parameters such as size, shape, and
composition would highly affect the physical and optical
properties of a hybrid system, the synthetic schemes of the
metal−semiconductor hybrid have become more interest-
ing.7,13−15 Theoretical predictions have demonstrated the
unique optical properties of metal−semiconductor hybrid
structures toward various potential applications.6,16 In the
metal−semiconductor nanostructures, the nonlinear optical

properties can be modified by the surface plasmon resonance
(SPR) of the metal nanocrystals and the resultant local field
environment.17−19 Moreover, the plasmon-exciton interaction
and the energy transfer among the hybrid system could result in
modification of the nonlinear optical properties.20 Recently,
effective plasmon−exciton interaction-induced optical non-
linear enhancements in Au-CdS,8 Ag-CdS,21 core−shell
structures, and Au-CdTe nanoparticle structures9 are reported.
Furthermore, Elim and his co-workers have demonstrated the
intensity-dependent enhancement of saturable absorption in
the PbS−Au hybrid nanocomposite.22

The charge transfer process between metal and semi-
conductor nanostructures could be expected to play an
important role on the enhancement of nonlinear optical
properties of metal−semiconductor heteronanostructures;
however, the nonlinear optical properties of metal−semi-
conductor heteronanostructures with different sizes and shapes
are rarely reported. The nonlinear optical properties of different
materials depend on size and shape of their nanostructures.
Moreover, the magnitude of enhancement is also strongly
dependent on size, shape, and environment of the gold
nanostructures. In particular, the synthesis of a metal−
semiconductor materials with different size and shape is
challenging, making it difficult to study their nonlinear optical
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properties. In the present study, our motivation is to design
Au−CdSe flower/tetrapod-shaped heteronanostructures with a
Au core and CdSe arms and study their nonlinear optical
properties. We have explored the nonlinear optical properties
of CdSe and Au−CdSe using Z-scan and degenerate four wave
mixing (DFWM) techniques at 532 nm wavelength in the
picosecond regime and at 800 nm wavelength in the
femtosecond regime.

■ EXPERIMENTAL PROCEDURES
Materials. Chloroauric acid (HAuCl4·3H2O, 99.9%),

cadmium oxide (CdO), selenium powder (Se), stearic acid
(SA, 95%), oleic acid (OA, 96%), decanoic acid (DA, 98%),
trioctylphosphine (TOP, 90%), trioctylphosphine oxide
(TOPO, 99%), oleylamine (OAm, (98%), hexadecylamine
(HDA, 90%), 1-octadecene (99%), tetraoctylammonium bro-
mide (TOAB, Fluka), and 1-dodecylamine (DDA, 98%) were
purchased from Aldrich, and sodium borohydride (NaBH4),
toluene (chemical grade), n-hexane (analytical grade), meth-
anol (analytical grade), and ethanol (analytical grade) were
purchased from Merck India, Ltd. All of the reagents were used
without further purification. Seed Au particles were synthesized
following the modified literature report23,24 and these were
purified, dissolved in toluene, and stored at room temperature.
We have reported previously the detail synthesis of Au−CdSe
heterostructures.23,25 Using these Au particles as seeds,
selenium and cadmium precursors were introduced to the
reaction system at different reaction temperatures and time
variations for the semiconductor CdSe nucleation and growth.
To prevent separate CdSe nucleations, selenium precursors
were injected prior to the cadmium precursors to the Au seed
solution. In a typical reaction, the required amount of seed Au
particles were dispersed in the noncoordinating solvent 1-
octadecene along with the capping agent dodecylamine. The
mixture was degassed, and then the reaction temperature was
raised to the required temperature (200−280 °C) for CdSe
growth. Flower-shaped heteronanostructures were formed
when the cadmium stock solution was injected within a minute
(<60 s) of Se introduction at 240 °C reaction temperature.
However, tetrapod-shaped heteronanostructures were obtained
with Au at the center when the reaction was carried out at 280
°C with the same reactant concentrations and the sequence of
their injections. It is to be noted here that the initial gold seeds
concentration remained the same for both the different
nanostructures. CdSe QDs were synthesized in following the
above reaction in the absence of Au nanoparticles.
The structural characteristics of the samples were obtained

