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ABSTRACT

The focus of work presented in this thesis was to understand and optimize the pulsed laser
deposition (PLD) process to fabricate thin films of three important wide band gap
semiconductors, AIN, TiO; and Zn; xMgxO (0<x<0.7). These three materials were chosen due
to their potential for opto-electronic applications in the UV region.

AIN thin films were deposited onto Si (100) at room temperature in N, ambient using PLD
technique. The use of pure Al metal as target in the present work, instead of AIN ceramic
pellets has made the PLD system simplified. Highly (002) oriented wurtizite AIN thin films
were grown in low N, pressure regime (0.05 mbar to 0.10 mbar) while (101) oriented wurtzite
AIN thin films were obtained in high pressure regime (10 mbar to 100 mbar). The emission
spectrum of laser ablated Al plasma in N, ambient was studied to understand the deposition
process.

TiO, thin films were deposited using PLD in Ar and O, ambient. As-deposited thin films of
TiO, were having anatase phase which were converted to rutile phase with annealing. TiO,
films deposited in O, ambient converted into rutile nanorods upon annealing. TiO, films
deposited in Ar ambient preserved the anatase phase upon annealing and showed nanocone
structures. The Ti:O ratio was found to be more stochiometric for films deposited in O,
ambient as compared to Ar ambient.

ZnO thin films were deposited using PLD technique on to Si (100) substrates in O, ambient.
From the spectroscopic measurements of laser induced ZnO plasma, O, pressure and target
substrate distance was optimized for the deposition of c-axis oriented stochiometric ZnO thin

films.
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Bandgap of ZnO was tuned by alloying with MgO. Zn; xMgxO composite thin films were
deposited via PLD onto (0001) sapphire substrates in O, ambient. Wurtzite structure was
obtained for Zn;.xMgxO alloy films up to 34 % Mg concentration and cubic phase for 60 %
and above of Mg concentration. Excitonic emission was observed from the c-axis oriented
Zn1xMgxO (0.0<x<0.34) thin films. Effect of Mg concentration and substrate temperature on
the exciton band gap, exciton binding energy, and broadening parameter was studied from the
absorption spectra. The annealing of the sapphire substrate prior to the deposition enhanced
columnar growth and crystallinity of the Zn;.x\MgxO films.

The second harmonic generation, MPA induced UV emission and Non-linear absorption co-
efficient, nonlinear refractive index and third order nonlinear susceptibility in Zn;4MgxO thin
films were studied. The NLO properties of these films were found to be decreasing with
increase in Mg content.

Vertically oriented ZnO nanorods were hydrothermally grown onto pulsed laser deposited
ZnO seed layer. The effect of pre-heating time, seed layer and growth time on the structural
and optical properties of these nanorods was discussed. Nonlinear absorption coefficient and
nonlinear refractive index were estimated using z-scan technique and found to be enhanced
significantly compared to that of pulsed laser deposited ZnO seed layer. Lasing action and
harmonic generation in ZnO NRs having high aspect ratio was realized via multiphoton

absorption process.
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Chapter 1

Introduction

Pulsed laser deposition (PLD) technique is emerging as a promising thin film deposition

technique because of its ability to process almost any material to yield thin films of desired
composition and thickness ranging from nm to micron [1-3]. The technique of laser ablation is
very flexible and the composition of the thin film can be controlled by the composition of
target material, laser power, target-substrate distance and the back ground pressure. The major
advantages of PLD are its small installation setup, adaptability towards multiple upgrades,
possibility of in-situ measurements during deposition and direct processing technique for the
deposition of thin films. PLD requires low deposition temperature and can even deposit
crystalline films at room temperature [4-6]. PLD appears to be a suitable method to transfer
stoichiometrically complex monolayer structures from single or composite targets to the
substrate in nitrogen/oxygen environment [7]. PLD was first proposed in the early 1960’s [8],
soon after the first high power ruby laser became available, and was first demonstrated by
Smith and Turner in 1965 [9]. Although PLD technique has been developed and improved
since its first stage, it became more and more popular in 1980’s [10, 11]. PLD has been
successfully employed for ceramic superconductor thin films [12, 13]. It has been also highly
successful in stochiometric growth of multi-component thin films using a single target which
is difficult to achive using other deposition techniques [14-16]. Growth of functional materials

and multi layer hetero-structures became possible with the advanced PLD systems [17, 18].
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1.1 Pulsed Laser Deposition Technique

The schematic of a typical PLD system is shown in Fig 1.1. It utilizes mostly excimer [19,
20] or harmonics of Q switched Nd:YAG lasers for ablation of target [21, 22]. In a PLD
system, a focused high power laser beam (laser intensity ~ 10° — 10 W/cm? and pulse
duration ~ 6-20 ns) strikes onto a target placed inside an ablation chamber maintained at low
back ground gas pressure (10° to 10" mbar) or under high vacuum. Due to the interaction of
very high power laser with matter within the focal volume, highly energetic forward-directed
plasma (plume) is generated [23, 24]. This plasma containing ions and neutrals of target
material further expands and reacts with the background gas. The back ground gas may also
be ionized either in the vicinity of the target directly via laser or via collision with high
energetic charged particles of laser induced target plasma. Afterwards, recombination process
takes place which results in vapour phase growth of desired molecules. These molecules
condense and deposit in the form of thin film onto the surface of a cleaned substrate which is
mounted inside the ablation chamber through a substrate holder. Usually the substrate holder
is fitted with substrate heater to heat the substrates up to 800° C during the film growth. The
initial vacuum may be of the order of 10° mbar. As per the requirements of the particular film
growth process, different types of working gases can be filled inside the vacuum chamber
using appropriate gas inlet ports. The gas pressure inside the chamber can be monitored with
appropriate pressure gauges attached to various ports of the chamber. The quality and
properties of the thin film can be modified by performing the PLD in different background
gases. The role of back ground gas is either to thermalize the highly energetic plasma species

or to compensate for the loss of an elemental component of the target due to localized laser
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heating [25, 26]. The optical steering system for focusing the laser on to the target is placed
out side the vacuum chamber and hence avoiding the contamination of expensive high
damage threshold optics.. The multiple-target mounting assembly can also be adopted for the

PLD system for the growth of multicomponent/multilayer/hetero-structure thin film [27, 28].

