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The spectral and nonlinear optical properties of ZnO based nanocomposites prepared by colloidal
chemical synthesis are investigated. Very strong UV emissions are observed from ZnO-Ag, ZnO—
Cu and ZnO-SiO, nanocomposites. The strongest visible emission of a typical ZnO—Cu nanocom-
posite is over ten times stronger than that of pure Cu due to transition from deep donor level to the
copper induced level. The optical band gap of ZnO-CdS and ZnO-TiO, nanocomposites is tun-
able and emission peaks changes almost in proportion to changes in band gap. Nonlinear optical
response of these nanocomposites is studied using nanosecond laser pulses from a tunable laser in
the wavelength range of 450-650 nm at resonance and off-resonance wavelengths. The nonlinear
response is wavelength dependent and switching from RSA to SA has been observed at resonant
wavelengths. Such a change-over is related to the interplay of plasmon/exciton band bleach and
optical limiting mechanisms. The observed nonlinear absorption is explained through two photon
absorption followed by weak free carrier absoption, interband absorption and nonlinear scattering
mechanisms. The nonlinearity of the silica colloid,is low and.its nonlinear response can be improved
by making composites with ZnO and ZnO-TiO,. The increase of the third-order nonlinearity in the
composites can be attributed to the enhancement of exciton oscillator strength. This study is impor-
tant in identifying the spectral range and the composition over which the nonlinear material acts
as an RSA based optical limiter. These nanocomposites can be used as optical limiters and are
potential materials for the light emission and for the development of nonlinear optical devices with
a relatively small limiting threshold.

Keywords: Nanocomposites, Fluorescence Emission, Nonlinear Absorption Coefficient, Two
Photon Absorption and Nonlinear Refractive Index.
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1. INTRODUCTION

The field of nanocomposite materials has been widely rec-
ognized as one of the most promising and rapidly emerg-
ing research areas.'”? There are some material designs to
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tor nanoclusters.! Such composite materials are especially
of interest in developing efficient light-energy conversion
systems and optical devices. For example, photoinduced
deposition of noble metals such as Pt or Au on semicon-
ductor nanoclusters has often been employed to enhance
their photocatalytic activity.?

With many advantages such as low cost, nontoxicity
and stability, ZnO is becoming a very promising n-type
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oxide semiconductor. Most of the work has been devoted
to the electrical and fluorescent properties of ion-doped
zinc oxide materials,* while only a few reports can be
found using ZnO as the matrix for nanoparticle composite
films.> These nanocomposites may lead to optically func-
tional properties. In this study, therefore, the nanocom-
posite techniques are applied to improve the spectral and
optical properties of Zn0O.%

Optical nonlinearity of metal nanoparticles in a semi-
conductor has attracted much attention because of the
high polarisability and fast nonlinear response that can be
utilised in making them as potential optical devices."!°
It is well known that noble metal nanoparticles show an
absorption due to surface plasmon resonance (SPR) in the
visible region.! Out of various metal nanoparticles, silver,
copper and gold are extensively studied in colloids, thin
films and in different glass matrices for their nonlinear
optical properties.!!

In recent years, interest in the synthesis, char-
acterization, and application of colloidal “quantum
dot” semiconductor materials has grown markedly."

Association.
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Nanocrystals of cadmium sulfide are by far the most stud-
ied system among all the semiconducting nanocrystals.'?
The bulk CdS has a direct band gap of 2.4 eV at
300 K, and the typical Bohr exciton diameter of CdS
is around 5.8 nm; consequently, CdS nanocrystals in the
size range of 1-6 nm show sizable quantum confinement
effects with remarkably different optical properties. The
size dependent, unusual optical and electronic properties
of these nanocrystals have been studied in detail using a
wide variety of experimental and theoretical techniques.'*
Nanoscale composite materials containing titanium oxides
are interesting because of their potential applications in
optoelectronic devices and the bulk TiO, has a direct band
gap of 3.2 eV.!"> A great deal of research effort has been
focused on both synthesis of TiO, nanocomposites, and
on their linear optical properties. Recently the nonlinear
optical properties of such materials have also received
attention. A large, reverse saturable type of nonlinear
absorption is observed in polystyrene maleic anhydride-
TiO, nanocomposites with a continuous wave He—Ne laser
beam.'®
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Extensive investigations of the photoluminescence and
the third order optical nonlinearities of nanometer-sized
semiconductor materials have demonstrated interesting
physical properties and potential applications. The absorp-
tion and luminescent properties of TiO,, CdS and PbS
particles can be easily tuned by selecting appropriate
matrix materials.'” Recently, a microemulsion technique
has been developed to prepare semiconductor nanocom-
posites such as ZnS/CdSe, ZnSe/CdSe, ZnS/CdS or
TiO,-SiO, in a core-shell structure.'”® Chemically syn-
thesized semiconductor nanocomposites offer necessary
and basic materials promising colour-tunable, flexible, all-
purpose chromophore systems, in which the strong quan-
tum confinement effect of the carriers leads to unique, size
dependent linear and nonlinear optical properties. '

The synthesis of new nonlinear optical materials based
on transparent semiconductor and insulator that contain
metal nanoparticles is nowadays of great interest for appli-
cations in nonlinear optics.! For optical limiting applica-
tions it is necessary that the sample possess low linear
losses and high nonlinear losses. Nonlinear losses can be
due to multiphoton absorption, reverse saturable absorp-
tion, nonlinear scattering, and self-action of laser radiation
(Kerr and thermal self-focusing and self-defocusing).?’

Soon after the reporting of stimulated UV emission of
ZnO at room temperature, ZnO attracted the people’s atten-
tion as an UV laser material.? Effective UV random lasing
has been observed from patterned p-SiC(4H)/i-ZnO-SiO,
nanocomposite films under optical excitation,?' UV ran-
dom lasing can be achieved in these composites because
the appropriate patterning of ZnO clusters enhances the
optical quality (i.e., higher gain and lower loss) of the ran-
dom media. However, the improvement of UV emission
and the simplification of growth techniques are still very
important. Different metal particles, organic nanocrystals
and fullerenes doped in sol-gel glasses and silica compos-
ites are well studied for optical limiting applications."? It is
also known that doping significantly improves the limiting
performance of ZnO.

In this paper, we present the spectral and nonlinear
optical properties of ZnO-Ag, ZnO—Cu, ZnO-CdS, ZnO-
TiO,, ZnO-SiO, and ZnO-TiO,-SiO, nanocomposites.
Ag and Cu are selected to prepare metal-semiconductor
nanocomposites with ZnO, because of their interesting
optical properties in the visible range which gives rise to
wide applications in optoelectronic devices. Our results
show that ZnO—CdS and ZnO-TiO, nanocomposites pos-
sess bandgap engineering, fluorescence tuning, very large
optical nonlinearity and have a great potential for optical
switching and optical communications. The nonlinearity of
the silica colloid is low and its optical limiting response
can be improved by making composites with ZnO and
ZnO-TiO, which gives rise to wide applications in opto-
electronic devices.

Sci. Adv. Mater. 2, 117-137, 2010

1.1. Theory

A crucial step in designing modern optoelectronic devices
is the realization of bandgap engineering to create barrier
layers and quantum wells in device heterostructures.?? In
order to realize such optoelectronic devices, modulation
of the bandgap is required. To boost the concentration of
electrons and holes, impurity atoms are introduced into the
semiconductor crystal.”> The energy gap of the semicon-
ductor A, Zn,_,O (where A = Mg, Cd) is determined by
the following equation,?

Eg('x) = (1 =x)Ez0 +XE 0 — bx(1 —x) (1)

where b is the bowing parameter and E, o and E,, are
the bandgap energies of compounds AO and ZnO respec-
tively. The bowing parameter depends on the difference in
electronegativities of the end binaries ZnO and AO.

High carrier concentrations in conduction and valence
bands lead to bandgap reduction due to enhanced carrier—
carrier interaction.?> The reduction in bandgap, AE, can be
derived from many-body theory?® as a function of the static
dielectric constant &, rest mass of electron m,, the effec-
tive masses m, and m,, the number density N (N =n = p)
and the temperature 7. It is given by

g’ m,+m P ol
AE,=—C |2 —< Y4 BT*-* 2
e[S ()] o

where the fit parameters C and B are 3.9 x 107> eVcem?/4
and B'=3.1x10"? cm—3K~? respectively.