using a high resolution transmission electron microscope (HR-
TEM) (JEOL-TEM-2010 operating voltage at 200 kV). The
linear absorption spectra of the samples were measured using a
UV−vis spectrophotometer (JASCO V-670). The samples were
used as a solution which dissolved in chloroform, and the
measurements were carried out in a quartz cuvette of 1 mm
thickness. The third order nonlinear optical properties were
investigated by using Z-scan technique with 532 nm picosecond
laser pulses and 800 nm femtosecond laser pulses for CdSe
quantum dot and Au−CdSe hybrid nanostructures. The
picosecond laser is a frequency doubled, Q-switched Nd:YAG
(Ekspla-2143A) laser, delivering 30 ps pulses at 532 nm with a
repetition rate of 10 Hz. The femtosecond laser is a Spectra
Physics Ti-sapphire regenerative amplifier delivering with 800
nm wavelength, operating at 1 kHz repetition rate and100 fs
pulse width. The very popular Z-scan technique, which is a

focused single beam method and translation of the sample
across the focal point, was used for measuring both nonlinear
refraction and nonlinear absorption.26 A lens with focal length
of 12 cm was used to focus the Gaussian beam, and the sample
was moved through the beam waist of the laser beam over the
length of 60 mm. At the focal point, the sample experiences
maximum pump intensity, which gradually decreases in either
direction from the focus. The sample solution taken in a 1 mm
cuvette is smaller than the Rayleigh range of the focused beam,
which is calculated to be ∼4 mm. The third order nonlinear
optical susceptibility measurements were carried out using the
degenerate four-wave mixing (DFWM) technique in a boxcar
geometry (see Supporting Information).

■ RESULTS AND DISCUSSION
Figure 1 represents the high resolution transmission electron
microscope (HR-TEM) images of the CdSe quantum dots and

Au−CdSe heteronanostructures. It is clear from the TEM
image (Figure 1a) that the CdSe nanoparticles are well disperse
without aggregation. The particle size of CdSe was estimated to
be ∼3 nm by using standard methods.27,28 The inset shows the
HRTEM image of CdSe QD nanocrystals (Figure 1a), and it is
hexagonal in nature. Figure 1panels b and c show the TEM
images of Au−CdSe flower-shaped and tetrapod heteronanos-
tructures, respectively. From the TEM images it is clear that all
the Au nanoparticles are well dispersed with almost a uniform
size of ∼6 nm. The inset shows a single Au−CdSe flower
shaped heteronanostructure (Figure 1b) with eight petal-type
arms and the petals of these nanoflowers have an average arm
length of approximately 30 nm. The magnified image clearly
suggests that these arms are in different planes, that is, they are
grown in different directions. The dark contrast of the Au core
is visible in almost all cases. From the d-spacing it has been
observed that CdSe petal arms are grown along the [0001]
direction and with the progress of reaction they are also grown
along the ⟨2110⟩ directions in addition to [0001]. The d-
spacing of the planes at the center is 0.358 nm and it
corresponds to the (0001) plane of wurtzite CdSe. Figure 1c
shows the TEM image of tetrapod-shaped heteronanostruc-
tures. Maximum lengths of the arms of these tetrapods are up
to 40 nm. The d-spacing of the planes at the center is 0.358 nm
and it corresponds to the (0001) plane of wurtzite CdSe. A
view of a tetrapod structure where the heterojunctions of the
CdSe arm with gold seed is clearly seen in the inset.
Figure 2 shows the visible−near infrared (vis−NIR)

absorption spectra of CdSe quantum dots and Au−CdSe
heteronanostructures. We observed from the absorption
measurements that the CdSe quantum dot shows the

Figure 1. TEM images of (a) CdSe QDs nanocrystals, (b) Au−CdSe
flower-shaped, and (c) tetrapod heteronanostructures. The inset
pictures (in panels a, b, and c) show the corresponding high
magnification images of CdSe QDs nanocrystals, Au−CdSe flower-
shaped, and tetrapod heteronanostructures, respectively.
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absorption band at 576 nm. In the case of Au−CdSe
heteronanostructures, it shows similar absorption spectra, but
maximum absorption is broadened in the range of 500−700
nm, which is probably due to the overlap of the Au surface
plasmon absorption with the absorption band of CdSe
quantum dots in the metal−semiconductor heteronanostruc-
tures. The gold plasmonic absorption is around 540 nm27 for 6
nm sized particles. In the present study, a spherical Au
nanoparticle is in the center of the tetrapod, and flower
heterostructures of Au−CdSe. Thus, the plasmonic mode of
spherical nanoparticles is expected to be the same for all
samples, but the change is due to Plasmon−exciton interaction.
Nonlinear Absorption Study at 532 nm Picosecond