Target

Plasma [\
.I Substrate

[Laser Beam

Fig. 1.1 Schematic of pulsed laser ablation set-up

1.1.1 Mechanism of pulsed laser ablation and deposition of thin films via PLD

The process of interaction of high power laser with the target is extremely complicated [29-
31]. It depends on the parameters of high power laser; laser irradiance, pulse duration,
wavelength as well as on to the optical and thermo-physical properties of target material [32,
33]. When the focused laser irradiance on to the target is < 10° W/cm?, the absorbed radiation
appears in the form of heat and results into the minor modification on the surface of the target
[34]. When the irradiation is in the range of 10°-10” W/cm?, intense local heating followed by
melting and evaporation of the target material results into the ejection of neutrals and

molecules [34]. In this intensity regime, coupling of the laser beam to the target occurs by

TH-1052_ 05612103 3|Page



Chapter 1. Introduction

photon-electron coupling and the target material undergoes an electronic excitation [35]. This
interaction occurs within a sub nano -second. The energy associated with the electronic
excitation is transferred to the material through electron- phonon coupling, which takes less
than a nanosecond. This conversion of photon energy to thermal energy results in rapid
localized heating, melting and evaporation of the surface layer [36]. The amount of
evaporated target material will depend upon the absorption length of the laser beam with in
the target material [37].

At further higher intensity, > 10® W/cm?, the absorption of the radiation is dominated
by multiphoton absorption [38] causing the multiphoton ionization of the target
atom/molecules inducing the direct emission of positive ions and electrons. This results into
the formation of plasma of the target surface with in the focal regime of the laser. This plasma
plume expands and the further absorption of laser energy takes place within plasma via an
inverse Bremsstrahlung process that involves the absorption of a photon by a free electron
[39]. The expanding plasma will absorb the largest fraction of the laser beam energy close to
the target surface [35]. Near the target surface, plasma temperature is very high (few ev to few
tens of ev or more, depending on the focal intensity of laser) and expands with very high
velocities (~10° m/sec) [40-42]. The very high expansion velocities of the plume results in the
rapid decrease of the plasma density and temperature as it moves away from the target
surface. When the target is placed in an gaseous ambient then the gas molecules also undergo
ionization/ dissociation/ plasma formation via multiphoton absorption of laser energy in the
vicinity of focal spot (on the target) as well as via interaction of highly energetic plasma

plume of the target. Both these plasmas (target plasma and background gas plasma) undergo
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adiabatic cooling and under suitable dynamics undergo the reaction phase to form the
molecular species.

Finally, the condensation of ablated species/ molecular species contained within
adiabatically cooled plasma takes place. These condensed particles (adatoms) nucleate onto
the substrate surface and growth of the thin film starts. There are three modes of thin film
growth, Stranski-Krastanov growth (layer-plus-island), Volmer-Weber growth (island only),
and Frank-van der Merwe growth (layer-by-layer) [43]. Depending upon the substrate surface
energy, lattice orientation and dynamics of the laser induced target plasma; any of the three
modes can be preferred for the film deposition.

The growth of epitaxial thin films on a single crystal surface depends critically on the
interaction strength between adatoms and the substrate surface as well as on the dynamics of
the laser-induced target plasma. The two main thermodynamic parameters which determine
the growth mechanism and the properties of thin films are the substrate temperature T and
super saturation Am. The super saturation Am, can be defined as [44],

Am =KkTs In(R/Re) (1.1)

where k is the Boltzmann constant, R is the actual deposition rate, and R is the

equilibrium deposition rate at substrate temperature Ts. In the PLD process, kTs ~ 2.5 x 10°

J/imol and R/Re ~ 10" and hence Am~ 10 J/mol [45]. This high degree of the super saturation

or high deposition rate can lead to the two-dimensional nucleation with monoatomic height,
which is favorable for the layer growth mode [43, 44].

The laser ablated plasma is characterized by a high density (results in high deposition

rate), high ionization degree (up to 70%), and a high kinetic energy (from several eV to 100
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eV) [40-42]. The thermal and kinetic energies of evaporated species play an important role in
the film growth process. If the thermal energy of the species within the plume is much less
than the dissociation energy of the molecules of the target material, the resultant thin films
may not be able to keep the stoichiometry of the multi-component target material [45]. On the
other hand, high kinetic energy of the laser ablated plasma species is responsible for radiative
defect (vacancies) formation in the single-crystalline substrate. These defects act as additional
crystallization centers. As a result, the epitaxial growth can be realized at a lower substrate
temperature compared to other techniques. In addition various deposition parameters like
deposition pressure, target-substrate distance, laser irradiance, ambient pressure and the nature
of ambient affect the properties of the pulsed laser deposited wide band gap semiconductor

thin films.
1.2 Characterization of Laser Ablated Plasma

The properties and dynamics of laser induced target plasma heavily influence the growth
process and properties of deposited thin films. Hence to obtain the optimum parameters for
deposition of high quality thin films of oxide or nitridle WBG semiconductors via PLD
technique and to understand the growth mechanism, dynamics of the laser ablated target
plasma have to be studied.

1.2.1 Optical Emission Spectroscopy

The laser induced plasma (LIP) emits the characteristics spectrum of its constituent ionic,
neutral and molecular species. The recording and analyses of this characteristics spectrum is
termed as Laser induced breakdown spectroscopy (LIBS) or Optical emission spectroscopy

(OES). OES forms a powerful tool to monitor the plasma density and plasma temperature of
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LIP [46-48]. LIBS is a very sensitive technique and is being used for the analyses/detection of
very small quantity of material [49-52].

1.2.2 Measurement of Laser induced Plasma Parameters

The electron density in LIP can be measured by recording the stark broadening of emitted line
profile [53, 54]. The electron temperature can be estimated using the Boltzmann and Saha—
Boltzmann equations [55-57]. Both these techniques are applicable to the optically thin
emission line [58] where self absorption of the emitted transitions is negligible. In the
optically thick plasma, due to the self absorption, the spectrum line profile will be distorted
and requires some correction to it for correct interpretation [59].

1.2.2.1 Measurement of Electron Temperature

The estimation of the electron temperature from OES is based on the assumption of local
thermodynamic equilibrium (LTE) in plasma where electrons are assumed to be under
Maxwellian distribution. For LTE to hold in the plasma, the collisions with electrons have to
dominate over the radiative processes. This condition requires a sufficiently large electron
density. McWhirter [60] has proposed a critical electron density above which collisional rates
are at least ten times than that of radiative rates. For an energy gap difference AE between the

transition levels, the McWhirter criterion for LTE is:
N, >1.6x10“T"*(AE)® cm™ (1.2)
where N is the electron density, T, is the electron temperature (K) and AE is the
energy difference between the transition levels (eV).