Heavy doping also leads to bandgap narrowing caused
by carrier—carrier interaction as well as by distortion of
the crystal lattice.”’” For Si, the bandgap reduction as a
function of doping density N,,, is given by*

AE,(meV)

Nd Nd ’
— 692 In( =S m(=2)) +05| 3
n<0.13>+\/<n<0.13>> + )

Both bandgap reduction mechanisms add up and they are
often hard to separate.

2. EXPERIMENTAL DETAILS

In the present investigation, colloids of ZnO are synthe-
sized by a modified polyol precipitation method.? The
silver nano colloids are prepared by the reduction of a
silver nitrate in H,O with 1% sodium citrate near boil-
ing temperature.’® The copper nanocolloids are prepared
by the hydrolysis of copper sulphate in water near boil-
ing temperature.?! The CdS nanocolloids are prepared by
chemical method using Cd(NO;),4H,0 and NH,CSNH,
(Merck, India) dissolved in 2-propanol and distilled water
respectively.’> The TiO, nanocolloids are prepared by
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the hydrolysis Titanium tetrabutoxide (Aldrich) in dis-
tilled water.®> A stable nanocolloid of SiO, particles dis-
persed in water has been obtained from Aldrich Chemical
Company.** The molar concentration of all the precursor
solutions are 0.025 M.

The ZnO-A nanocomposites are prepared via colloidal
chemical synthesis by mixing certain amounts of colloids
of A to ZnO at 120 °C during its preparation stage and
stirred for 1 hour at that temperature.*®3* The volume frac-
tion of A is changed keeping the volume of ZnO constant.
The samples having the ZnO-xA composition of (x=) 0.1-
5% are named as Zn0O-0.1A to ZnO-5A respectively. The
nonlinearity of silica colloid is too low and hence the vol-
ume fraction of ZnO is changed to increase the nonlinear-
ity in SiO, based nanocomposites keeping the volume of
SiO, a constant.®

The ZnO nanocomposites are characterized by optical
absorption measurements recorded using a spectropho-
tometer (JascoV-570 UV/VIS/IR) and fluorescence mea-
surements recorded using a Cary Eclipse fluorescence
spectrometer (Varian). In the present investigation, we
have employed the single beam z-scan technique with
nanosecond laser pulses to measure nonlinear optical
absorption of ZnO nanocomposites.’*>7 A Q-switched
Nd:YAG laser (Spectra Physics LAB-1760, 532 nm, 7 ns,
10 Hz) is used as the light source. The sample is moved in
the direction of light incidence near the focal spot of the
lens with a focal length of 200 mm. The radius of the beam
waist w is calculated to be 35.4 um. The Rayleigh length,
Zo = Twi/A is estimated to be 7.4 mm, much greater
than the thickness of the sample cuvette (1 mm), which
is an essential prerequisite for z scan experiments. The
transmitted beam energy, reference beam energy and their
ratio are measured simultaneously by an energy ratiometer
(Rj7620, Laser Probe Corp.) having two identical pyro-
electric detector heads (Rjp735). The effect of fluctuations
of laser power is eliminated by dividing the transmitted
power by the power obtained at the reference detector.
The data are analyzed by using the procedure described
by Sheik Bahae et al. and the nonlinear coefficients are
obtained by fitting the experimental z scan plot with the
theoretical plots.*

3. RESULTS AND DISCUSSION
3.1. ZnO-Ag
3.1.1. Absorption Spectroscopy

Optical absorption measurement is an initial step to
observe the single colloid and metal-semiconductor
nanocomposite behaviour.® Figure 1 gives the room tem-
perature absorption spectra of the ZnO-Ag nanocompos-
ites. The excitonic peak of ZnO colloid is found to be blue
shifted with respect to that of bulk ZnO which could be
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Fig. 1. Absorption spectra of ZnO—Ag nanocomposites.

attributed to the confinement effects.?® For silver nanocol-
loid, the surface plasmon absorption (SPA) band lies in
the 410 nm region. Although the conduction and valence
bands of semiconductors are separated by a well-defined
band gap, metal nanoclusters have close-lying bands and
electrons move quite freely. The free electrons give rise
to a surface plasmon absorption band in metal clusters,
which 'depends on both the cluster size and chemical
surroundings.! The plasmon band of metal particles as
explained on the basis of Mie theory involves dipolar oscil-
lations of “the free electrons in the conduction band that
occupy energy states near the Fermi level.!

The pronounced dependence of the absorption band gap
on the size of the semiconductor nano crystals and SPA
band on the size of metal nano crystals is used to deter-
mine the particle size. An order of magnitude estimate of
the particle size is possible from the absorption spectra.
The size of ZnO and Ag nanocolloids are in the range of
10-20 nm. The presence of excitonic peak and SPA band
itself indicates that the composites are of nanometer size.
The size evolution of nanocomposites may also have some
relation with optical characteristics in addition to the com-
position and is a possible direction for future studies.

For small volume fraction of Ag, the composite exhibits
the characteristics of ZnO with a red shift in the exci-
tonic peak. On the other hand, the ZnO-2Ag nanocompos-
ite exhibits both the semiconductor and metallic behaviour
with a blue shift in plasmon band. Optical absorption spec-
tra indicate presence of a well-defined ZnO excitonic fea-
ture along with the Ag surface plasmon absorption feature
at 400 nm.** The optical absorption spectra of the clus-
ters show a gradual shift in absorbance towards the visible
region, over which an extremely weak surface plasmon
resonance is superposed.

The surface plasmon absorption band of metal nanoclus-
ters is very sensitive to the surface-adsorbed species and
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dielectric of the medium. For example, I~ and CH;S™
ions result in damping of the surface plasmon band of col-
loidal silver particles.*! Alternately, one can also observe
bleaching of the surface plasmon band with electrons
deposited from radiolytically produced radicals, which
cause a blue shift and narrowing of the plasmon band.
A more detailed discussion on the damping effects caused
by surrounding material can be found elsewhere.! When
the volume fraction of Ag increases beyond 2%, the sur-
face plasmon peak is shifted towards 410 nm. It has
been established that the shift of the SPA band of silver
observed is a result of the accumulation of excess electrons
on the ZnO/Ag particles which leads to equalization of the
potentials of the conduction zones of the semiconductor
and the metallic components of the nanocomposite.**

3.1.2. Fluorescence Spectroscopy

Photoluminescence spectra of all samples measured at
room temperature are shown in Figure 2. The intensities of
the emission peaks depend on the volume fraction of Ag of
the samples. ZnO and ZnO-0.1Ag have only 385 nm emis-
sion, but the intensity of the peak of ZnO-0.1Ag is much
stronger than that of ZnO. ZnO-1Ag has the strongest UV
emission centered at 375 nm. ZnO-2Ag has UV emission
centered at 365 nm, which can be fitted to two peaks cen-
tered at 348 and 382 nm. ZnO-5Ag and Ag have only-a
peak at 348 nm.

Figure 3 shows the PL intensity as a function of the
silver content. It is clear that the intensity of  this peak
increases with the increasing amount of the Ag and Zn
acceptors. When the ZnO colloid is overdoped by Ag, the
Ag,0 nanoclusters appears and hence there is reduction
in PL intensity.*> The emission of ZnO at 385 nm can be
attributed to exciton transition. An undoped ZnO colloid
has insufficient holes and so restricted exciton concentra-
tion. After Ag doping, Ag acceptors bring more holes to
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Fig. 2. Fluorescence spectra of ZnO-Ag nanocomposites.
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Fig. 3. The fluorescence intensity of UV peak as a function of the vol-
ume fraction of silver in ZnO-Ag nanocomposites.

make the concentration of the excitons increase, so that
the UV emission is enhanced accordingly as shown in
Figure 2.

Nanostructural semiconductor materials generally have
more holes accumulated on its surface or in the interface
than common semiconductor material.** Therefore, there
are many holes existing in the interface between Ag nan-
oclusters and ZnO grains. The electrons in ZnO arrive at
the interface easily because of their short mean free paths
and the Coulomb forces. Based on quantum confinement
effects, plenty of excitons can be formed. Then the UV
emission due to exciton transition is enhanced.

