Chapter 4
Spectral and NLO characteristics of
Self assembled films of ZnO
Abstract
The third order nonlinear optical properties of self assembled films formed from
ZnO colloidal spheres are investigated and are compared with those of ZnO thin
films deposited by sol-gel process as well as pulsed laser ablation. ZnO thin
films clearly exhibit a negative nonlinear index of refraction at 532 nm and the
observed nonlinear refraction. The colloids and films developed by dip coating
as well as pulsed laser ablation exhibit induced absorption whereas the self
assembled film exhibits saturable absorption. These different nonlinear
characteristics can be mainly attributed to the saturation of linear absorption of
the ZnO defect states and electronic effects when the colloidal solution is
transformed into self assembled films. ZnO colloids and self assembled films
show two emission bands. The presence of pronounced visible fluorescence in
the self assembled film confirms the presence of surface defect sates. We also
report our investigations on the intensity, wavelength and size dependence of
saturable and induced absorption of ZnO self assembled films and colloids.
Values of the imaginary part of third order susceptibility are calculated for
particles of size in the range 20-300 nm at different intensity levels ranging from
40 to 325 MW/cm2 within the wavelength range of 450–650 nm. The wavelength
dependence of figure of merit, which specifies the magnitude of nonlinear
absorption for unit value of linear absorption, is calculated and this helps in
comparing the absorptive nonlinearities at various excitation wavelengths.
The results of this chapter are published in
Litty Irimpan et.al., Optics Communications, 281, 2938 (2008)
Litty Irimpan et.al., Applied Physics B: Lasers and Optics, 90, 547 (2008)
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4.1 Introduction
The search for new nonlinear optical materials with high optical
nonlinearities is gaining interest both from research as well as industrial
point of view. The essential requirements of good photonic materials are
their large and ultrafast nonlinearity, synthetic flexibility and ease of
processing. In recent years, wide bandgap semiconductors have been
subjected to extensive studies because of the rising interest in the
development of new nonlinear optical materials for potential applications in
integrated optics. Impressive progress has been made in fabricating nonlinear
optical waveguides from several nonlinear optical single crystals, which tend
to be rather expensive. ZnO is an interesting wurtzitic II-VI wide bandgap
semiconductor combined with high excitonic gain and large excitonic
binding energy1. The optical properties of this material are currently the
subject of tremendous investigations, in response to the industrial demand for
optoelectronic devices that could operate at short wavelengths. There is a
significant demand for thin film nonlinear optical materials, which can be
integrated into an optoelectronic device. Recent studies have revealed that
ZnO based self assembled films can act as photonic crystals.
Photonic crystals show a great deal of application in numerous types
of devices in 1, 2, and 3D structures. Due to its promising applications such
as integrated optical circuits and thresholdless lasers, photonic crystals have
been extensively investigated2. Numerous techniques have been devised in
an effort to produce periodic arrays of dielectric materials that can exhibit a
photonic stop band. The fabrication of photonic crystals that work in the
visible or near-infrared range is still a challenging topic. The principal
method involves semiconductor fabrication technology, which includes
lithography, layering, and etching processes. Several sophisticated methods
have been developed, but they require expensive and large scale equipment3.
One of the simplest techniques of fabricating photonic crystals involves
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colloidal self-assembly, wherein, monodisperse colloidal spheres will
spontaneously assemble into periodic arrays under certain circumstances.
Zinc Oxide is a promising candidate for optically active self assembled
photonic crystals4.
Most of the work performed in the area of self-assembled 3D
photonic crystals has involved a few materials which are readily available as
monodisperse colloidal spheres in sizes appropriate for photonic crystals
including SiO2 and polymers, such as polystyrene and PMMA5. In addition,
while some studies have been performed in which emissive materials are
added to the photonic crystal matrix6, no work has explored the properties of
photonic crystals formed directly from optically active materials. Van
Blaaderen et al. have produced a number of interesting emissive materials
such as monodisperse colloidal spheres including Er3+ doped SiO2, dyedoped PMMA, and SiO2/ZnS core/shell structures7. ZnO is a promising