The critical electron density in LIP are typically in the range 10*>~10* cm™ 2 [61] and

is below the electron density observed in PLD process thus satisfying the LTE criteria.
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Under the LTE assumption, the ratio of the relative intensities of two emitted lines from an

element in same ionization stage can be related to the electron temperature using Boltzmann

1,2, E: hoN'?
In| 2L [=——+1n .
Ag,) KT, 4aU

In Eqg. (1.2), the superscript z refers to the ionization stage (z = 0 for neutral atoms,

equation, [55, 56]:

(1.3)

z =1 for singly-charged ions), I is the line intensity of the transition from upper state j to
lower state i, A; is the transition probability, 4; is transition wavelength, T is the electron
temperature, N’ is the total number density, E;* and g; are the energy and degeneracy of the
energy level j, U is the partition function, k is the Boltzmann constant, h is Planck’s constant
and c is the speed of light. The level energies, degeneracy and transition probabilities are very
well documented in various atomic databases. The Boltzmann method has the advantage of its
simplicity, and has been used frequently in the LIPs having transitions in the visible region of
the spectrum. The main disadvantage of the Boltzmann method is that it may lead to
considerable uncertainties in the determined temperatures which are related with the
probability of large relative error in the intensity ratio of different transitions within same
ionization stage for temperature estimation.

Saha—Boltzmann equation over comes the limitation of Boltzman distribution. It
compares the relative intensities of lines from subsequent ionization stages of the same
element and is given by [56]:

z -1 z z- z
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where l* and I,—iz'l are the intensities of corresponding transitions of z and (z-1)
ionization stages, gk and Ei” is the degeneracy and energy of level k, respectively. Ay and Ay
is the transition probability and wavelength of transition k to i, respectively while Aji, gj, Ejz'l,
and ;i represent the corresponding parameters for the transition j to i of ionization stage (z-1).
N, is the electron number density, T is the electron (plasma) temperature, V* is the ionization
potential of stage z, h is the Planck’s constant, k is Boltzmann constant, and m is the electron
mass. Equation 1.3 or eq. 1.4 can be easily used to estimate the electron temperature T from
the intensities of emitted LIP spectrum.
1.2.2.2 Measurement of Electron Density
The shape and width of the spectral lines emitted by plasma are governed by the collisional
processes perturbing the emitting atoms and ions. Hence, the plasma density can be estimated
from the profile of the spectral line. The main contributions to the broadened line profile are
the Stark effect, Doppler broadening, and instrumental width [51-52, 62-64]. The Doppler

broadening can be estimated from the relation [62, 65],

8kT, In2
mc?

Ady =24 (1.5)

where A, is the center wavelength, k is the Boltzmann constant, T, is the plasma
temperature, m is the atomic mass and c is the velocity of light. At a temperature of 10,000 K,
the Doppler width is estimated to be = 0.005 nm for the transitions in visible range. The
instrumental widths are typically around 0.01 nm for such experiments. Thus, the dominating
contribution to the line width is attributed to the Stark effect. The full width at half maximum

(FWHM) of a Stark broadened line is expressed as [66, 67],
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N N 1/4 N
AL=2a,, E10f6j+3.5A[10f6j (1-1.2N;"*) oy (mfej (1.6)

Here, wimp(nm) is the electron impact parameter, which is a weak function of temperature, A
(nm) is the ion broadening parameter, N (cm™) is the electron number density, and Ny, is the
number of particles in the Debye sphere. The contribution due to the ion broadening is much
smaller than the broadening due to electron impact; therefore, it can be neglected [51-52] and,
thus, only the first term on the right hand side of eq. (1.6) is sufficient to extract the number

density. Hence eq. (1.6) reduces to a well known simple form,
Ne

The Stark broadened emission line profiles are recorded experimentally and by fitting
to the Lorentzian profile, FWHM of the emission line AA can be obtained and electron

number density N, can be calculated using eq. 1.7.
1.3 Advantages and drawbacks of PLD

The most important feature of the PLD is the high Kkinetic energy (2 eV-100 eV) of the ablated
species [40-42]. In comparison, the average kinetic energies of the impinging atoms in MBE
are around ~ 0.1 eV and in sputtering are of the order of ~ 1-2 eV [68, 69]. The high energy of
the ablated species allows growth of high-quality thin films at relatively low temperature.
Using PLD, epitaxial films can be grown at relatively low temperatures down to room
temperature [4-6]. The lower growth temperature also reduces the possibility of clustering of
dopants and evaporation of elements with high vapour pressure from the pulsed laser
deposited thin films. The high density of LIP in the presence of a background gas results into

high deposition rates. In PLD, nano-second pulsed laser having repetition rates of few tens of
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pulses per second is used [19, 21]. In between two successive pulses, the time of no
deposition (~ ms) allows for surface relaxation and improves film morphology. The spatially
confined LIP plume ensures minimum contamination in side the chamber and helps in
preserving the stoichiometry in case of multi component target for the deposition of hetero-
structures. The pulsed nature of the PLD allows the film thickness to be controlled precisely
by varying the pulse repetition rate or exposure time of laser. PLD is an extremely versatile
technique and thin films of almost all the materials, including metal, ceramics and polymers
can be deposited by it.

The non—equilibrium nature of the PLD growth process permits the growth of novel
materials having metastable phases and introducing dopant concentrations in excess of the
thermodynamic limits. In addition, the minimal interaction between the laser and the gas
species allows a relatively high dynamic range of deposition pressure and relaxes the
requirements for ultra high vacuum system. The ease of manipulation and handling of the
laser source makes PLD a much simpler deposition technique compared to electron or ion
beam deposition techniques.

The major drawback in the PLD technique is the non-uniform distribution of plasma
resulting into spatial variation in thickness [32]. The forward-directed plume is responsible for
the spatial thickness variation in the films grown by PLD. The spatial variation of film
thickness is given by cosP0, where 0 is the angle between the radial vector and the surface
normal to the plane of the target [Figl.1] and p is the exponential factor varying between 8-12
depending on laser irradiance, irradiated spot-size, etc [70]. This variation in film thickness is

of concerned only for large substrates. For smaller samples (= 1 cm x 1 cm), one can achieve
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fairly uniform growth by controlling the deposition parameters such as laser irradiance,
substrate — target distance and spot size. For deposition of larger surface area, the use of

rastering stage for the substrate can overcome this limitation.
1.4 Motivation for the present work

The present research work was aimed towards the fabrication and characterization of AIN,
TiO2, Zn1xMgxO (0<x<0.7) semiconductor thin films via PLD. These materials belong to the
group of wide band gap (WBG) semiconductors which are important for the optoelectronics
industries to generate the electromagnetic radiation towards the shorter wavelength (blue to
ultraviolet region) [71-73].