Laser. Z-scan measurements were carried out for all the
samples in solution form filled in 1 mm quartz cuvette. The
concentrations of the samples used in this measurement are 3.3
× 10−4 M and 2.3 × 10−6 M for CdSe quantum dot and Au−
CdSe heteronanoflower and tetrapod, respectively. The linear
transmittance of the samples at 532 nm are 72%, 34%, and 37%
for CdSe, Au−CdSe flower shape, and tetrapod heteronanos-
tructures, respectively. During the Z-scan measurement, it is
observed that both the nonlinear absorption and nonlinear
refraction are intensity-dependent. To investigate the intensity-
dependent nonlinear absorption (NLA), we have performed
the open aperture Z-scan experiment26 at different input
intensities. It is to be noted that we observe switching from
saturable absorption (SA) to reverse saturable absorption
(RSA) in both the samples with increasing laser intensity, and
an increased nonlinear absorption is observed in the case of
Au−CdSe heteronanostructures. We also carried out Z-scan
measurements for the solvent at all the intensities used for the
samples to remove the solvent contribution, and the results are
shown in Figure S2 (Supporting Information). Here, we report
the nonlinearities of CdSe and Au−CdSe by removing the
solvent contribution from the samples.29 Figure 3 represents
the schematic energy level diagram for CdSe quantum dot and
Au−CdSe heteronanostructures to explain the nonlinear
processes.
Panels a, b, and c of Figure 4 represent the intensity-

dependent nonlinear absorption curves for CdSe quantum dot,
Au−CdSe flower shape, and tetrapod heteronanostructures,
respectively, at different input intensities. Because of the
resonant absorption at 532 nm, at relatively low input intensity

of 8.75 GW/cm2, all the samples possess strong SA behavior
due to saturation in the ground state absorption as shown in
Figure 4 panels a(i), b(i), and c(i) for CdSe and Au−CdSe
heteronanostructures. Panels a(ii), b(ii), and c(ii) of Figure 4
represent the nonlinear absorption curves for CdSe and Au−
CdSe heteronanostructures at the input intensity of 14 GW/
cm2. In the case of Au−CdSe heteronanostructures, the
transmittance decreases when the sample moves closer to the
focus point, a curve with two symmetrical humps with a valley
appears, indicating SA followed by RSA behavior with
increasing input intensity. Such type of switching behavior is
observed in gold nanocubes,30 Rhodmine6G-PVA solution,31

Pt nanoparticles,32 Cu2O nanoparticles,33 and also in Bi2S3@Au
nanorods composites.34

Panels a(iii), b(iii), and c(iii) of Figure 4 represent the
nonlinear absorptive curves for CdSe and Au−CdSe hetero-
nanostructures, at the input intensity of 34 GW/cm2. At higher
input irradiance, they show SA behavior, when the sample is far
away from the focal point (at low intensities) and the sample
comes closer to the focal point (at high intensities), the
resonant nonlinear absorption process dominates by taking the
excited electron from the lower conduction band to the higher
conduction band states through a second photon. This process
is called free carrier absorption (FCA) or excited state
absorption (ESA) leading to effective two-photon absorption
(TPA) resulting in RSA behavior for both CdSe and Au−CdSe.
At higher intensities, the saturation absorption of the lower
excited states and FCA/ESA compete with each other. With
further increase in the laser intensity, FCA/ESA dominates and
reverse saturable absorption (RSA) occurs. In the present
experiment, the critical amount of input intensities where the
SA response is switched to RSA and the values are found to be
34 GW/cm2 and 14 GW/cm2, for CdSe and Au−CdSe flower-
shape (tetrapod) heteronanostructures, respectively. The low
input intensity to obtain SA over RSA in Au−CdSe is attributed
to exciton−plasmon interactions in Au−CdSe.
The switchover from SA- to RSA-type of nonlinear behavior

is explained by modeling the saturation of absorption of the
lower band around 532 nm and direct two-photon absorption
(TPA) from the ground state to excited state. The experimental
data are therefore fitted by defining a nonlinear absorption
coefficient α(I) which is a combination of saturable absorption
and TPA terms,30−33 through the relation

Figure 2. Linear absorption spectra of CdSe quantum dot and Au−
CdSe flower-shaped heteronanostructure.