candidate for optically active self-assembled photonic crystals because of its
higher refractive index (2–2.2 in the visible regime) compared to other
materials (1.4–1.5 for SiO2 and most polymers). In addition, ZnO has been
found to be an efficient emitter8, exhibiting lasing behavior in the near UV
region ( λ ≈ 385 nm).
Accordingly, designing novel ZnO material and, in particular, well
defined anisotropic and highly oriented 3D large arrays is of great
importance for fundamental research as well as for various fields of
industrial and high technology applications. The thermodynamically stable
crystallographic phase of this polar non-transition metal oxide is wurtzite and
occurs in nature as the mineral Zincite (although scarcely as natural single
crystal). ZnO has a hexagonal lattice, with an a:c axial ratio of 1:1.6. Its ionic
and polar structure can be described as a hexagonal close packing (HCP) of
oxygen and zinc atoms in point group 3m and space group P63mc with zinc
atoms in tetrahedral sites9. The occupancy of four of the eight tetrahedral
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sites of HCP arrays controls the structure. The hexagonal unit cell contains
two formula units, and the crystal exhibits a basal polar plane (001h) and two
types of low-index faces, a nonpolar (1h00) face (and C6V symmetric ones)
and a tetrahedron corner-exposed polar (001) face. The “low-symmetry”
nonpolar faces with 3-fold coordinated atoms are the most stable ones.
Additionally, there is no center of inversion in the wurtzite structure, and
therefore, an inherent asymmetry along the c-axis is present allowing the
growth of anisotropic crystallites10.
An intense radiation can induce a profound change on the absorption
property of a material, resulting in the intensity dependent transmittance,
which is the so called nonlinear absorption11. Nonlinear absorption can be
classified into two types: (i) transmittance increases with increasing optical
intensity; this case corresponds to the well known saturable absorption (SA);
(ii) transmittance reduces with increasing optical intensity; this type
corresponds to induced absorption which includes two photon absorption
(TPA), multiphoton absorption, and reverse saturable absorption (RSA).
Different effects originating from different physical mechanisms can lead to
a variety of different applications. For instance, SA materials have been used
extensively in short-pulsed laser generations12 as crucial passive modelocking or Q-switching elements. Thus, it is paramount to fully characterize
saturable performance, in which a typical figure of merit is the saturable
intensity. SA characteristics depend on the inherent properties of a material
and the parameters such as wavelength, intensity, and pulse duration of the
laser used. To characterize nonlinear absorption, the open aperture z-scan
technique, which was first pioneered by Sheik-Bahae et al., has been
extensively used13. Recently, an open aperture z-scan theory for the materials
with simultaneous two and three photon absorption has been developed,
which allows us to identify and determine the two and three photon
absorption coefficients from a single open aperture z-scan trace14. The SA
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properties of some materials are observed experimentally and analyzed
theoretically15. The theory allows a straightforward estimation of the
saturable intensity using the SA model for a material by fitting the
experimental data. We also discuss the possible mechanisms of SA. When
experiment on the characterization of the saturable absorption is performed
by using a pulsed laser, if the nonlinear response time of the samples is much
shorter than the laser pulse width, one can assume that the nonlinear effect
depends on the instantaneous intensity inside the sample.
The studies on nonlinear processes in photonic materials are
significant in the context of their technological applications, especially in
areas such as passive optical power limiting, optical switching, and the
design of logic gates. However, the switching to saturable absorption in ZnO
self assembled films from induced absorption in colloids have not been
explored and reported yet. In this chapter, we report our investigations on the
size, intensity and wavelength dependence of saturable and induced
absorption of ZnO self assembled films and colloids using 10 Hz, 5-7 ns
pulses from a tunable laser by z-scan method16-17. Values of the imaginary
part of third order susceptibility are calculated for particles of size in the
range 20-300 nm at different intensity levels ranging from 40 to 325
MW/cm2 within the wavelength range of 450–650 nm.
4.2 Theory
An intense radiation can induce a profound change on the absorption
property of a material, resulting in the intensity dependent transmittance
called nonlinear absorption11. The propagation through the sample is given
by