The optical absorption spectroscopy and photolumines-
cence studies reveal the reaction mechanism at the junc-
tion. A two-fold enhancement of steady state luminescence
of rhodamine 6G has been observed when it is doped
with silver.* The presence of silver aggregates cause sub-
stantial depolarization of the luminescence and the elec-
tromagnetic interaction between Ag surface plasmons and
dye molecules can result, under certain conditions, in an
enhanced fluorescence quantum efficiency and photosta-
bility of the dye. The strongest UV emission of a certain
ZnO-Ag film is reported to be over ten times stronger than
that of a pure ZnO film and the enhancement of UV emis-
sion is caused by excitons formed at the interface between
Ag nanoclusters and ZnO grains.** For ZnO-Ag nanocom-
posites, the strongest UV emission is over three times that
of pure ZnO.

3.1.3. Nonlinear Optical Characterization

Figure 4 shows the nonlinear absorption of ZnO-Ag
nanocomposites at a typical fluence of 300 MW/cm? for
a wavelength of 532 nm. Interestingly, ZnO and Ag col-
loids show a minimum nonlinearity, while the ZnO-Ag
nanocomposites clearly exhibit a larger induced absorption
behavior. The nonlinear absorption coefficient increases
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Fig. 4. Open aperture z-scan traces of ZnO—-Ag nanocomposites at an
intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.

substantially in the nanocomposites, as compared to pure
ZnO and Ag colloids and can be attributed to the enhance-
ment of exciton oscillator strength. Similar increase is also
reported in bimetallic and core—shell nanocomposites, as
compared to pure metals.*®

Different processes, like two photon absorption, free
carrier absorption, transient absorption, interband absorp-
tion, photoejection of electrons and nonlinear scattering
are reported to be operative in nanoclusters. In general,
induced absorption can occur due to a variety, of processes.
The theory of two photon absorption process fitted well
with the experimental curve infers that TPA is the basic
major mechanism. The free carrier life time of ZnO is
reported to be 2.8 ns.*” Hence there is a strong possi-
bility that the 7 ns pulses used in the present study is
exciting the accumulated free carriers generated by TPA
by the rising edge of the pulse. But FCA is weak com-
pared to TPA and hence the corresponding contribution
in the z-scan curves is relatively less. Silver nanoparti-
cles are well known materials for nonlinear optical appli-
cations because of their subpicosecond time response of
third-order optical nonlinearity. Transient absorption and
nonlinear absorptive mechanisms are reported to lead to
optical limiting in the case of Ag nanoparticles.*®

The surface plasmon band is sensitive to laser excitation.
The plasmon band of metal particles as explained on the
basis of Mie theory involves dipolar oscillations of the free
electrons in the conduction band that occupy energy states
near the Fermi level.! Once these electrons are excited
by a laser pulse, they do not oscillate at the same fre-
quency as that of the unexcited electrons, thus causing
the plasmon absorption band to bleach.” In our case, the
excitation energy (532 nm or 2.3 eV) is lower than the
Ag SPR (410 nm or 3.02 eV) and as such the plasmon
absorption is not possible. No plasmon bleach effects are
seen when the samples are excited with nanosecond laser
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pulses at 532 nm. Instead, a reduced transmission behavior
is observed, which fits to a two photon absorption mech-
anism. A laser pulse can cause an intraband or interband
absorption in the metal nanoparticle system, depending on
the excitation wavelength and incident intensity.® In our
case, the excitation energy (532 nm or 2.3 eV) is lower
than the interband threshold from d level to p level (E,;, =
2.5 eV), and hence interband absorption is not possible.”!
We propose that this nonlinearity is caused by two pho-
ton absorption followed by weak free carrier absorption
occurring in the nanocomposites.

Figure 5 gives the closed aperture z-scan traces of ZnO-
Ag nanocomposites at a fluence of 300 MW/cm?. It is
observed that the closed-aperture z-scan satisfies the con-
dition Az ~ 1.7 z,, thus confirming the presence of pure
electronic third order nonlinearity.”? The peak—valley trace
in a closed aperture z-scan shows that these samples have
self-defocusing (negative, n, < 0) nonlinearity, though ear-
lier reports with picosecond pulsed lasers have shown pos-
itive nonlinearity for individual Ag nanoclusters.>®> Though
laser-induced permanent sign reversal of the nonlinear
refractive index is reported in Ag nanoclusters in soda-lime
glass, we have not observed any such permanent effect™
either in the intensity ranges (150-400 MW/cm?) stud-
ied using the second harmonics of a Q-switched Nd:YAG
laser or within the wavelength range 450-650 nm stud-
ied'using a tunable laser (Quanta Ray MOPO, 5 ns,
10" Hz). The nanocomposites exhibit reverse saturable
absorption at all wavelengths and good nonlinear absorp-
tion, which'increases with increasing input intensity. The
nonlinear refractive index (n,) increases substantially in
the nanocomposites, as compared to pure ZnO and Ag
colloids. The dramatically enhanced nonlinear refractive
response is due to the enhanced electromagnetic field
existing in the interface between Ag nanoclusters and ZnO
grains.® Since 1, increases with absorption, thermal non-
linearity is also taken into account. It is reported that if
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Fig. 5. Closed aperture z-scan traces of ZnO—Ag nanocomposites at an
intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.
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the thermal contributions are to dominate, then there will
be increase in n, with increase of absorption.®

The obtained values of nonlinear parameters of ZnO-
Ag nanocomposites are given in Table I. The nonlinear
refractive index of pure Ag colloid at 532 nm is reported
to be of the order of 107'° to 10~'7 m*/W. The nonlinear
coefficients of Ag films are about one order of magnitude
larger than that of Ag colloids.”” It is worth noting that cer-
tain materials, such as CuO chain compounds, Ag,S/CdS
nanocomposites, organic coated quantum dots and metal
clusters yielded values of order of 107 to 10~'* m/W
for nonlinear absorption coefficient'®>® at a wavelength of
532 nm. These values are comparable to the values of non-
linear optical parameters obtained for nanocomposites in
the present investigation. Thus, the nonlinear absorption
coefficient and nonlinear refractive index measured by the
z-scan technique reveals that the ZnO—Ag nanocomposites
investigated in the present study have good nonlinear opti-
cal response and could be chosen as ideal candidates with
potential applications in nonlinear optical devices.

3.1.4. Optical Limiting

To examine the viability of ZnO-Ag nanocomposites as
optical limiters, the nonlinear transmission of the colloids
are plotted as a function of input fluence derived from open
aperture z-scan trace. Figure 6 illustrates the influence of
volume fraction of silver in ZnO—Ag nanocomposites on
the optical limiting response.

The arrow in the figure indicates the approximate flu-
ence at which the normalized transmission begins to devi-
ate from linearity. The optical limiting threshold is found
to be high in the case of ZnO colloids (55 MW/cm?)
in comparison with that of Ag colloids (21 MW/cm?).
These values are comparable to the reported optical limit-
ing threshold for CdS and ZnO nano colloids.>** ZnO-
Ag nanocomposites are found to be good optical lim-
iters compared to ZnO and Ag and the optical limiting
threshold of ZnO-5Ag nanocomposite is observed to be
12 MW/cm?. Nanocomposites have a significant effect on
the limiting performance and increasing the volume frac-
tion of Ag reduces the limiting threshold and enhances the
optical limiting performance.

Table I. Measured values of nonlinear absorption coefficient and non-
linear refractive index of ZnO-Ag nanocomposites at an intensity of
300 MW/cm? for an irradiation wavelength of 532 nm.

ZnO-Ag

nanocomposites B cm/GW n, 1077 m*W
ZnO 20.7 -1.5

Ag 121 29
ZnO-0.1Ag 138.2 —4.4
Zn0-0.5Ag 155.5 -5.9
ZnO-1Ag 172.8 -7.3
ZnO-2Ag 190.1 ~11
ZnO-5Ag 207.4 —12.3
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Fig. 6. Optical limiting response of ZnO—Ag nanocomposites.