Figure 3. Schematic of energy level diagram for CdSe quantum dot
and Au−CdSe heteronanostructures: (VB) valence band; (CB)
conduction band; (TPA) two-photon absorption; (FCA) free carrier
absorption.
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Here, the first term describes the SA, and second term
describes TPA. α0 is the linear absorption coefficient which is
3.4, 11.4, and 11.3 cm−1 at 532 nm for CdSe and Au−CdSe
flower shape and tetrapod heteronanostructures, respectively. I
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Here, Leff = 1 − e−α0L/α0, z is the longitudinal distance moved
by the sample from the focus (z = 0), α is the nonlinear
absorption coefficient, I0 is the peak intensity at the focus, Leff is
the effective path length of the sample, and L is sample length,
and z0 is the Rayleigh range. The experimental data are fitted

using a theoretical equation obtained by eq 1 and eq 2. The
open aperture Z-scan traces are shown in Figure 4; the dotted
lines represent the experimental data and the solid curves are
the theoretical fittings obtained using eq 2.
As the input intensity further increases, the depth of the

valley increases as shown in Figure 4 panels a(iv), b(iv), and
c(iv) for CdSe quantum dot and Au−CdSe flower- and
tetrapod-shaped heteronanostructures, respectively, at the input
intensity of 55 GW/cm2. The way the transition from SA to
RSA occurs with an increase in the intensity for CdSe and Au−
CdSe, it can be concluded that at higher intensities the
nonlinear absorption term Iβeff dominates in both CdSe and
Au−CdSe leading to RSA behavior. The sharp nature of RSA at
55 GW/cm2 for Au−CdSe indicates stronger TPA process.
The nonlinear optical parameters obtained from the

experimental data by performing theoretical fits using eq 1
and 2 are listed in Table 1. It is seen that for 532 nm excitation,
the values of βeff and Is are 0.22 cm/GW and 56.7 GW/cm2 for
CdSe quantum dot, and these values are changed to 0.49 cm/

Figure 4. Intensity-dependent nonlinear absorption curves for (a) CdSe quantum dot, (b) Au−CdSe flower shape, and (c) Au−CdSe tetrapod
heteronanostructures at different input intensities with 532 nm.

Table 1. Saturation Intensity (Is), Nonlinear Absorption Coefficient (βeff), Effective Two-Photon Absorption Cross Section
(σeff) and Nonlinear Refractive Index (n2) Values Obtained by Theoretical Fitting of Experimental Data for CdSe Quantum Dot
and Au−CdSe Heteronanostructures at Different Input Intensities (I0)

a

quantum dot flower shape tetrapod

I0 βeff Is σeff n2 βeff Is σeff n2 βeff Is σeff n2

55 0.22 56.7 0.041 0.49 76 13.2 0.46 79 12.1
22 35 −0.32 0.15 12 4.1 −1.86 0.12 41 3.2 −1.75
1.72 1.2 −5.86 0.93 8.9 0.95 8.35
0.87 0.53 −6.53 0.43 12.8 0.48 12.4

aI0, GW/cm2; βeff, cm/GW; Is, GW/cm2; n2, (cm
2/W) × 10−14; σeff, GM.
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GW and 76 GW/cm2 and 0.46 cm/GW and 79 GW/cm2 for
Au−CdSe flower-shape and tetrapod heteronanostructures,
respectively, at the input intensity of 55 GW/cm2.
We have evaluated the effective two-photon absorption cross