dI
= −α ( I )I
dz

(4.1)

where α ( I ) is the intensity dependent absorption coefficient. z and
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I are the propagation distance and the optical intensity inside the saturable
absorption sample, respectively
Nonlinear absorption can be classified into two types: (i)
transmittance reduces with increasing optical intensity corresponding to
induced absorption; (ii) transmittance increases with increasing optical
intensity corresponding to saturable absorption (SA)
4.2.1 Induced absorption
Induced absorption is characterized by decrease of transmittance with
increase of the input energy. TPA is also referred to as induced absorption
and there are various mechanisms leading to this process13. In the presence of
TPA, the optical nonlinearity is described by the equation

α (I ) = α 0 + β I
where

(4.2)

α 0 and β are the linear and nonlinear absorption coefficients

respectively.
4.2.2 Saturable absorption
Saturable absorption is characterized by an inecrease in transmittance with
increase in input energy. When the beam propagates through a thin saturable
absorber, the optical nonlinearity is described by the equation16,

α (I ) =

α0

(4.3)

 I 
1+  
 IS 

where IS is the saturation intensity. Substituting this in equation (4.1) and
integrating between the limits I0 to IL gives

ln

 I − I0
IL
= −α 0 L −  L
I0
 I0





(4.4)

This can be solved numerically to get the transmission of the sample, IL. If
excitation intensity I0 is greater than IS, we can consider SA as a third order
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process and in such cases
coefficient

−α0

IS

is equivalent to nonlinear absorption

β which will then give Im(χ (3) ) .

4.3 Synthesis
4.3.1 self assembled films of ZnO
Zinc Oxide is a promising candidate for photonic devices. Colloids
of nano ZnO for the present studies are synthesized by a modified polyol
precipitation method16-17 as described in chapter 2. One of the simplest
techniques of fabricating photonic crystals of ZnO involves colloidal selfassembly, wherein, monodisperse colloidal spheres will spontaneously
assemble into periodic arrays under certain circumstances. Films are then
produced from the ZnO colloidal spheres using a sedimentation self
assembly process by the technique of drop casting onto a pre-heated glass
substrate maintained at a temperature of 1200C.
4.3.2 Thin films of ZnO through sol-gel process
In this method, deposition is carried out by the sol gel technique on
commercially available glass substrate by the process of dip coating17. A
stable hydrolysed solution is prepared using stoichiometric quantities of zinc
acetate dissolved in diethanolamine and a cleaned substrate is immersed into
this solution for thirty seconds at a controlled rate of 5 cm/min. The film is
then kept for drying in a furnace for nearly 15 minutes at a temperature of
150oC and annealed for half an hour at a temperature of 6000C, to get good
quality crystalline homogenous oxide films.
4.3.3 Thin films of ZnO through pulsed laser ablation
ZnO films are prepared by laser ablation of sintered ZnO target in
the presence of an ambient gas at room temperature and a pressure of 500
mbar using the second harmonic of a Q-switched Nd:YAG laser17. The
second harmonic beam from the Nd:YAG laser provide 300 mJ pluses of 7
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ns pulse width at a repetition rate of 10 Hz. The laser beam is focused using a
spherical convex lens on to the surface of the sample kept inside a stainless
steel vacuum chamber through a glass window. The target is fixed at an
angle of 450 with respect to the laser beam and is rotated at a constant rate
during laser deposition, so that pitting of the target surface by the laser beam
is uniform. The chamber gas environment during pulsed laser deposition
(PLD) consisted of an oxygen partial pressure of 0.008 mbar and the
deposition is carried out for duration of one hour at a laser beam power of
50mW.
4.4 Absorption spectroscopy
Figure 4.1(a) gives the room temperature absorption spectra of the
ZnO colloid and self assembled film of size 20 nm and figure 4.1(b) shows
that of ZnO thin films.