Aluminum nitride is an n-type Il1-V nitride WBG semiconductor with hexagonal
wurtzite structure and having 6.2 eV bandgap [74]. AIN is generally reported to be non-
polymorphous. It shows high chemical stability, radiation hardness, thermal conductivity (320
W/mK) as well as electrical resistivity [75]. It has low thermal expansion coefficient (4
ppn/K) [76]. AIN is an extremely hard material (~9 at Mohs’ scale) having a high melting
temperature over 2000°C [77] and has a high surface acoustic wave speed (5.67 km/sec) [78].
It shows piezoelectric effect and negative electron affinity [79, 80]. It is used for acoustic
wave devices on Si, optical hard coatings for spacecraft applications, heat-sinks in electronics
packaging application, buffer layer for GaN deposition, as well as electroluminescent devices
in the wavelength range from 215 nm to the blue end of the optical spectrum [81-84].

ZnO is an 11-VI oxide WBG semiconductor with an optical band gap of 3.37 eV. It possess
multi-functional (piezoelectric, ferroelectric and dilute ferromagnetic) properties [85]. ZnO

shows room temperature excitonic emission, very high radiation hardness, and strong UV
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luminescence [85]. The surface conductivity of ZnO is very sensitive to the exposure of
various gases and hence it can be used to fabricate ZnO based gas sensors [86]. It shows
wurtzite (Bs), zinc blende (Bs), and rocksalt (B;) type crystal structures [87]. Due to its non-
centrosymmetric crystal structure, ZnO has large non-linear optical coefficients, which make
it a very promising candidate for various opto-electronic applications [88-92]. Room
temperature excitonic emission from ZnO makes it a material of choice for ultraviolet light
emitting diodes (LEDs) and laser diodes [93-95]. Lasing action can be achieved upon photo
pumping or electrical pumping of nano-cavities created in the form of ZnO nanostructures
[96, 97]. Vertically aligned ZnO nanorods with high aspect ratio are the most suitable
nanostructure for the creation of such nano cavities capable of lasing [98].

To further harness the optical properties of ZnO for various optoelectronic
applications in ultraviolet range, it is necessary to engineer the band gap of ZnO by making
suitable composites with MgO [99-104]. In the Zn;xMgxO alloy system, the emission
wavelength can be precisely tuned towards UV region (3.3-7.8eV) by changing the Mg
composition or by inducing thermal intermixing in the ZnO/ZnMgO superlattice by annealing
[101]. Zn;xMgxO also possesses unique figures of merit, the availability of lattice-matched
single-crystal substrates (hexagonal ZnO and cubic MgO substrates to deposit the Zn; xMgxO
thin films with corresponding phase), relatively low thin film growth temperatures (200 —
700°C), intrinsic visible blindness and radiation hardness, which are crucial for practical
realization of optoelectronic devices.

In addition to II-VI oxides, TiO, is another interesting material with a lot of

applications in the field of solar cells, photocatalysis, smart material applications and
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environmental sanitation etc [105-110]. Titanium dioxide crystallizes in three different
structures; rutile (tetragonal) anatase (tetragonal) and brookite (rhombohedral) [111]. It is an
n-type, wide band gap semiconductor (3.03 eV for anatase phase and 3.26 eV for rutile
phase). The control over formation of different phases during deposition of TiO; thin films is
important for various device applications [112-117].

The deposition of AIN, TiO; and Zn;xMgxO thin films have been reported via metal
oxide chemical vapour deposition method (MOCVD) [118], molecular beam epitaxy (MBE)
[68], chemical vapour deposition (CVD) [119], electron beam deposition (EBD) [120],
sputtering [69], and pulsed laser deposition (PLD) [8]. Out of these methods, MOCVD, MBE
and CVD have been extensively used for deposition of AIN, TiO; and Zn; xMgxO (0<x<0.7)
semiconductor thin films: AIN thin films have been deposited using MOCVD [121], MBE
[122], CVD [123, 124], PLD [125], and RF magnetron sputtering [126]. Among them the
CVD techniques have been commonly used for the growth of AIN but the substrate
temperature in conventional CVDs is very high (>1000°C) [127] and a smooth surface
morphology of AIN thin films cannot be obtained by this method due to its high grain growth
rate. In MOCVD technique, precursors of Al and N are thermally decomposed at high
pressures to deposit AIN thin films on to a suitably placed substrate [121]. During the
deposition process, incorporation of redundant volatile decomposition fragments (carbon and
oxygen) in the growing film can degrade its quality [128-130]. Pulsed laser deposition may be
a more desirable process for the deposition of AIN due to its processing simplicity and

scalability in the semiconductor industry.
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PLD of WBG oxide semiconductors proved to be highly successful in comparison to
other techniques [131]. ZnO/ZnMgO based homojunction and quantum well devices require
low thin film deposition temperature to prevent the merging of successive intermediate layers
[132], which is possible only via PLD. The control on stoichiometric growth of bandgap
tailored composites can not be achieved using other deposition techniques except PLD.

There is hardly any report on pulsed laser deposition of AIN thin films at room temperature
using pure Al as the target. On the other side, growth of ZnO and TiO; thin films using PLD
is well established but the deposition of band gap tailored Zn;.\MgxO composites films using
PLD is not much studied. The effects of various deposition parameters and plasma dynamics
on to the properties of these thin films are not detailed in the literature at all. Hence in the
present work, deposition of AIN, TiO, and Zn;xMgxO (0<x<0.7) thin films using PLD
technique is reported and effect of laser ablated plasma dynamics on the film growth process

is analyzed.
1.5 Organization of Present Thesis

The objective of present research work was to optimize the pulsed laser deposition process of
thin films of oxide and nitride semiconductors. It included the optimization of various growth
factors and parameters like substrate annealing, substrate temperature, background gas
pressure and after growth annealing of films. The structural, morphological and optical
characterizations of pulsed laser deposited thin films were performed using various available
techniques. The dynamics of laser ablated plasma during PLD of thin films was studied to
optimize the process parameters and obtain high quality thin films. Further, lasing action and

frequency up-conversion was studied in ZnO, Mg-doped ZnO thin films and ZnO nanorods.
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The thesis organization and overview of various chapters is mentioned below:

Chapter 1, “Introduction”, presents literature survey on the subject and discusses basic
concepts of pulsed laser deposition technique and laser induced plasma spectroscopy.