section (σeff) obtained using the relation σeff = (hυ/N) βeff.
Where υ is the frequency of the laser pulse, N is the molar
concentration, and βeff is the effective two-photon absorption
coefficient. The effective two-photon absorption cross section
values are 0.041, 13, and 12 GM for CdSe quantum dot, Au−
CdSe flower shape, and tetrapod heteronanostructures,
respectively. It is observed that the effective two-photon cross
section of the Au−CdSe flower shape and tetrapod
heteronanostructures are 322 and 308 times higher than a
single component of CdSe quantum dot. The photo-
luminescence quenching and shortening of lifetime of the
Au−CdSe flower-shape and tetrapod heteronanostructures, and
the enhancement in effective two-photon absorption cross
section of Au−CdSe heteronanostructures is due to the charge
transfer phenomena between CdSe quantum dot and the
surface plasmons of Au nanoparticles.4,25,26 It is reported that
the enhancement of nonlinear absorption is observed for
Bi2S3@Au nanorods composites, which is due to presence of
surface plasmon resonance of Au nanoparticles.34 Switching
from SA to RSA of these samples is an interesting behavior
which can be used for an optical pulse compressor, optical
switching, and optical pulse narrowing,35 and the enhancement
of this switching behavior of Au−CdSe nanocomposites is
expected to improve the optical device performance.

The nonlinear refraction studies are investigated through the
closed and open aperture Z-scan technique with 532 nm
picosecond laser pulses at different input intensities. The closed
aperture Z-scan traces are shown in Figure 5 and the
corresponding open aperture data are represented in Figure
S3 (Supporting Information) for CdSe and Au−CdSe,
respectively. Both samples show switchover from SA to RSA
behavior at higher intensities and SA behavior at lower
intensities, which is removed while calculating the nonlinear
refraction as shown in Figure S2 (Supporting Information) by
dividing the closed aperture data with open aperture data. Note
that, we also carried out the Z-scan measurements on solvent
(chloroform), and found that the solvent shows significant
nonlinear absorption and refraction at higher intensities
(Supporting Information) which is removed from the samples
data.
To estimate the nonlinear refractive index of CdSe and Au−

CdSe, first the normalized closed aperture transmittance (TCA)
was estimated using the relation given in ref 26. The nonlinear
refractive index n2 was calculated from the relation,26

φ λ
π

= |Δ |−n
I L

(cm W )
22

2 1

0 eff (3)

where ΔΦ is the phase change of the laser beam due to
nonlinear refraction, λ is the wavelength of the laser beam, Leff

= 1 − e−α0L/α0 is the effective path length of the sample, L is the

Figure 5. Closed aperture Z-scan traces for (a) CdSe quantum dot, (b) Au−CdSe flower shape, and (c) Au−CdSe tetrapod heteronanostructures at
different input intensities with 532 nm.
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sample length, α0 is the linear absorption coefficient, I0 is the
peak intensity.
The obtained nonlinear refractive index values for CdSe

quantum dot and Au−CdSe heteronanostructures are given in
Table 1. CdSe quantum dot exhibits a negative nonlinearity and
the nonlinear refractive index value exhibits lower value at
higher intensities even though CdSe shows stronger nonlinear
absorption. The negative nonlinear refractive index can be
concluded from the self-defocusing effect (the peak followed by
valley) in CdSe quantum dots. The reduction of nonlinearity at
higher intensities has no contribution from thermal non-
linearity. The nonlinearity is attributed predominantly to the
electronic rather than to the thermal contribution because we
carried out the experiment in the picoseconds time scale. At
higher intensities, the effective two-photon absorption possibly
leads to negative nonlinearity, and therefore decreases the total
nonlinear refractive index. At lower intensities, SA behavior
becomes predominant leading to larger nonlinear refractive
index. In the case of Au−CdSe, it is very interesting to see a
change of sign of nonlinear refraction from positive to negative
nonlinearity as the intensity increases and also a decrease in the
value of the refractive index. The positive contribution to the
nonlinear refractive index is attributed to the electronic
contribution of Au−CdSe flower/tetrapod-shaped heterona-
nostructures. The possible physical significance for the
switchover from self-focusing to self-defocusing in Au−CdSe
can be explained as follows. As discussed in the open aperture
Z-scan results, at higher intensities, the charge transfer takes
place from CdSe to Au nanoparticles in Au−CdSe hetero-
nanostructures, which results in a large absorption cross section
leading to thermal nonlinearity. At lower intensities, the free
charge carriers are very low and pure electronic contribution
dominates the nonlinear process leading to positive non-
linearity. There is a possibility that the electrons could transfer
from d-band to s−p band in the Au nanoparticles, resulting in
positive nonlinearity at low input intensities.
Ganeev et al. have observed a transformation of nonlinear

refraction of Ag nanoparticles from self-defocusing to self-
focusing which is unlike our system, and the nonlinear
refractive index value decreases as the intensity increases.36