3.2. ZnO-Cu
3.2.1. Absorption Spectroscopy

Figure 7 gives the room temperature absorption spectra
of the ZnO-Cu nanocomposites. For copper nanocolloid,
the surface plasmon absorption band (SPA) lies in the
560 nm region. The size of ZnO and Cu nanocolloids
are in the range of 10-30 nm. For small volume fraction
of-Cu, the composite exhibits the characteristics of ZnO
with-a red shift in the excitonic peak. On the other hand,
the ZnO=1.5Cu nanocomposite exhibits both the semicon-
ductor and metallic behaviour. Optical absorption spectra
indicate presence of well-defined ZnO excitonic feature
along with the Cu surface plasmon absorption feature*
at 545 nm. The optical absorption spectra of the clusters
show a gradual shift in absorbance towards UV region,
over which an extremely weak surface plasmon resonance
is superposed.

a Zn0O
b----- Zn0-0.5Cu
‘ ¢ Zn0O-1.5Cu
34 d-- ZnO-5Cu
Cu

Absorbance (a.u)

300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 7. Absorption spectra of ZnO—Cu nanocomposites.
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When the volume fraction of Cu increases beyond 1.5%,
the surface plasmon peak is shifted towards 560 nm and it
has been established that the shift of the plasma band of Cu
observed is a result of the accumulation of excess electrons
on the ZnO/Cu particles which leads to equalization of the
potentials of the conduction zones of the semiconductor
and the metallic components of the nanocomposites.*?

3.2.2. Fluorescence Spectroscopy

Photoluminescence spectra of all samples measured at
room temperature are shown in Figure 8. ZnO and ZnO-
0.5Cu have only emissions at 385 nm, but the intensity of
the peak of ZnO-0.5Cu is much stronger than that of ZnO.
Zn0-0.5Cu has the strongest UV emission which is over
three times stronger than that of ZnO. It is clear that the
intensity of this peak increases with the increasing amount
of the Cu and Zn acceptors.

At small volume fractions, Cu acts as a sensitizer in the
nanocomposites. ZnO—1Cu has UV and visible emissions.
As the volume fraction of Cu increases beyond 0.5%,
intensity of UV peak decreases and visible peak increases.
When the ZnO colloid is overdoped by Cu, the CuO nan-
oclusters appears which will introduce defect states due to
anion vacancies and hence there is reduction in PL inten-
sity and increase in visible intensity.*> ZnO-5Cu and Cu
have only visible peak centered at 550 nm. It-is obvious
that the intensity of 550 nm peak agrees with the content
of Cu nanocolloids.

At larger volume fractions of Cu in the hanocompos-
ites, i.e., when ZnO is overdoped by Cu, defect states due
to anion vacancies are introduced and hence there is ten
times enhancement in visible emission compared to that
of Cu. The intensity of green emission becomes stronger
than that of UV emission in the composite after certain
volume fraction of Cu. The intensity variation of green
luminescence is systematically observed depending on the

1200
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Fig. 8. Fluorescence spectra of ZnO—Cu nanocomposites.
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volume fraction of Cu in order to investigate the emission
mechanism. This difference could be mainly because UV
luminescence is degraded by excessively oxidized layer
formed on the surface and the grain boundary of ZnO and
Cu.61_62

Copper doped ZnO is a strong luminescent material
and the green emission is due to copper induced levels.
The transition mechanism for copper doped ZnS has been
thoroughly discussed by Suzuki and Shionoya.®® They
attributed it to donor—acceptor transitions. The donor level
is due to AI** used as the coactivator and acceptor levels
are due to Cu*" in the excited state under the UV radiation.
When excited, the levels of Cu** (3d° configuration) are
split into %¢, and 2e states with 2¢, lying in the higher posi-
tion. In our experiments no coactivator is used so that one
can rule out the presence of donor levels due to AI**. We
do not observe any other impurities which would introduce
donor levels. Another model to explain the green lumines-
cence due to copper in zinc sulphide is recently proposed
by Peka and Schulz.* Green copper luminescence in their
model is due to a transition from the conduction band of
7nS to the “t,” level of excited Cu®* in the ZnS band gap.

Figure 9 shows the luminescence mechanism in
ZnO-Cu nanocomposites in which the doping introduces
defect levels due to anion vacancies. Impurities such as
sodium, copper, lead, potassium, nickel, cadmium, iron,
etc. ‘can'lead to impurity levels in the band gap and
lead to luminescence.®! Without doping, radiative transi-
tion occurs from near conduction band to the valence band.
In' case of Cu doped ZnO nanocomposites, enhancement
of visible luminescence is due to transition from defect
level to the copper induced ¢, level.

3.2.3. Nonlinear Optical Characterization

Figure 10 shows the nonlinear absorption of ZnO-Cu
nanocomposites at a typical fluence of 300 MW/cm? for an
irradiation wavelength of 532 nm. The open-aperture curve
exhibits a normalized transmittance valley, indicating the
presence of reverse saturable absorption in the colloids.

EC

32eV
M @)

E,
Fig. 9. Luminescence mechanism of ZnO-Cu nanocomposites, (1) tran-

sition from near conduction band edge to valence band, (2) transition
from deep donor level to #, induced level.
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Fig. 10. Open aperture z-scan traces of ZnO—-Cu nanocomposites at an
intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.

The obtained values of nonlinear absorption coefficient 3
at an intensity of 300 MW/cm? are shown in Table II.

The nonlinear absorption coefficient increases substan-
tially in the nanocomposites, as compared to pure ZnO and
Cu colloids. The theory of two photon absorption process
fitted well with the experimental curve which suggests that
TPA is the basic mechanism. There is the possibility of
FCA, but it is weak compared to TPA and hence the cor-
responding contribution in the z-scan curves is relatively
less.

A laser pulse can cause an intraband or interband absorp-
tion in the metal nanoparticle system, depending on the
excitation wavelength and incident intensity. The electrons
thus excited are free carriers possessing a whole spectrum
of energies, both kinetic and potential, immediately after
the absorption leading to the bleaching of the ground state
plasmon band. This process is accompanied by the nascent
excited state showing a transient absorption due to the free
carrier absorption.® The possibility of photo-ejection of
electrons, which is an ultrafast phenomena occurring by a
two photon or multiphoton absorption process, should also
be considered as a contributing factor leading to nonlinear
absorption, since the excitation photons in the visible

region are usually not energetic enough for monopho-
tonic electronic ejection. In our case, the excitation energy
(532 nm or 2.3 eV) is higher than the interband thresh-
old of copper from d level to p level (571 nm E,, =
2.17 eV), and hence interband absorption accompanied by
the absorption of free carriers generated in the conduction
band is possible. Strong optical limiting properties because
of interband absorption are reported in different nanoparti-
cle systems.’! Thus we propose that the observed nonlin-
earity is caused by two photon induced weak free carrier
absorption and interband absorption mechanisms occurring
in the nanocomposites.

Figure 11 shows the nonlinearity observed at 570 nm
at a fluence of 300 MW/cm?. An absorption saturation
behavior is found in Cu colloid. However, the saturation
changes over to induced absorption in all other ZnO col-
loids and ZnO-Cu nanocomposites. Such a change-over
in the sign of the nonlinearity is related to the interplay
of plasmon band bleach and optical limiting mechanisms,
as found from earlier studies on metal nanoparticles in
liquid and glass media.’®% Such behavior can generally
be modeled by defining an intensity dependent nonlinear
absorption coefficient a(), which is a sum of independent
positive and negative transmission coefficients®

a

‘D=1

+BI 4)
where, @ is the linear absorption coefficient, 8 is the
nonlinear -absorption coefficient, and I, is the saturation
intensity.

The surface plasmon band is sensitive to laser excita-
tion. These aspects have been addressed in several recent
spectroscopic investigations.** Plasmon bleach effects are
seen when the Cu nanocolloids are excited at its SPR
with nanosecond laser pulses of 570 nm. So increased
transmission behavior is observed for Cu nanocolloids,
which fits to a saturable absorption mechanism. The satu-
ration changes over to induced absorption in all the other
ZnO colloids and ZnO—Cu nanocomposites. For small vol-
ume fraction of Cu, the nonlinear absorption coefficient
increases substantially in the nanocomposites, as compared

Table II. Measured values of nonlinear absorption coefficient, saturation intensity and nonlinear refractive index of ZnO—Cu nanocomposites at an

intensity of 300 MW/cm? for different irradiation wavelengths.