Figure 4.1(a): Absorption spectra of ZnO colloid and self assembled film
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Figure 4.1(b): Absorption spectra of ZnO films
The excitonic peak of the colloid and the films developed by dip
coating as well as pulsed laser ablation is found to be blue shifted from that
of the bulk ZnO and can be attributed to the confinement effects18. The
breadth of the absorption edge of the self assembled film indicates that there
exists defect-related transitons16-17. Defects usually create discrete electronic
states in the bandgap, and therefore influence both optical absorption and
emission processes. The two most common defects in ZnO are likely to be
oxygen and zinc vacancies and the visible band in the absorption spectrum
can be related to the presence of these defect states in the self assembled
film.
4.5 Optical bandgap
The direct bandgap are estimated from absorption spectrum as
described in chapter 2.
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Figure 4.2(a): Optical bandgap of ZnO colloid and self assembled film

Figure 4.2(b): Optical bandgap of ZnO thin films
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The optical bandgap (Eg) of colloidal and films of ZnO is found to
be shifted from that of the bulk as shown in figure 4.2. The bandgap of self
assembled film is reduced to 3.1eV from that of bulk (3.3 eV) whereas the
bandgap energy of the colloid and that of the films developed by dip coating
as well as pulsed laser ablation are higher than that of the bulk16-17.
4.6 X-ray diffraction
The self assembled film and powder extracted from the colloid are
characterized by x-ray diffraction. Typical XRD pattern of self assembled
film is shown in figures 4.3. The XRD pattern of powder extracted from ZnO
colloid is shown in chapter 2. The diffraction pattern and interplane spacings
can be well matched to the standard diffraction pattern of wurtzite ZnO,
demonstrating the formation of wurtzite ZnO nanocrystals. The particle
diameter d is calculated using the Debye–Scherer formula19 as described in
chapter 2. The XRD peak at 36° gives the ZnO particle diameter of 18 and
20 nm for the colloid and film respectively.

Figure 4.3: XRD pattern of ZnO self assembled film
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Both colloid and film show three major orientations, viz., (100),
(002) and (101). The (101) orientation is reported to be the prominent peak
having the lowest surface energy and other orientations require more thermal
energy to develop. The (002) direction is not the direction of fastest growth
for ZnO. This we infer from the fact that the (002) faces of ZnO are the ones
with the highest surface energy and these faces, according to basic crystal
growth theory should, therefore, be among the faces of lowest growth rate20.
But the relative intensity for the (002) orientation in self assembled film is
observed to be higher compared to the colloidal spheres. In lattice
mismatched epitaxial growth, it is well known that the increase of the length
of c axis causes the decrease of the length of a axis. This means that ZnO
thin film has a tensile built-in strain and this can be relaxed by providing
sufficient thermal energy20.
The (002) peak is observed at a diffraction angle (2 θ ) of 34.450 in
the powder extracted from colloid and its line width is about 0.60. The
diffraction angle from the (002) plane of bulk ZnO powder21 is 34.40 and its
line width is 0.20. On the other hand, the diffraction angle from the (002)
plane of self assembled film is 34.060 and its linewidth is 0.80. Thus for self
assembled films, a shift of the (002) diffraction angle towards lower angles
and an increase in linewidth are also observed. Considering all these
observations and the reduction of bandgap of self assembled films, we can
conclude that there exist a strong correlation between the electronic structure
and the geometrical structure of the ZnO arrays.
The crystallinity of self assembled film is poor compared to powder.
Earlier observations have revealed that crystallinity of ZnO thin film was
improved by annealing at high temperatures. Hence it is possible to develop
other orientations by annealing at high temperatures and the mechanical
properties of the self assembled film can be improved after heat treatment.
Although ZnO self assembled films can act as photonic crystals,
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unfortunately, we are not able to observe photonic crystal. Optimization of
self assembled films to get photonic crystals is one of the promising areas for
future works.
4.7 Scanning electron microscopy