Chapter 2, “Experimental Details” describes the setups assembled to fabricate the thin films
of AIN, TiO;, Zn;xMgyO (0<x<0.7) using PLD and to study the laser induced plasma
dynamics. The substrate processing and target preparation techniques are described. The
setups and growth techniques developed to study lasing action and non-linear optical
properties of ZnO thin films/nanostructures are also documnetd in this chapter.

Chapter 3, “Pulsed laser deposition and charecterization of AIN thin films” discusses the
effect of N, pressure, target substrate distance and laser intensity on structural and optical
properties of pulsed laser deposited AIN thin films. The laser induced plasma of Al in N,
ambient was studied to understand the probable mechanism of AIN formation in different
phases.

Chapter 4, “Pulsed laser deposition and charecterization of TiO, thin films”, describes room
temperature deposition of mixed phase TiO, thin films and effect of post-annealing/O,
pressure on structural and optical properties of TiO, thin films.

Chapter 5 is on, “Pulsed laser deposition and charecterization of ZnO and Zn;xMgxO
(0<x<0.7) thin films”. In the beginning of this chapter the dynamics of laser ablated ZnO
plasma is discussed to understand the probable role of oxygen ambient in the depostion of
these thin films. The properties of Mg-doped ZnO films deposited via PLD are presented. In
the last section of the chapter, the improvement in the quality of Zn; xMgxO thin films upon

high temperature pre-annealing of sapphire substrate is detailed.
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Chapter 6 “Non-linear optical properties of ZnO and Zni;xMgxO (0<x<0.1) thin films”
discusses the harmonic generation and measurement of non-linear absorption coefficient,
nonlinear refractive index and third order susceptibilty in thin films of ZnO and Zn;xMgxO
(0<x<0.1).

Chapter 7, “Multiphoton absorption induced lasing action in ZnO nanorods” initially
discusses the hydrothermal growth of vertically aligned ZnO nanorods of 3-4 um length on to
pulsed laser deposited ZnO seed layer, followed by NLO properties and multiphoton
absorption (MPA) induced lasing.

The last chapter of the thesis, Chapter 8 is the concluding chapter and it provides salient

features of the present research work along with the possibilities of future explorations.
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Experimental Details

Pulsed laser deposition (PLD) is a promising technique for the deposition of stochiometric

and multi-component/multilayer thin films for various applications. In the present thesis, PLD
has been used to deposit thin films of AIN, ZnO, TiO, and Zn;xMgxO (0 < x < 0.7)
composites. In the PLD technique, growth and properties of deposited thin films are governed
by the laser ablated plasma dynamics to a large extent. Hence, for optimization of deposition
parameters, laser ablated plasma dynamics has been studied using the optical emission
spectroscopy technique. The effect of the three process parameters; ambient pressure, target-
substrate distance and laser irradiance have been analyzed to draw the correlation between
laser ablated plasma dynamics and the optical as well as structural properties of the deposited
thin films.

Further, to study laser action in ZnO nanostructures, hydrothermal growth technique
was used to grow ZnO nanorods on to the pulsed laser deposited ZnO seed layer. Non-linear
properties of ZnO and Mg-doped ZnO thin films were explored by recording frequency up-
converted signals and z-scan. The experimental details of target preparation, substrate
preparation, PLD setup, plasma spectroscopy setup, hydrothermal growth technique and other

assembled setups are presented in this chapter.
2.1 Target Preparation

For the deposition of AIN thin film via PLD, high purity Al (99.998 %) (Alfa-Aesar) was

used as the target material. Compared to AIN ceramic target for PLD of AIN [125], pure Al
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target is easy to handle and is of low cost. Aluminium was used in the form of a thick foil of
1.54 mm thickness, 1.5 cm width and 3 cm length. Before loading into the vacuum chamber,
Al target was cleaned with 5% HF solution and then rinsed twice with acetone to remove
surface oxide layers.

PLD of TiO, thin films was performed using rutile phase TiO; target. High purity (> 99.9 %),
rutile phase TiO, targets were prepared using chemical and solid state synthesis route.
Chemically synthesized rutile powder was pressed into rectangular shape using a dye and
sintered at 1100°C for 3 hrs. After initial annealing, TiO, targets were further sintered at
1200°C for 18 hrs to do the hardening.

ZnO targets were prepared from ZnO powder using solid state synthesis route. The pure ZnO
(99.98%) powder was fine grounded and then pressed into round pellets of ~ 13 mm diameter
using a dye with 10 MPa pressure. The pellets were sintered at 1200°C for 24 hrs in a furnace
to obtain the hard ZnO targets.

For the PLD of Zn;.xMgxO thin films, ZnO-MgO composite targets with Mg contents from 1
atom. % to 70 atom. % were prepared. MgO (99.99 %) and ZnO (99.98 %) powders were
mixed in appropriate proportion and blended mechanically to obtain mixture of uniform
composition. These mixtures, in the form of powder were grounded and pressed into round
pellets of ~ 13 mm diameter. The final targets were obtained after the pellets were sintered at
1000°C for 12 hrs and then at 1200°C for 4 hrs. Two stage sintering process was employed in
order to achieve uniform substitution of Mg into ZnO lattice. The compositions of Zn; xMgxO
targets used for fabricating the thin films of Zn;4MgxO (x = 0.00 to x = 0.65) are listed in

Table 2.1.
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S.N.  Composition of Weight of ZnO powder Weight of MgO powder
Zn; Mg, O pellets taken for a 5gm sample  taken for a 5gm sample
(gm) (gm)
1 Zngg9MQp 010 4.9746 0.0249
2 ZNo.9sMQo 020 4.9495 0.0500
3 Zng95MQp 050 48731 0.1265
4 Zng90Mgp.100 4.7388 0.2606
5 ZNog5Mgo.150 4.5978 0.4017
6 Zno50Mgo.200 4.4488 0.5506
7 Zno75Mdo 250 4.2912 0.7081
8 ZNng.70Mgo.300 4.1243 0.8751
9 ZNnos5M0o.350 3.9472 1.0527
10  ZnosoMdo400 3.7588 1.2406
11 ZNossMgoasO 3.5582 1.4413
12  ZnosoMdos500 3.3439 1.6555
13 Zno4sMdgos50 3.1147 1.8847
14  Zng4oMgoeO 2.8689 2.1305
15  ZngasMgpesO 2.6046 2.3948