Nonlinear absorption coefficient

Nonlinear refractive index

532 nm 570 nm 650 nm 532 nm
ZnO—-Cu nanocomposites B cm/GW B cm/GW I, GW/cm? B cm/GW n, 1077 m*W
ZnO 20.7 17.3 6.7 —1.5
Cu 145.2 — 0.04 76.0 -5.9
Zn0-0.1Cu 172.8 131.3 103.7 —6.6
Zn0-0.5Cu 190.1 179.7 121.0 -7.3
ZnO-1.5Cu 248.8 138.2 145.2 —-9.5
ZnO-2Cu 276.5 29.4 190.1 —11.0
ZnO-5Cu 293.8 5.4 241.9 —12.3

Sci. Adv. Mater. 2, 117-137, 2010
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Fig. 11.  Open aperture z-scan traces of ZnO—Cu nanocomposites at an
intensity of 300 MW/cm? for an irradiation wavelength of 570 nm.

to pure ZnO. ZnO-0.5Cu exhibits maximum nonlinear
absorption at 570 nm since ZnO features dominates
till that composition as clearly exhibited in absorption
spectra. When the volume fraction of Cu increases beyond
0.5% the nonlinear absorption coeffiencient decreases with
increase in Cu composition due to the effect of plasmon
bleach. Thus the nonlinearity of the ZnO-Cu nanocom-
posites is related to the interplay of plasmon band bleach
and optical limiting mechanisms at 570 nm.

Figure 12 shows the nonlinear absorption at 650 nm.
At this off-resonant excitation wavelength there is no
local field enhancement within the particles, and hence
the nonlinearity is less at this wavelength. Interestingly,
colloids containing only Cu or ZnO nanoparticles show
a minimum nonlinearity at this wavelength, while the
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- : /
L"; 0.8 4 \ Nﬁg;f
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Fig. 12. Open aperture z-scan traces of ZnO—Cu nanocomposites at an
intensity of 300 MW/cm? for an irradiation wavelength of 650 nm.

126

composites clearly exhibit a larger induced absorption
behavior.

Figure 13 gives the closed aperture z-scan traces of
ZnO-Cu nanocomposites at a fluence of 300 MW/cm?. It
is observed that the peak—valley of closed-aperture z-scan
satisfied the condition Az ~ 1.7 z,, thus confirming the
presence of pure electronic third order nonlinearity.’? The
peak—valley trace in a closed aperture z-scan shows that
these samples have self-defocusing (negative, n, < 0) non-
linearity, though earlier reports with picosecond pulsed
lasers have shown positive nonlinearity for individual Cu
nanoclusters.”® The nonlinear refractive index increases
substantially in the nanocomposites, as compared to pure
ZnO and Cu colloids. The enhanced nonlinear refrac-
tive response is due to the enhanced electromagnetic field
existing in the interface between Cu nanoclusters and ZnO
grains. Since 7, increases with absorption, thermal non-
linearity is also taken into account.>

The obtained values of nonlinear parameters of ZnO-
Cu nanocomposites are given in Table II. The non-
linear absorption coeffiecient of CuO chain compounds
and metal clusters yielded values of order of 107° to
10~ m/W for nonlinear absorption coefficient at a wave-
length of 532 nm.'®3® These values are comparable to
the values of nonlinear optical parameters obtained for
nanocomposites in the present investigation.

3.24.-Optical Limiting

Figure 14 illustrates the influence of volume fraction of
copper in ZnO-Cu nanocomposites on the optical limiting
response. The optical limiting threshold is found to be high
in the case of ZnO colloids (55 MW/cm?) in comparison
with the Cu colloids (10 MW/cm?). ZnO—Cu nanocompos-
ites are found to be good optical limiters compared to ZnO
and Cu and the optical limiting threshold of ZnO-5Cu
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Fig. 13. Closed aperture z-scan traces of ZnO-Cu nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.
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Fig. 14. Optical limiting response of ZnO—Cu nanocomposites.

nanocomposites is observed to be 3 MW/cm?. Nanocom-
posites have a significant effect on the limiting perfor-
mance and increasing the volume fraction of Cu reduces
the limiting threshold and enhances the optical limiting
performance.

3.3. ZnO-CdS
3.3.1. Absorption Spectroscopy

Figure 15 gives the room temperature absorption spectra
of the ZnO-CdS nanocomposites. The excitonic peak of
ZnO and that of CdS colloids are found to be blue shifted
with respect to their bulk which could be attributed to the
confinement effects.?* %’ From the shift of absorption edge,
the size of ZnO and CdS nanocolloids are calculated to
be in the range of 10-12 nm. The presence of excitonic
peak itself indicates that the composites are of nanometer

0.3
a ZnO
b Zn0-0.5CdS
c ZnO-1CdS
[« EERERERS Zn0-2CdS
e ZnO-5CdS
fooonn Cds

Absorbance (a.u)
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Fig. 15. Absorption spectra of ZnO-CdS nanocomposites.
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Fig. 16. Optical band gap of ZnO-CdS nanocomposites.

size. It is seen that the absorption edge corresponding to
the nanocomposites gets red shifted as a function of the
CdS content.

3.3.2. Optical Bandgap

The direct bandgap of ZnO—CdS nanocomposites is esti-
mated from the graph of hv versus (awhv)?. The optical
band gap (E,) is found to be dependent on the composition
and there is a decrease in the band gap of the semicon-
ductor with an increase in the volume fraction of CdS in
the nanocomposites as shown in Figure 16. E, changes
from 3.84 eV for ZnO to 2.62 eV for CdS almost in pro-
portion to the composition of CdS. Within the range of
compositions studied, the optical bandgap is tunable from
2.62 eV to 3.84 eV. The bandgap engineering in ZnS—CdS
is reported to be from 2.58 to 3.91 eV.%

3.3.3. Fluorescence Spectroscopy

Photoluminescence spectra of all the samples measured at
room temperature are shown in Figure 17. The 385 nm
emission is the near band edge emission of ZnO and the
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Fig. 17. Fluorescence spectra of ZnO-CdS nanocomposites.
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520 nm emission is the near band edge emission peak
of CdS. Emission peaks of ZnO-CdS nanocomposites
changes from 385 nm to 520 nm almost in proportion to
changes in E,. It is possible to obtain a desired lumines-
cence colour from UV to green by simply adjusting the
composition. The tuning of luminescence in ZnS—CdS is
reported to be from blue to red in proportion to change
in E,.%

3.3.4. Nonlinear Optical Characterization

Figure 18 shows the nonlinear absorption of ZnO-CdS
nanocomposites at a typical fluence of 300 MW/cm? for
an irradiation wavelength of 532 nm. The obtained nonlin-
earity is found to be of the third order, as it fits to a two
photon absorption (TPA) process. The nonlinear absorp-
tion coefficient increases substantially in the nanocompos-
ites, as compared to pure ZnO and CdS colloids due to the
enhancement of exciton oscillator strength.!? The larger
nonlinear absorption in semiconductors such as ZnSe,
Zn0O, and ZnS is reported to be due to two photon induced
free carrier absorption along with TPA.*’ The enhancement
of nonlinear absorption in Ag,S—CdS nanocomposites in
comparison with the CdS nanoparticles is reported to be
due to free carrier absorption and the free carrier life time
of ZnO is determined to be a few nanoseconds.!® Thus we
propose that the observed nonlinearity is caused by two
photon absorption followed by weak free carrier absorp=
tion in the nanocomposites.

Figure 19 shows the nonlinearity observed for 450 nm /at
a fluence of 300 MW/cm?. An absorption saturation behav-
ior is found in CdS colloid and ZnO-5CdS nanocompos-
ites. However, all the other ZnO colloids and ZnO-CdS
nanocomposites exhibit induced absorption at this wave-
length. Such a change-over in the sign of the nonlinear-
ity is related to the interplay of exciton band bleach and
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Fig. 18. Open aperture z-scan traces of ZnO-CdS nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.
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Fig. 19. Open aperture z-scan traces of ZnO-CdS nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 450 nm.

optical limiting mechanisms, as found from earlier studies
of semiconductor nanoparticles.®

The excitonic peak is sensitive to laser excitation. As
the particle size is reduced, a series of nearby transi-
tions - occurring at slightly different energies in the bulk
are compressed by quantum confinement into a single,
intense transition in a quantum dot. Therefore, the oscil-
lator; - strength of the nanoparticle is concentrated into
just a few transitions and the strong exciton bleaching
can be expected. Exciton bleach effects are seen when
the CdS nanocolloids are excited at excitonic resonance
with nanosecond laser pulses of 450 nm. So increased
transmission behavior is observed for CdS nanocolloids,
which fits to a saturable absorption mechanism. On the
other hand, ZnO colloids exhibit induced absorption at
this wavelength. For small volume fraction of CdS, the
nonlinear absorption coefficient increases substantially in
the nanocomposites, as compared to pure ZnO. ZnO-
0.5CdS exhibits maximum nonlinear absorption at 450 nm
and can be attributed to the enhancement of exciton
oscillator strength.'”> When the volume fraction of CdS
increases beyond 0.5% the nonlinear absorption coeffien-
cient decreases with increase in the volume fraction of CdS
and it becomes a saturable absorber at and above 5% CdS
due to the interplay of exciton bleach and optical limiting
mechanisms. The excitonic bleaching of the CdS nanocol-
loids originates from the transition between the ground
state 15(e) and the lowest excited state 15;,,(h) since the
excitation at 450 nm corresponds to the absorption close to
the resonance of the 15(e)-1S;,(h) excitonic transition.®
Thus the nonlinearity of the ZnO—-CdS nanocomposites
is related to the interplay of exciton bleach and optical
limiting mechanisms at 450 nm. The great potential of
using the ZnO-CdS nanocomposite lies in the fact that

Sci. Adv. Mater. 2, 117-137, 2010
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Fig. 20. Closed aperture z-scan traces of ZnO—CdS nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.

the composition of the constituent elements can be readily
altered to optimize the desired NLO properties either as a
saturable absorber or as a reverse saturable absorber.