Figure 4.4: SEM image of ZnO self assembled film on silica substrate
To compare the monodispersity of the self assembled colloidal
spheres with the actual values, the structure of the self assembled films is
recorded using a scanning electron microscope (SEM, S-4300 Hitachi). The
SEM image for a self assembled film on silica substrate is shown in figure
4.4 which indicates the presence of monodispersed ZnO spheres with an
average particle size of 300 nm.
4.8 Fluorescence spectroscopy
Figure 4.5 shows the fluorescence spectra of ZnO colloid and self
assembled film of size 20 nm for an excitation wavelength of 325 nm. From
the figure it is clear that two emission bands are present, a UV emission band
and another in the green region16-17. The UV band has been assigned to the
bandgap fluorescence and the visible band is mainly due to surface defect
states. The presence of pronounced visible fluorescence in the self assembled
film confirms the origin of 530 nm emissions due to the presence of surface
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defect sates. Defects create discrete electronic states and therefore influence
optical properties.

Figure 4.5: Fluorescence spectra of ZnO colloid and self assembled film
for an excitation wavelength of 325 nm

4.9 Nonlinear optical characterization
One of the important applications of nano ZnO is in the field of
photonic materials. The third order nonlinear optical properties of ZnO
colloids and films are investigated using z-scan technique and are explained
in chapter 3. Following studies describe the NLO properties of colloids and
films of ZnO.
4.9.1 Open aperture z-scan
Typical results of the open aperture z-scan measurements of the
films and colloid which correspond to the far-field normalized transmittance
as a function of the distance from the lens focus at an intensity of 220
MW/cm2 are shown in figure 4.6. The open aperture curve exhibits a
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normalized transmittance valley, indicating the presence of induced
absorption in the case of colloid and films which are developed by dip
coating as well as pulsed laser ablation and a transmittance peak, indicating
the presence of saturable absorption, in the case of self assembled film16-17.

Figure 4.6: Open aperture z-scan traces of ZnO thin films and colloid at
an intensity of 220 MW/cm2 for an irradiation wavelength of 532 nm
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 mechanism and the
possibility of free carrier absorption (FCA) contributing to induced
absorption is explained in chapter 3. Considering all these factors and also
that we used nanosecond excitation pulses, it is reasonable to assume that
TPA followed by weak FCA are the important mechanisms contributing to
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induced absorption in our colloid as well as dip coated and laser ablated
samples16-17.
The switching of saturable absorption behaviour in self assembled
ZnO from induced absorption in colloidal ZnO is an interesting effect and
can be used for applications such as optical pulse compression, optical
switching and laser pulse narrowing22. The z-scan data shows that, along
with moving the self assembled film towards the focus, the increase in the
laser intensity induces saturation of the ground state absorption, which
results in a transmittance increase (SA process).
The self assembled film exhibits saturation of absorption and
bleaching and possesses a larger absorption coefficient than the other films
and is more susceptible to thermal effects. For semiconductor materials, heat
tends to reduce the fermi energy level and thereby, increase the number of
carriers in the conduction band. This, in turn, depletes the ground level and
induces bleaching in the ground state absorption, which results in SA
process. The origin of optical nonlinearity is not only dependent on
polarization response of bound electrons but also from conduction electrons
in semiconductors. From figure 4.2, it is clear that the bandgap of the self
assembled film is reduced to 3.1eV from that of the bulk (3.3 eV) and the
laser intensity induces bleaching in the ground state absorption, which results
in SA process. But the bandgap energies of the colloid and other 2 films are
higher than the bulk which leads to induced absorption. These different
nonlinear phenomena in the self assembled films can be attributed to the
electronic transitions involving defect states16-17.
The sensitivity of ZnO to impurities as well as native defects with
respect to electronic properties is well known23. The breadth of the
absorption edge of the self assembled film indicates that there are defectrelated transitions in this case. The negative β value in ZnO thin films are
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reported to be due to the saturated absorption of the defect states23. A similar
explanation can hold for our self assembled films also. Thus the saturable
absorption in self assembled films can be attributed to saturation of linear
absorption of the ZnO defect states.
Generally ZnO exhibits induced absorption. In the self assembled
film, the strong SA and the absence of induced absorption implies that the
absorption cross-section of ground state is much larger than the absorption
cross-section of excited state. All RSA materials possess a higher absorption
cross-section of excited states compared to that of the ground state at the
excitation radiation wavelength. Interestingly they will also give a positive