Moreover, it is reported that the nonlinear refraction of Pd
nanoparticles switches from self-defocusing to self-focusing
which is attributed to interband transitions of electrons from d
band to s−p conduction band in the Pd NPs.37 To the best of
our knowledge, this is the first report on switching behavior of
nonlinear refraction in metal−semiconductor heteronanostruc-
tures. At lower intensities, a significant increase in the nonlinear
refractive index of Au−CdSe compared to CdSe was observed.
The increase in the nonlinearity from CdSe to Au−CdSe could
be attributed to the plasmons in Au nanoparticles leading to
intense local fields. The nonlinear switching behavior of Au−
CdSe heterostructure is due to exciton−plasmon interactions.
Such switching behavior plays an important role in optical
signal processing.
Third Order Nonlinear Optical Susceptibility Using

532 nm Picosecond Laser. The third order nonlinear optical
susceptibility, χsample

(3) measurements were carried out using
DFWM technique with 532 nm, 30 ps laser pulses. The values
of χsample

(3) , for CdSe quantum dot and Au−CdSe flower-shape
and tetrapod heteronanostructures have been measured by
comparing the DFWM signal of the samples with that of
chloroform as reference (χreference

(3) = 6.9 × 10−14 esu38,39) for
picosecond pulses which is in turn deduced from CS2 (χCS2

(3) =

6.3 × 10−13 esu38−40). The following relationship is used to
determine the sample χsample

(3) ,40
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where I is the DFWM signal intensity, α is the linear absorption
coefficient, L is sample path length, and n is the refractive index.
As the sample concentration is very low, the refractive index of
chloroform (n = 1.446) is taken as the refractive index of the
solution. The calculated third order nonlinear susceptibility
(χ(3)) values are 1.37 × 10−13, 5.45 × 10−13, and 5.27 × 10−13

esu for CdSe, Au−CdSe flower-shape, and tetrapod hetero-
nanostructures, respectively. The DFWM measurements were
carried out at sufficiently low input intensities that the samples
do not show any two-photon absorption. DFWM signals as a
function of different input intensities for CdSe and Au−CdSe
are shown in Figure 6. A slope of ∼3 obtained for all the

samples indicates that the signals observed are from the third
order nonlinear process. The origin for the DFWM signal is
purely electronic contribution.

NLO Properties with 800 nm Femtosecond Laser. We
have investigated the nonlinear optical properties of the CdSe
quantum dot, Au−CdSe flower-shape, and tetrapod hetero-
nanostructures in chloroform using an open aperture Z-scan
technique with 100 fs pulse width, 800 nm wavelength which is
far away from the surface plasmon resonance of Au
nanoparticles. In this measurement, the excitation intensity at
the focus varies from 66 GW/cm2 to 225 GW/cm2. The linear
absorption coefficient at 800 nm for CdSe, Au−CdSe flower-
shape and Au−CdSe tetrapod are 2.9, 8.4, and 8.6 cm−1

respectively. The solvent shows significant nonlinear absorption
which is removed from the sample contribution (Supporting
Information, Figure S6). Figure 7 represents the intensity-
dependent nonlinear absorption properties of CdSe and Au−
CdSe flower-shape and tetrapod heteronanostructures. The
normalized open aperture Z-scan traces for CdSe quantum dots