Table 2.1 Weight of ZnO and MgO Powders taken for making Zn;.xMgxO pellets with
different compositions

2.2 Substrate Preparation

In the present work, polished Si (100), Al,O3; (0001), and Fused Silica (Quartz) have been
used as substrates for the deposition of thin films of various materials. Before loading into the
vacuum chamber, Si (100) substrate was cleaned ultrasonically in 5% HF solution for 5 min
and then using methanol for 30 min. Al,03(0001) and Fused Silica substrates were cleaned

ultrasonically twice using methanol before the deposition. Substrate cleaning was performed
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to remove native surface oxide layers which can be detrimental for growth of high quality thin

films, particularly for AIN thin film.
2.3 Pulsed Laser Deposition of Thin Films

Figure 2.1 shows the schematic of PLD setup assembled to deposit the WBG oxide and
nitride thin films. The second harmonic of Q switched Nd:YAG laser (Model-Quanta
systems-HY L101) with 240mJ/pulse energy (in 2" harmonic) and 8ns pulse duration at 10Hz

repetition rate is focused on to the target with a lens of focal length of 35 cm.

532 nm Laser Output

YA
\

Substrate Holder
Lens and Heater
Assembly

Oxygen Inlet
P,

Substrate Heater

Vacuum Chamber Substrate

View Port

Target Laser ablated Plasma

Target rotation and
translation unit Pressure measurement
and control unit

Fig. 2.1 Pulsed Laser Deposition Setup

The target was mounted inside an 8-port vacuum chamber (Figure 2.2) through a
motorized vacuum compatible feed through from the top port of the chamber and
continuously moved in order to avoid its piercing with the repeated shots of laser. The

vacuum chamber was made of stainless steel in the form of a cylinder of 35 cm diameter and
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30 cm height. The ports of the vacuum chamber were fitted with BK7 glass windows for
plasma imaging and monitoring of the deposition process. It was mounted on the top of a
movable steel rack with a diffusion pump attached below via 15 cm diameter baffle valve.
The diffusion pump was oil based, filled with Silicone oil and capable of achieving base
pressure below 10 mbar. The diffusion pump was backed by rotary pump. A roughing line
was connected directly to the rotary pump for initial evacuation up to 10 mbar. The pressure
measurement was performed using Pirani, Penning and capacitance gauges. The heating tapes
were wrapped around the vacuum chamber to bake it during the evacuation. This has helped
in removing the residual adsorbed oxygen molecules and water vapour from the chamber
wall. For the deposition of AIN thin films, the chamber was baked and evacuated constantly
for 2-3 days in order to minimize the oxygen content in the ambient as the Al plasma is very
reactive to oxygen impurities during the deposition. For the oxide thin films, the chamber was
baked and evacuated for 3-4 hrs only, to reach up to 10™ mbar pressure before deposition.
The chamber was evacuated up to a base pressure of ~ 10™° mbar and then filled with required
background gas (N2/O2/Ar) in the pressure range of 10° to 10 mbar. The required gas
cylinders were connected to the chamber via 25KF gate valve (on the neck of the ablation
chamber) as shown in the Fig. 2.2. The background gas pressure was measured using
capacitance gauge (Pfeiffer TPG 261 and MKS i-Baratron™).

The high power laser is focused on to the oxide or metal (Al) target at 45° in the
ambient of a reactive gas. The breakdown of target material in the focal region and the
breakdown of gas in its neighborhood take place resulting into the plasma formation. This

plasma, consisting of neutrals, ions and clusters of the target material as well as that of
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background gas, expands and undergoes the molecular formation under the suitable dynamics
and is finally deposited on to the ultra sonically cleaned substrates [Si (100), Al,O5; (0001)

and fused silica] placed parallel to and 2-5 cm distance apart from the target.

Target translation stage

5. Prism™
|l‘; é ‘.‘

Focdssiri_g lens 7" @
'I Vacuum Chamb

= "-_;.“._\Tgt'_‘ .",,,;;H = B e

Fig. 2.2 Photograph of setup assembled for PLD and Plasma spectroscopy
The substrates were mounted on a substrate holder consisting of resistive heater to
heat the substrate from room temperature to 750° C during depositions. This substrate holder
was inserted via a Wilson feed through inside the ablation chamber. The heating of substrate
during deposition helps in improving the crystalline properties and epitaxial growth of the thin
films. The deposition time was varied in the range of 20-90 min for oxide and nitride thin

films.
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2.4 Plasma Spectroscopy

Upon laser irradiation on the targets (Al and ZnO) in different ambient, plasma, containing
corresponding highly energetic neutral and ion species, was generated (for example, Al I,
Al 1L AL N 1T, and N T with Al target in N2 ambient, Zn I, Zn 11, and O | with ZnO target
in O, environment). The laser ablated ZnO plasma in 0.1 mbar O, ambient is shown in Figure

2.3.

_ ] Pl)a\sma
Target, ’ ‘ Subtrate

holder Heater

Fig. 2.3 Photograph of Laser ablated ZnO plasma
This plasma expanded adiabatically in a direction perpendicular to the target surface. As the
plasma moves forward in the ambient, multiple complex processes takes place. The initial
processes are laser plasma interaction and collision of plasma species with free electrons [23].
Further the ionization of plasma species and breakdown of background gas occurs. Finally,
plasma cooling, recombination and chemical reaction takes place. The various excited species
found in plasma plume emit out characteristic spectra. The emission spectra can provide
important information about the dynamics of laser ablated plasma. To study the laser induced
plasma (LIP) dynamics and to find correlation between LIP and the quality of thin films

deposited via PLD, it is important to monitor and analyze the emission spectra of laser ablated
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plasma during the PLD process. The three important deposition parameters; background gas
pressure, target-substrate distance, laser irradiance and substrate temperature can be optimized
by studying the laser ablated plasma dynamics, to obtain the desired thin film. For this

purpose, optical emission spectroscopy (OES) setup was assembled as shown in Figure 2.4.