Figure 20 gives the closed aperture z-scan traces of
ZnO-CdS nanocomposites at a fluence of 300 MW/cm?. Tt
is observed that the peak—valley of closed-aperture z-scan
satisfied the condition Az ~ 1.7 z,, thus confirming the
presence of pure electronic third order nonlinearity.’> The
peak—valley trace in a closed aperture z-scan shows that
these samples have self-defocusing (negative, n, < 0) non-
linearity, though earlier reports have shown positive non-
linearity for individual CdS nanoclusters prepared by laser
ablation.” The nonlinear refractive index increases sub-
stantially in the nanocomposites, as compared to pure ZnO
and CdS colloids and can be attributed to the enhance-
ment of exciton oscillator strength.'?> Since n, increases
with absorption, thermal nonlinearity is also taken into
account.>®

The obtained values of nonlinear optical parameters of
ZnO-CdS nanocomposites are given in Table III. The non-
linear refractive index of the pure semiconductor nano col-
loids at 532 nm are reported to be of the order of 1076 to

Table III. Measured values of nonlinear absorption coefficient, satura-
tion intensity and nonlinear refractive index of ZnO—-CdS nanocomposites
at an intensity of 300 MW/cm? for different irradiation wavelengths.

Nonlinear absorption Nonlinear

10~'7 m*/W. The third order nonlinear absorption coeffi-
cient of CdS nanocrystals are reported to be of the order of
1071° m/W.”" Ag,S—CdS nanocomposites yielded values of
order of 10~° to 10~'* m/W for nonlinear absorption coef-
ficient at a wavelength of 532 nm.'® % These values are
comparable to the values of nonlinear optical parameters
obtained for nanocomposites in the present investigation.

3.3.5. Optical Limiting

Figure 21 illustrates the influence of volume fraction of
CdS in ZnO-CdS nanocomposites on the optical limiting
response. The optical limiting threshold is found to be
high in the case of ZnO colloids (55 MW/cm?) in com-
parison with the CdS colloids (20 MW/cm?). ZnO-CdS
nanocomposites are found to be good optical limiters com-
pared to ZnO and CdS and the optical limiting threshold of
Zn0O-5CdS nanocomposites is observed to be 7 MW/cm?.
Nanocomposites have a significant effect on the limiting
performance and increasing the volume fraction of CdS
reduces the limiting threshold and enhances the optical
limiting performance.

34. ZnO-TiO,
3.4.1. Absorption Spectroscopy

Figure 22 gives the room temperature absorption spectra
of the, ZnO-TiO, nanocomposites. The excitonic peak of
Zn0O -and-that of TiO, colloids are found to be blue shifted
with respect to their bulk which could be attributed to
the confinement effects.’ 7> From the shift of the absorp-
tion band edge, the size of ZnO and TiO, nanocolloids
are calculated to be in the range of 8-10 nm. The pres-
ence of excitonic peak itself indicates that the composites
are of nanometer size. It is seen that the absorption edge

coefficient refractive index
450 nm 532 nm 532 nm

Zn0O-CdS B I B n,
nanocomposites ~¢cm/GW  GW/cm?>  cm/GW 1077 m*/W
ZnO 51.8 20.7 -1.5

CdS 0.20 51.8 —4.4
Zn0-0.5CdS 131.3 62.2 -5.9
ZnO-1CdS 34.6 155.5 —-6.9
Zn0-2CdS 17.3 207.4 —8.9
ZnO-5CdS 0.04 242.0 —11.0
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Fig. 22. Absorption spectra of ZnO-TiO, nanocomposites.

corresponding to the nanocomposites gets red shifted as a
function of the TiO, content compared to pure TiO,.

3.4.2. Opftical Bandgap

The direct bandgap of ZnO-TiO, nanocomposites is esti-
mated from the graph of hv versus (ahv)?. The optical
band gap (E,) is found to be dependent on the composition
and there is a decrease in the band gap of the nanocom-
posite with an increase in volume fraction of TiO, ‘com-
pared to pure TiO, as shown in Figure 23. This is because
higher carrier concentrations in conduction and valence
bands lead to bandgap reduction due to enhanced carrier—
carrier interaction as well as by the distortion of the crys-
tal lattice since the optical properties of the nano colloids
strongly depend on the micro-structure of the materials.
Both bandgap narrowing mechanisms add up and they are
oftern hard to separate.”> E, changes from 3.84 eV to
4.12 eV almost in proportion to the composition of TiO,.
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Fig. 23. Optical band gap of ZnO-TiO, nanocomposites.

130

1.2
= ] i
3 5 s © a TiO, .
. 5 089 b ——— Zn0-0.5TiO,
.0 4 /\/\w\ﬁﬁ/wy\@v\\%ﬂv\\ c ZnO-5Ti02
M, d Zno

X
S
s
’)/(

S

Normalized Fluorescence Intensity (a.u)

2

1

\\\

/

Pt
A

o

S5

.

o
)
1

e
RATSWA \rth/\\(\r/w e WA
. Al
0.2 J\%
0.0 T T T T T T T
350 400 450 500

Wavlength (nm)

Fig. 24. Fluorescence spectra of ZnO-TiO, nanocomposites.

3.4.3. Fluorescence Spectroscopy

Photoluminescence spectra of all samples for an excita-
tion wavelength of 300 nm measured at room temperature
are shown in Figure 24. The 385 nm emission is the near
band edge emission of ZnO and the 340 nm emission is
the near band edge emission peak of TiO,. Emission peaks
of ZnO-TiO, nanocomposites changes from 340 nm to
385 nm almost in proportion to changes in E,. It is pos-
sible to- obtain a desired wavelength of UV luminescence
by simply adjusting the composition.

3.4.4. Nonlinear Optical Characterization

Figure 25 shows the nonlinear absorption of ZnO-TiO,
nanocomposites at a typical fluence of 300 MW/cm?
for an irradiation wavelength of 532 nm. ZnO and
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Fig. 25. Open aperture z-scan traces of ZnO-TiO, nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.
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TiO, colloids show a minimum nonlinearity, while the
ZnO-TiO, nanocomposites clearly exhibit a larger induced
absorption behavior and can be attributed to the enhance-
ment of exciton oscillator strength.'> The obtained non-
linearity is found to be of the third order, as it fits to
a two photon absorption (TPA) process. The nanosecond
pulses can excite the accumulated free carriers generated
by TPA in ZnO. But the free carrier absorption is weak
compared to TPA and hence the corresponding contri-
bution in the z-scan curves is relatively less. The large
optical nonlinearities in the nanosized particles containing
TiO, are reported to be due to TPA.”> Thus we propose
that the observed nonlinearity is caused by two photon
absorption followed by weak free carrier absorption in the
nanocomposites.