(χ ) which is actually a

value for the imaginary part of susceptibility Im

( 3)

measure of the induced absorption. On the other hand, a saturable absorber

(χ ) . The most important application of these

has a negative value for Im

( 3)

materials is in optical limiting and to be used as protective material for
sensitive devices.
4.9.2 Closed aperture z-scan
Figure 4.7 gives the closed aperture z-scan traces of ZnO colloid and
films at an intensity of 220 MW/cm2 for an irradiation wavelength of 532
nm. The closed aperture curve exhibited a peak to valley shape, indicating a
negative value of the nonlinear refractive index n2. The sign of nonlinear
refractive index of all the samples remain negative whereas the absorptive
nonlinearity reverses its sign when the material changes from colloid to self
assembled film16-17.
It is observed that the peak-valley of closed aperture z-scan satisfied
the condition ∆z ~ 1.7 z0, thus confirming the presence of pure electronic
nonlinearity24. The major mechanism behind nonlinear refraction is two
photon absorption and ZnO exhibits negative nonlinear refractive indices at
532 nm since the bandgap of bulk ZnO is 3.3 eV. It is reported that all
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materials exhibit a sign change of the nonlinear refraction at about 2/3 of the
bandgap25. There is no change in the sign of the nonlinear refractive index as
the bandgap lies within the range 3.1-3.7 eV for the different samples and the
sign change can be expected at near 600 nm. The SA in self assembled films
can be attributed to bleaching of defect states and this does not affect the
nonlinear refraction and hence there is no change in the sign of nonlinear
refractive index whereas the absorptive nonlinearity for the self assembled
film exhibits a trend which is reverse to that of the bulk. TPA always exists,
even when saturable absorption appears to overlie this mechanism in self
assembled films16-17.

Figure 4.7: Closed aperture z-scan traces of ZnO thin films and colloid at
an intensity of 220 MW/cm2 for an irradiation wavelength of 532 nm
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4.9.3 Nonlinear optical parameters
The nonlinear absorption coefficient, refractive index and third order
susceptibility of ZnO films at an intensity of 220 MW/cm2 for a wavelength
of 532 nm are tabulated in table 4.1. When it is a saturable absorber, a more
useful parameter to extract from the transmission measurements is the
saturation intensity IS, which is also given in the table16-17. These values are
within an error of 7% contributed mainly by the uncertainty in intensity
measurements on the sample and the fitting error.
Films
developed
by

Sol-gel
process
Pulsed
laser
ablation
Self
assembly

β

IS

n2

Im χ (3)

Re χ (3)

x10-6
esu

x10-6
esu

x10-6
esu

( )

( )