Monochromator
Target Plasma
\ Entrance Slit Vacuum Chamber

-

Lens (L2)
PMT <= Lens (L1)

Prism Glass plate G1

~

° Nd:YAG Laser —I
J\F DSO
[ Photodiode
" " (Trigger) Laser Power

Glass plate G2 Supply

Computer

Fig.2.4 Experimetal setup to record the emitted spectrum from the laser ablated plasma

The expanding plasma in the direction perpendicular to the target surface was imaged
in one to one correspondence using the lens (f = 25 c¢cm) on to the entrance slit of the
monochromator [SPEX 750M fitted with photomultiplier tube (PMT)]. The entrance and exit
slit widths were kept fixed at 10 um throughout the experiment. The controller of the
monochromator (Data Scan 2 and Spex MSD 2) was interfaced with the computer installed
with SpectraMax/Synergy software to facilitate the recording of plasma spectra. The laser
ablated plasma spectra of different targets were recorded in the range of 300-850 nm. The

spatially recorded plasma imaging was achieved by mounting the lens on a translation stage.
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The lens was moved so as to image the different portions of the expanding plasma onto the
entrance slit of the monochromator for recording.

The emission spectra of laser ablated Al plasma in N, ambient was recorded in the
wavelength interval of 350-520 nm. The emission spectra of Al plasma recorded in 10™ mbar
N, pressure at a distance of 10 mm from the target surface and at 8 x 10" W/cm? laser
irradiance is shown in Figure 2.5. The observed transition lines of Al I, Al Il, Al'lll, N 1I; N

I11 and AIN band were identified using available database [154, 155] and listed in Table 2.1.
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Figure 2.5 Emission spectra of Al plasma recorded at a distance of 10 mm from target
surface in ambient N, pressure of 10" mbar and Laser irradiance of 8 x 10* W/cm?
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Transitions Wavelength  Configurations

(nm)
Al l 396.15 35°3p(%P°)-35,45(%S)
358.65 3s3d(°D°)-3s4f(°F)
Al ll
390.06 3s3p(*P°)-3p*(*D)
445.13 3s3p(°P°)-3s3p(*P°)
458.81 3s4d(°D)-3s7f(°F°)
466.30 3p*(*D)-3s3p(*P°)
500.09 3s4d(*D)-3s8f(*F°)
Al 111 371.31 2p%4p(°P°)-2p®5s(%S)
447.98 2p°4f(*F°)-2p°59(°G)
451.25 2p%4p(?P°)-2p®4d(°D)
NI 493.51 3s(°P)- 4p(°s?)
N 11 444.70 2572p(2P°)3p(*P)-2s72p(*P°)3d(*D°)
460.14 (3s°P°-3p°P)
464.30, 25°2p(?P°)3s(®P°) - 25%2p(*P°)3p(*P);
480.32 2572p(?P°)3p(’D )-25*2p(®P°)3d(*D°)
499.43 257p*(*P)3s(°P)-25°p*(*P)3p(°P°)
N I 463.41 25%3p(?P°)- 25*3d(°D)

Table 2.2 Identified atomic transition lines for laser ablated Al plasma in N, ambient
The emission spectra of laser ablated ZnO plasma was recorded in the range of 300 — 850 nm
at 10" mbar O, pressure, 5 mm distance from the target surface and 3 x 10 W/cm? laser

irradiance is shown in Figure 2.6. The identified transition lines of Zn I, Zn Il, and O | are
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listed in Table 2.2. Out of these identified lines, some selected lines were used for electron
temperature estimations. Electron temperature was estimated using Boltzmann equation [Eq.
1.3] and Saha-Boltzmann equation [Eqg. 1.4] by measuring intensity ratios of the transition
lines of the same ionization state and of the successive ionization states of selected species,

respectively.

Znl

Znll

ol 1

Intensity (a.u.)
Znll g

(o)

yi
T T T T Al T T T T T T
3000 4000 5000 6000 7000 8000 9000
Wavelength(A)

Figure 2.6 Emission spectra of laser ablated ZnO plasma in 0.1 mbar oxygen ambient

Transition Wavelength Configurations
(nm)

Znl 334.50 --

396.54 --

429.28 -

460.00 -
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472.21

480.05

636.23

Znll 384.02

491.16

430.00

589.43

747.78

761.29

773.25

ol 660.49

777.19

799.50

822.18

844.63

3s(°P°)-3p(°P)
3p(’P)-3s(*D°)
3s(°D%)-3p(°D)

3s(°s")-3p(°P)

Table 2.3 Identified atomic transition lines for laser ablated ZnO plasma in O, ambient

For electron number density estimation, a well resolved line from the emission spectra was

selected and re-scanned with the step size of 0.05 nm and 2s integration time within 2-5 nm

wavelength interval. With the variation in deposition parameters, broadening in transition

lines (stark broadening) was measured. Electron number densities were then calculated by

using Eq. 1.7.

The molecular band spectra of AIN (0-0 system of *z-n transition at 507.8 nm) [133] and O

(Schumann-Runge system at 351.7 nm) [134] were recorded in the wavelength intervals of 5-

10 nm around the respective peak.
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2.5 Hydrothermal Growth of ZnO Nanorods

ZnO is known to have very high room temperature excitonic binding energy (60 meV) which
can be used for room temperature laser action in ZnO nanostructures [98, 135, 136]. The well
aligned ZnO nanorods were shown to be most promising for such applications [85]. In order
to study the photo excited lasing action in such nanorods, vertically aligned ZnO nanorods
were grown using a hydrothermal method [137].

For hydrothermal growth of ZnO nanorod arrays, 0.1 M precursor solution of Zinc Nitrate
Hexahydrate [Zn(NOs),.6H,0] and Hexametheylenetetramine (HMT or Hexamine) in
distilled water (H,O) were prepared separately. Then 25 ml of each solution was mixed
together in a borosil glass bottle. As a preheating process, the bottle was sealed and heated to
95°C for 2-10 hrs. After preheating process, pulsed laser deposited ZnO thin films on fused
silica substrates were immersed in the solution. The films were placed in an inclined position
against the wall of the bottle with seed ZnO thin film facing down. The bottle was then sealed
and heated at a constant temperature of 95°C for 6-18 hrs for the growth of nanorods. The as-
grown ZnO samples were thoroughly rinsed in deionized water and then annealed in air by
heating up to 200°C for 4 hrs.