Figure 26 gives the closed aperture z-scan traces of
ZnO-TiO, nanocomposites at a fluence of 300 MW/cm?. Tt
is observed that the peak—valley of closed-aperture z-scan
satisfied the condition Az ~ 1.7 z,, thus confirming the
presence of pure electronic third order nonlinearity.> The
peak—valley trace in a closed aperture z-scan shows that
these samples have self-defocusing (negative, n, < 0) non-
linearity, though earlier reports with 780 nm picosecond
pulsed lasers have shown positive nonlinearity for PMMA-
TiO, nanocomposites.”* The nonlinear refractive index
increases substantially in the nanocomposites, as compared
to pure ZnO and TiO, colloids and can be attributed to
the enhancement of exciton oscillator strength.'?> Since
n, increases with absorption, thermal nonlinearity is also
taken into account.>®

The obtained values of nonlinear optical parameters of
ZnO-TiO, nanocomposites are shown in Table IV. The
third order optical nonlinearity, n, of TiO, nanocrystalline
particles dispersed in SiO, is found to be 1072 esu at
532 nm with nanosecond laser pulses.”> The two photon
absorption coefficient of TiO, nanocrystal is reported to
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Fig. 26. Closed aperture z-scan traces of ZnO-TiO, nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.
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Table IV. Measured values of nonlinear absorption coefficient and non-
linear refractive index of ZnO-TiO, nanocomposites at an intensity of
300 MW/cm? for an irradiation wavelength of 532 nm.

ZnO-TiO, nanocomposites B cm/GW n, 1077 m*W
ZnO 20.7 —1.5
TiO, 77.8 -2.9
Zn0-0.1TiO, 86.4 —4.1
Zn0-0.5TiO, 100.2 —6.0
ZnO-1TiO, 121.0 —6.9
Zn0O-2TiO, 138.2 —8.9
ZnO-5Ti0, 180.0 —10.3

be 14 cm/GW at 532 nm and these values are compa-
rable to the value of B obtained for nanocomposites in
the present investigation.”” Thus, the nonlinear absorption
coefficient and nonlinear refractive index measured by the
z-scan technique reveals that the ZnO-TiO, nanocompos-
ites investigated in the present study have good nonlinear
optical response and could be chosen as ideal candidates
with potential applications in nonlinear optics.

3.4.5. Opftical Limiting

Figure 27 illustrates the influence of volume fraction of
TiO, in ZnO-TiO, nanocomposites on the optical limit-
ing response. The optical limiting threshold is found to
be-high in the case of ZnO colloids (55 MW/cm?) in
comparison with the TiO, colloids (22 MW/cm?). ZnO-
TiO, mnanocomposites are found to be good optical lim-
iters compared to ZnO and TiO, and the optical limiting
threshold of ZnO-5TiO, nanocomposites is observed to be
13 MW/cm®. Nanocomposites have a significant effect on
the limiting performance and increasing the volume frac-
tion of TiO, reduces the limiting threshold and enhances
the optical limiting performance.
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Fig. 27. Optical limiting response of ZnO-TiO, nanocomposites.
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Fig. 28. Absorption spectra of ZnO-SiO, nanocomposites.

3.5. ZnO-Si0,
3.5.1. Absorption Spectroscopy

Figure 28 gives the room temperature absorption spec-
tra of the ZnO-Si0O, nanocomposites. The excitonic peak
of ZnO colloid is found to be blue shifted with respect
to that of bulk ZnO which could be attributed to the
confinement effects.*® There is a change in absorption
with the ZnO content and as the volume fraction of ZnO
increases beyond 2%, the excitonic peak exhibits its sig-
nature. It is seen that the absorption edge corresponding to
the nanocomposites gets red shifted and the exciton oscil-
lator strength increases as a function of the ZnO content
consistent with published reports.’*

3.5.2. Fluorescence Spectroscopy

Photoluminescence spectra of all the samples measured at
room temperature are shown in Figure 29. The intensities
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Fig. 29. Fluorescence spectra of ZnO-SiO, nanocomposites.
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of the emission peaks depend on the volume fraction of
ZnO present in the samples. ZnO and ZnO-SiO, compos-
ites exhibit emission at 385 nm, but the fluorescence inten-
sity of the composites is much stronger than that of ZnO.
1ZnO-Si0O, has the strongest UV emission centered at
385 nm. The increase of the UV emission can be attributed
to the enhancement of the exciton oscillator strength.'?

Figure 30 shows the PL intensity as a function of the
ZnO content. It is clear that the intensity of this peak
increases with the increasing amount of the Zn acceptors.
As the volume fraction of ZnO increases, the formation of
aggregates decreases the fluorescence emission.”® This can
be related to the phenomenon of re-absorption and emis-
sion at higher concentrations which ultimately reduces the
fluorescence emission. As the volume fraction increases,
the low frequency tail of the absorption spectrum of the
sample overlaps with the high frequency end of its fluo-
rescence spectrum. The fluorescence from the excited state
is reabsorbed by the ground state. This process increases
with increase in volume fraction, which results in decrease
of fluorescence. The formation of aggregates quenches
the fluorescence emission by collision or long range non-
radiative energy transfer. The emission of ZnO at 385 nm
can be attributed to exciton transition. As the volume
fraction of ZnO increases, the exciton oscillator strength
increases, so that the UV emission is enhanced accord-
ingly'as shown in Figure 29. Nanostructural semiconduc-
tor materials generally have more holes accumulated on
its surface or in the interface than common semiconductor
materials.*

3.5.3. Nonlinear Optical Characterization

Figure 31 shows the nonlinear absorption of ZnO-SiO,
nanocomposites at a typical fluence of 300 MW/cm?. The
nonlinear absorption coefficient increases substantially in
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Fig. 30. The fluorescence intensity of UV peak as a function of the
volume fraction of ZnO in ZnO-SiO, nanocomposites.
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Fig. 31. Open aperture z-scan traces of ZnO-SiO, nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.

the nanocomposites, as compared to pure ZnO and SiO,
colloids. It is reported that the nonlinear absorption coeffi-
cient increases in the core—shell silica nanocomposites, as
compared to pure nanoparticles.*® The large values of the
third-order nonlinearity can be attributed to the enhance-
ment of exciton oscillator strength.!'?

The obtained nonlinearity is found to be of the third
order, as it fits to a two photon absorption process. The
nanosecond pulses can excite the accumulated free carriers
generated by TPA in ZnO. But the free carrier, absorp-
tion is weak compared to TPA and hence the correspond-
ing contribution in the z-scan curves is relatively less. It
is possible that nonlinear scattering dominates two pho-
ton absorption on the silica colloids and the presence of
nonlinear scattering reduces the two photon absorption
coeffiecient in silica colloids.”” Both the linear and the
nonlinear absorption of wide-band silica colloids in the
visible and the near-infrared ranges are known to be neg-
ligible if the input intensity is well below the breakdown
threshold.”” Therefore, two-photon absorption contribution
is expected to be very small in silica colloids because the
total input intensity is relatively small compared to the
breakdown threshold. Hence we propose that the nonlin-
earity in ZnO-SiO, nanocomposites is caused by two pho-
ton absorption followed by weak free carrier absorption
and nonlinear scattering.

Figure 32 gives the closed aperture z-scan traces of
Zn0-Si0, nanocomposites at a fluence of 300 MW/cm?.
The closed-aperture curve exhibits a peak—valley shape,
indicating a negative value of the nonlinear refractive index
n,. It is observed that the peak—valley of closed-aperture
z-scan satisfied the condition Az ~ 1.7 z,,, thus confirming
the presence of pure electronic third order nonlinearity.>
The peak—valley trace in a closed aperture z-scan shows
that these samples have self-defocusing (negative, n, < 0)
nonlinearity, though earlier reports with nanosecond pulsed
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Fig. 32. Closed aperture z-scan traces of ZnO-SiO, nanocomposites at
an intensity of 300 MW/cm? for an irradiation wavelength of 532 nm.

lasers have shown positive nonlinearity for fused silica due
to the mechanism of electrostriction.”®

We suggest that the possible physical origin of the non-
linear refraction of ZnO-SiO, composites is mainly a two
photon absorption process and partially nonlinear scat-
tering and weak thermal effects in the nanosecond time
domain. It is reported that the difference between the third-
order optical susceptibilities for z-scan and four wave mix-
ing (FWM) is due to scattering from the surface of silica
nanoaerogels in the z-scan measurements.>* We have not
observed any sign reversal of the nonlinear refractive index
either in the intensity ranges (150-400 MW/cm?) studied
using the second harmonics of a Q-switched Nd: YAG laser
or within the wavelength range 450-650 nm studied using
a tunable laser (Quanta Ray MOPO, 5 ns, 10 Hz). The
nanocomposites exhibit induced absorption at all wave-
lengths and good nonlinear absorption, which increases
with increase in input intensity. The nonlinear refrac-
tive index increases substantially in the nanocomposites,
as compared to pure ZnO and SiO, colloids. The large
enhancement of the third-order nonlinearity of the silica
aerogel is reported to be due to the quantum confinement
effect of bound electrons, which is induced by the nano-
structure nature of the sample.”