χ ( 3)

x10-5
m/W

GW/cm

x10-5
esu

4.6

-

-2.6

2.0

-5.5

5.9

0.8

-

-1.9

0.3

-3.9

4.0

-

0.4

-2.8

-0.6

-5.9

5.9

2

Table 4.1: Measured values of nonlinear absorption coefficient, saturation
intensity, nonlinear refractive index and third order susceptibility of ZnO
films at an intensity of 220 MW/cm2 for an irradiation wavelength of 532 nm
Based on these measurements we found that the imaginary part of
the susceptibility is an order of magnitude smaller than the value for the real
part of the susceptibility function. This means that the refraction effect is
stronger than the absorption. One should be very careful while comparing the
susceptibility values available in literature. These values vary to a great
extent depending on the excitation wavelength, pulse duration, experimental
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technique, concentration of the molecular species in the sample etc. The
values of χ(3) obtained for colloids are compared with the reported values in
chapter 3. The values of χ(3) measured at room temperature by femtosecond
degenerate four wave mixing technique on ZnO microcrystalline thin films26
range from 10-4 to 10-7 esu. The

β values obtained are quite high, and are of

the same order of magnitude as those obtained for ZnO-Cu and ZnO-Mg
nanocomposite films23, 27. Thus, the real and imaginary parts of third order
nonlinear optical susceptibility measured by the z-scan technique revealed
that the ZnO colloid and films investigated here have good nonlinear optical
response and could be chosen as ideal candidates with potential applications
in nonlinear optics16-17.
4.9.4 Size dependence

Figure 4.8(a): Open aperture z-scan traces of ZnO colloids of different
particle sizes at an intensity of 220 MW/cm2 for a wavelength of 532 nm
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Figure 4.8(b): Open aperture z-scan traces of ZnO self assembled films of
different particle sizes at an intensity of 220 MW/cm2 for an irradiation
wavelength of 532 nm
ZnO colloid and film for different particle sizes at an intensity of
220 MW/cm2 for an irradiation wavelength of 532 nm are shown in figure
4.8 (a) and (b) respectively. The colloids exhibit RSA and the films show SA
at all particle sizes from20-300 nm. The enhanced nonlinear optical
properties of ZnO colloids with increase in particle size are due to strong two
photon absorption. The susceptibility is size dependent, without showing a
saturation behavior in the size range studied in our investigation16. The
enhancement of nonlinear optical properties with increasing dimension in the
weak confinement regime essentially originates from the size dependent
enhancement of oscillator strength of coherently generated excitons and is
explained in detail in chapter 3.
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4.9.5 Fluence dependence
(a)

(b)

Figure 4.9: Open aperture z-scan curves of (a): ZnO colloid (b): ZnO self
assembled films of size 300 nm at a wavelength of 532 nm for different
irradiation intensities
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The open aperture z-scan curves of ZnO colloid and self assembled
film of size 300 nm at a wavelength of 532 nm for different irradiation
intensities are shown in figure 4.9(a) and (b) respectively. We can see that
nonlinear optical properties are highly irradiance dependent. The colloid
shows induced absorption at all intensities under investigation. The results
show three orders of enhancement from the reported value of 5cm/GW for
bulk ZnO28. It has been reported that the reduced dimensionality of the
particles resulted in considerable enhancement of the second-order
susceptibility χ

(2)

in thin films of ZnO29. Similar results in the third order

nonlinear parameters are evident in our measurements also16.
Now we will evaluate the saturation intensity of the self assembled
film and attempt to interpret its SA behavior. We use the SA model
described in equation (4.3) to fit our experimental open aperture z-scan trace
displayed in figure 4.9(b), with only one adjustable parameter (IS) and it is in
good arrangement with the experimental data. The theoretical fitting give the
respective IS to be within a range of 0.12-0.52 GW/cm2, for different
intensity levels of I0 ranging from 40 to 325 MW/cm2 respectively. The
results certainly imply that the self assembled films show only SA
behavior 16. It is well known that the theoretical model could describe the SA
effect in a homogeneous broadening two level system very well. In the self
assembled film, the strong SA and the absence of induced absorption imply
that the absorption cross-section of ground state is much larger than the
absorption cross-section of excited state.
4.9.6 Spectral dependence
The nature of nonlinear absorption in ZnO is dependent on the
wavelength of the excitation beam16. It is seen that the material exhibits
induced absorption for all wavelengths under investigation when it is in
colloidal form.
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(a)