Figure 6. DFWM signal recorded for Au−CdSe flower-shaped
heteronanostructure and CdSe quantum dot as a function of input
intensity. The slopes for the Au−CdSe flower-shaped heteronanos-
tructure and CdSe quantum dot are 3.22 and 3.07, respectively.
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are shown in Figure 7a. At the input intensity of 66 GW/cm2,
there is no nonlinear absorption. At higher input intensity, it
shows significant RSA behavior which is attributed to the two-
photon absorption and this behavior increases as the input
intensity increases as displayed in Figure 7a. Similar switching
from SA to RSA behavior was observed for Au−CdSe
heteronanostructures at 800 nm excitation. At lower intensities,
Au−CdSe shows SA behavior which could possibly be due to
the longer excited-state lifetimes. At the higher input intensities,
when the sample is away from the focal point (lower
intensities), the sample shows the SA behavior. When the
sample moves closer to the focal point (higher intensities), the
two-photon absorption dominates. As a result, a switch over
from SA to RSA behavior is observed in Au−CdSe
heteronanostructures at 160 GW/cm2 is shown in Figure
7b(ii),c(ii). As the input intensity further increases, at 225 GW/
cm2 the two-photon absorption in CdSe quantum dot
completely dominates the nonlinear process as shown in
Figure 7b(iii),c(iii) for Au−CdSe heteronanostructures. The
dotted lines are the experimental data, and the solid lines
represent the theoretical fitting using the eqs 1 and 2. The two-
photon absorption coefficient for CdSe quantum dot, Au−
CdSe flower-shape and tetrapod heteronanostructures are 4.1 ×
10−11, 2.75 × 10−11, and 2.54 × 10−11 esu, respectively, at the
input intensity of 225 GW/cm2.
The switching behavior is observed in Bi2S3@Au nanorod

composites at the excitation of 532 nm and 1064 nm.34 In our
present system, it is interesting to observe a switching behavior
in the Au−CdSe system, unlike the CdSe system at the
excitation of 800 nm, which can find potential applications in
optoelectronics. The nonlinear optical properties of flower-

shape and tetrapod heteronanostructures are similar in both the
picosecond and femtosecond areas. However, they show small
differences in the parameters of nonlinear optical coefficients.
Both composite structures contain Au as core and CdSe as the
petal arm. The Au−CdSe flower-shape heteronanostructure has
the eight arms of CdSe as compared to the tetrapod. Moreover,
the possibility of efficient charge transfer from CdSe arms to Au
core increases the NLO properties of the Au−CdSe flower-
shape heteronanostructures.

■ CONCLUSION

In summary, we have reported the nonlinear optical properties
of hybrid metal−semiconductor nanostructures using the Z-
scan technique with 532 nm, picosecond laser pulses and 800
nm, femtosecond laser pulses. At resonant excitation, all the
samples show switch over from SA to RSA behavior at 532 nm
excitation. The effective two-photon absorption cross section of
CdSe quantum dot, Au−CdSe flower-shape and tetrapod
heteronanostructures are 0.041, 13.2, and 12.1 GM, respec-
tively. The large enhancement in the effective two-photon
absorption cross section is attributed to the charge transfer
process between CdSe and Au nanoparticles. We observed a
sign reversal in the nonlinear refraction and also an increase in
its magnitude while going from CdSe to Au−CdSe. At 800 nm
excitation, Au−CdSe heteronanostructures show the switching
behavior unlike CdSe quantum dots. The results suggest that
the Au−CdSe metal−semiconductor nanoheteronanostructures
could play a potential role in photonics and optoelectronic
applications.

Figure 7. Intensity-dependent nonlinear absorption curves for (a) CdSe quantum dot, (b) Au−CdSe flower-shape, and (c) tetrapod
heteronanostructures at different input intensities with 800 nm.
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■ ASSOCIATED CONTENT
*S Supporting Information
The description of the degenerate four-wave mixing (DFWM)
technique is given. Figure S2 shows the open aperture
nonlinear absorption curves for chloroform (solvent) at
different input intensities. Figure S3 shows the Z-scan open
aperture traces for CdSe quantum dot and Au−CdSe flower-
shaped heteronanostructures at different intensities. Figure S4
shows the closed aperture Z-scan traces for chloroform
(solvent) at different input intensities at 532 nm excitation.
Figure S5 represents the intensity dependence of DFWM signal
at 532 nm for Au−CdSe tetrapod heteronanostructures. Figure
S6 shows the Z-scan open aperture traces for the solvent at
different intensities with 800 nm excitation. This material is
available free of charge via the Internet at http://pubs.acs.org.
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