In the present investigations, the obtained values of non-
linear optical parameters of ZnO-SiO, nanocomposites are
shown in Table V. The third-order nonlinear susceptibility
of silica nanoaerogels is estimated to be 9.6 x 107! m?/V?
(6.9 x 107" esu) from FWM measurements.” In the case
of fused silica, the nonlinear refractive index is reported
to be quite small, roughly 3 x 1072 m?/W, which is
about two order of magnitude below the nonlinear refrac-
tive index of most of the materials usually studied with
the z-scan method.” The core-shell silica nanocompos-
ites yielded values of the order of 10~° to 10~'* m/W for
nonlinear absorption coefficient and 107! to 1072 m*/W

133

M3IATH



REVIEW

Spectral and Nonlinear Optical Characteristics of ZnO Nanocomposites

Irimpan et al.

Table V. Measured values of nonlinear absorption coefficient and non-
linear refractive index of ZnO-SiO, nanocomposites at an intensity of

300 MW/cm? for an irradiation wavelength of 532 nm.

Zn0-Si0, nanocomposites B cm/GW n, 1077 m*W
ZnO 20.7 —1.5
SiO, 1.7 -0.9
0.1Zn0O-Si0, 12.1 —2.2
0.5Zn0-Si0, 27.7 -3.1
1Zn0O-Si0, 41.5 —4.4
27Zn0-Si0, 86.4 -5.0
5Zn0-Si0, 138.2 -5.9

for nonlinear refractive index at a wavelength of 532 nm.
These values are comparable to the value of B8 and n,
obtained for nanocomposites in the present investigation.

3.5.4. Opftical Limiting

Figure 33 illustrates the influence of volume fraction of
ZnO in ZnO-Si0, nanocomposites on the optical limiting
response. The optical limiting threshold is found to be very
low in the case of ZnO colloids (55 MW/cm?) in compar-
ison with that of the silica colloids (120 MW/cm?). ZnO-
SiO, nanocomposites are found to be good optical lim-
iters compared to ZnO and SiO, and the optical limiting
threshold of 5ZnO-SiO, nanocomposites is observed to be
20 MW/cm?. Nanocomposites have a significant effect on
the limiting performance and increasing the volume' frac-
tion of ZnO reduces the limiting threshold and enhances
the optical limiting performance.

3.6. ZnO-Ti0,-Si0,
3.6.1. Absorption Spectroscopy

Figure 34 gives the room temperature absorption spectra
of the ZnO-TiO,-Si0O, nanocomposites. There is a change
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Fig. 33. Optical limiting response of ZnO-SiO, nanocomposites gener-
ated from open aperture z-scan traces at 532 nm.
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Fig. 34. Absorption spectra of ZnO-TiO,-SiO, nanocomposites.
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Table VI. Measured values of nonlinear absorption coefficient and non-
linear refractive index of ZnO-Ti0O,-SiO, nanocomposites at an intensity
of 300 MW/cm? for an irradiation wavelength of 532 nm.

oscillator strength increases as a function of the ZnO con-
tent consistent with published reports.”

ZnO-Ti0,-Si0, nanocomposites B cm/GW n, 100" m*W  3.6.2. Nonlinear Optical Characterization
%gi—Sioz 2;; :(3)? Figure 35 shows the nonlinear absorption of ZnO-TiO,—
1ZnO-TiO,-Si0, 51.8 38 Si0, nanocomposites at a typical fluence of 300 MW/cm?.
27Zn0-Ti0,-Si0, 86.4 -5.0 The nonlinear absorption coefficient increases substan-
3Zn0-TiO,-Si0, 110.6 —6.7 tially in the nanocomposites, as compared to pure SiO,
3Zn0-Ti0,-Si0, 135.5 —9.5 colloids. The large values of the third-order nonlinearity
15 can be attributed to the enhancement of exciton oscil-
‘ 17 MW/em’ 120 MW/em? lator strength.”> We propose that this nonlinearity is
1 11 Mwrem® 21 MW/cm? caused by two photon absorption followed by weak free
1o Baet Bamatn W] T 008 0ag, carrier absorption and nonlinear scattering occurring in the
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Fig. 37. Optical limiting response of ZnO-TiO,—-SiO, nanocomposites:

in absorption with the ZnO content and as the volume
fraction of ZnO increases, the excitonic peak exhibits its
signature.®® It is seen that the absorption edge correspond-
ing to the nanocomposites gets red shifted and the exciton

mal effects in the nanosecond time domain. We have not
observed any sign reversal of the nonlinear refractive index
either in the intensity ranges (150-400 MW/cm?) studied
using the second harmonics of a Q-switched Nd: YAG laser
or within the wavelength range 450-650 nm studied using
a tunable laser (Quanta Ray MOPO, 5 ns, 10 Hz).

The obtained values of nonlinear optical parame-
ters of ZnO-TiO,-Si0O, nanocomposites are shown in

Table VII. Spectral and nonlinear optical properties of ZnO nanocomposites.
Nanocomposites Emission mechanism Third order optical nonlinearity
ZnO-Ag Strong UV emission Negative nonlinearity and induced absorption due to TPA followed by weak
FCA at 532 nm
ZnO-Cu UV and visible emission Negative nonlinearity at 532 nm
Switching from SA to RSA as the excitation wavelength changes from the
surface plasmon resonance to off-resonanance wavelengths
Off-resonance wavelength: TPA followed by weak FCA and interband
absorption
Resonance wavelength: Plasmon band bleach and optical limiting mechanisms
ZnO-CdS Emission peaks changes from 385-520 nm Negative nonlinearity at 532 nm
in proportion to changes in E, from Switching from SA to RSA as the excitation wavelength changes from the
2.62-3.84 eV excitonic resonance to off-resonanance wavelengths
Off-resonance wavelength: TPA followed by weak FCA
Resonance wavelength: Exciton bleach and optical limiting mechanisms
ZnO-TiO, Emission peaks changes from 340-385 nm Negative nonlinearity and induced absorption due to TPA followed by weak
for changes in E, from 3.84-4.12 eV FCA at 532 nm
Zn0O-Si0, Strong UV emission Negative nonlinearity and induced absorption due to TPA followed by weak

ZnO-Ti0,-Si0,

FCA and nonlinear scattering at 532 nm

Negative nonlinearity and induced absorption due to TPA followed by weak
FCA and nonlinear scattering at 532 nm

Sci. Adv. Mater. 2, 117-137, 2010
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Table VI. The nanocomposites exhibit induced absorption
at all wavelengths and good nonlinear absorption, which
increases with increase in input intensity. The nonlinear
refractive index increases substantially in the nanocompos-
ites, as compared to pure SiO, colloids.

3.6.3. Optical Limiting

Figure 37 illustrates the influence of volume fraction
of ZnO in ZnO-TiO,-Si0, nanocomposites on the opti-
cal limiting response. The optical limiting threshold is
found to be very low in the case of TiO,-SiO, col-
loids (21 MW/cm?) in comparison with that of the silica
colloids (120 MW/cm?). ZnO-TiO,-SiO, nanocomposites
are found to be good optical limiters compared to ZnO,
TiO, and SiO, and the optical limiting threshold of 5ZnO-
TiO,-SiO, nanocomposites is observed to be 11 MW/cm?.
Nanocomposites have a significant effect on the limiting
performance and increasing the volume fraction of ZnO
reduces the limiting threshold and enhances the optical
limiting performance.

4. CONCLUSIONS

The spectral and nonlinear optical properties of ZnO based
nanocomposites prepared by colloidal chemical synthesis
are investigated and are summarized in Table VII. -The
large values of the third-order nonlinearity in the com-
posites can be attributed to the enhancement)of exciton
oscillator strength. ZnO nanocomposites have high UV
absorption and low nonlinear optical limiting threshold
than nano ZnO. ZnO-CdS and ZnO-TiO, nanocompos-
ites show tunable light emission. We get a particular light
emission from UV to green just by changing the compo-
sition of these nanocomposites. ZnO nanocomposites are
highly nonlinear and transparent too and so it can be used
to make Googles. Thus ZnO based nanocomposites are
potential materials for the light emission and for the devel-
opment of nonlinear optical devices with a relatively small
limiting threshold.
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