(b)

Figure 4.10: Open aperture z-scan curves of (a): ZnO colloid (b): ZnO
self assembled films of size 300 nm at an intensity of 220 MW/cm2 for
different irradiation wavelengths
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The self assembled film exhibits SA and the material does not exhibit any
sign of absorptive nonlinearity for all wavelengths under investigation. This
interesting feature is illustrated in figure 4.10 (a) and (b). However, it can be
concluded that the nonlinear absorption changes from induced absorption to
SA when the material changes from colloidal form to self assembled film.
4.9.7 Variation of imaginary part of susceptibility

Figure 4.11: Vatriation of imaginary part of susceptibility with
(a) Particle size

(b) Intensity

All materials exhibiting RSA possess a higher absorption crosssection of excited states ( σ e ) compared to that of the ground state ( σ g ) at
the excitation radiation wavelength30. Interestingly they will also give a

(χ ) which is

positive value for the imaginary part of susceptibility Im
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( 3)

actually a measure of the induced absorption. On the other hand, a saturable

(χ ) .

absorber has a negative value for Im

( 3)

The calculated values of

Im(χ (3) ) as a function of size and intensity are shown in figure 4.11(a) and
4.10(b) respectively and it is found that susceptibility increases with particle
size and intensity16.
4.9.8 Figure of merit

Figure 4.12:(a) Imaginary part of susceptibility as a function of
wavelength (b) Figure of merit as a function of wavelength

(χ ) as a function of wavelength are

The calculated values of Im

( 3)

shown in figure 4.12(a). It will be useful to define a figure of merit (FOM)
for these types of materials as the ratio

( )

Im χ (3)

α 0 , which specifies the

magnitude of nonlinear absorption for unit value of linear absorption loss.
FOM as a function of wavelength is plotted in figure 4.12(b) and it is found
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that FOM is larger in the region between 450 and 550 nm. It helps in
comparing the absorptive nonlinearities at various excitation wavelengths16.
The most important application of these materials is in optical
limiting and as a saturable absorber. Since these properties are spectral
dependent, it is more common to use another figure of merit,

σ e / σ g , which

is the ratio of excited to ground state absorption cross-section. The value of

σ g can be obtained from the linear absorption spectrum using Beer’s law.
To evaluate

σ e we need to analyze the z-scan signal in a manner, as

suggested by Wei et al.31 and the work in the direction will be taken up as a
future project.
4.10 Conclusions
ZnO colloids and self assembled films show two emission bands; an
ultraviolet emission band and another in the green region. The presence of
pronounced visible fluorescence in the self assembled film confirms the
presence of surface defect sates. The nonlinear optical properties of self
assembled films formed from ZnO colloidal spheres have been investigated
and compared with those of films developed by sol-gel process and pulsed
laser ablation using z-scan technique. ZnO colloids and thin films clearly
exhibit a negative nonlinear index of refraction at 532 nm and the observed
nonlinear refraction is attributed to two photon absorption followed by free
carrier absorption. Although the absolute nonlinear values for these films are
comparable, there is a change in absorptive nonlinearity of the films. The
colloid and films developed by dip coating as well as pulsed laser ablation
exhibit induced absorption whereas the self assembled film exhibits saturable
absorption. This behaviour can be attributed to the saturation of linear
absorption of the ZnO defect states. In the self assembled film, the strong SA
and the absence of RSA implies that the absorption cross-section of ground
state is much larger than the absorption cross-section of excited state. We
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report our investigations of intensity, wavelength and size dependence of
saturable and induced absorption of ZnO self assembled films and colloids.
Values of the imaginary part of third order susceptibility are calculated for
particles of size in the range 20-300 nm at different intensity levels ranging
from 40 to 325 MW/cm2 within the wavelength range of 450–650 nm. The
wavelength dependence of figure of merit is calculated which helps in
comparing the absorptive nonlinearities at various excitation wavelengths.
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