2.6 Characterization of Thin Films

For the structural characterization of the AIN, TiO, and Zn;xMgxO (0<x<0.7) thin films,
XRD [Seifert 3003 T/T] technique was used. XRD measurements were performed in the
grazing incidence angle mode (5°) using 0.154 nm wavelength of Cu K,. AFM imaging [NT-
MDT Smena] was performed in tapping mode for surface morphological characterization of

the thin films. The rms roughness and average grain sizes were also estimated using AFM
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analysis. Height histograms of the scanned AFM images were used to estimate average grain
sizes using “Grain Analysis” program (provided by NT-MDT Co., Russia). To further
investigate the surface morphology of the thin films, SEM imaging [Leo 1403vp] was
performed. Thin films were gold coated using thermal evaporation technique prior to be
inserted inside the vacuum chamber for the SEM imaging. Carbon tapes were used to mount
the thin films on the sample stage. Cross-sectional SEM imaging of the films was performed
to estimate the film thickness. The atomic composition of the thin films was determined using
the EDX [Inca Oxford Instruments] technique attached with SEM. For the lattice structure
characterization of ZnO NRs, TEM images were recorded using JEOL JEM 2000 fitted with
Gatan image filter. For the bandgap determination of AIN, TiO, and Zn; xMgxO (0<x<0.7)
thin films, UV-VIS spectra was recorded in transmission mode [Shimadzu UV 3600] as well
as reflection mode [Varian-Cary 50 Bio]. Photoluminescence spectra of the thin film samples
were measured using PL spectrometers [Thermo Spectronic Aminco Bowman Series 2 and
Edinburgh Instruments FLS 720p]. Micro Raman spectrometer [Horriba Jobin Yvon
LabRAM HR] was used for lattice structure characterizations of ZnO and Mg-doped ZnO thin

films.
2.7 Multiphoton Absorption Induced Laser Action in ZnO NRs

The experimental setup was assembled to record Multiphoton Absorption (MPA) induced
lasing action in ZnO NR samples is shown in Figure 2.7. Fundamental (1064 um) output of a
Q-switched Nd:YAG laser (8 ns) was used as a excitation source (pump beam). The pump
beam was focused on to the ZnO NR samples using a 30 cm focal length cylindrical lens at an

incidence angle of about 30°. This ultraviolet laser radiation, emitted as a result of 3-photon
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absorption induced emission, was imaged with a lens of 10 cm focal length on to the entrance
slit of monochromator interfaced with a computer. The monochromator was scanned in the

spectral range of 350 nm — 600 nm for different irradiance of the pump beam.

IR Mirror 99.8

Laser beam (wavelength 1064 nm) o reflectivity
> o

Nd:YAG Laser >

Cylindrical
Lens

Monochromator

____________ with PMT Computer

Thin film  'maging '
Le slit

Fig. 2.7 Experimental setup for MPA induced random lasing action in ZnO thin films

2.8 Harmonic Generation in ZnO nanords and Zn; «MgyO (0<x<0.7) thin

films

ZnO and ZnO based compounds possesses attractive non-linear properties that make them
ideal candidate for frequency up-conversion based opto-electronic devices [88-92]. To study
the second and third harmonic generation in pulsed laser deposited ZnO thin film, ZnO NRs
and Mg-doped ZnO thin films on fused silica and quartz substrates, the same setup shown in
Figure 2.7 was used. The monochromator was scanned in the range of 300 nm to 600 nm to
record the THG at 355 nm, SHG at 532 nm and green band emission in the range of 540 nm

to 580 nm.

TH-1052_05612103 32|Page



Chapter 2. Experimental Details

2.9 Z-Scan Measurements for ZnO nanorods and Zn; Mg,O (0<x<0.7) thin

films

To measure the non-linear absorption co-efficient, a single beam open z-scan technique
employing two photon absorption (TPA) process was used [138]. A setup shown in Fig. 2.8
was assembled for this purpose. In this technique, second harmonic (532 nm) of 8 ns Nd:YAG
laser was focused on to the Zn;xMgxO (0<x<0.15) thin films or ZnO nanorod samples
positioned on motorized translation stage and the transmitted signal was recorded in the far

field using a photo diode (PD1).

Beam splitter o ()9) sample Lens (L2)
I — T Detector (PD1)

Nd:YAG

Laser l - 1

NDF
Motorized translation stage
Reference
Detector (PD2
etector ( Digital Storage
Oscilloscope

Trigger signal

A 4
h

Computer

Fig. 2.8 Open Z-scan setup used for measurement of nonlinear absorption in thin films
ZnO thin films samples were translated along z-axis around the focal plane of focusing lens as
shown in Fig. 2.8 in a step of 0.1 mm and corresponding transmitted signal was recorded on
PD1 after focusing with another lens of 10 cm focal length. A neutral density filter was placed

in front of PD1 to avoid the saturation of the photodiode. A reference signal from the incident
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laser beam was recorded on PD2 by using a beam splitter to compensate for fluctuations in
laser beam on shot to shot basis. By fitting the open z-scan traces using eq. 2.5 [138], non
linear absorption coefficient (f) for ZnO and Zn;xMgxO (0<x<0.15) thin films have been
obtained.

For a temporally Gaussian pulse having FWHM pulse duration t, time integrated normalized

energy transmittance through the sample in case of open aperture z-scan (S = 1) will be given

by [139], ) -
1 Zj
T(z s=1)=—+[z° [ 1y Pl o PCE) | 2.1)
| NEZ W . (zj
|z
ZO

where z is the position of sample during scanning, z, is Rayleigh length, B is the TPA
coefficient, Les is the effective sample length and Iy is the peak irradiance on the optic axis at
the focus within the sample.

The effective sample length L can be estimated using,

_1-exp(-al) (2.2)
B (94

L

where « is the linear absorption coefficient of the sample which was estimated from
the absorption spectra of the samples (Chapter 5). For pure ZnO thin film, a« was
experimentally found to be ~ 1.5 x 10* cm™ at 532 nm. L is the actual film/sample thickness

estimated using cross-sectional SEM imaging. The Rayleigh length z, is given by,

TW?

Z, = /10 ~3.1mm (2.3)

where w, is the beam diameter at the focus (z=0) which was calculated using the

relation,
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fA
Wy = E ~22.9 um (2.4)

where f is the focus length of lens L1 ( = 25cm), D is the laser beam diameter at lens
(= 5.8 mm) and A is the laser wavelength (= 532 nm).
For first order approximation, solution of eq.2.1 (for negligible non linear phase change
A¢<<1 and far field condition d >> z,, where d is the distance between sample and detector

PD1), the normalized transmittance through the sample is given by [139, 140],

1 Ploley
(2*?[1+(z/2,)?] (2.5)

The transmittance T was measured from the ratio of PD1 and PD2 signals as a function of z
and normalized w.r.t. transmittance at z>>z,. The normalized transmittance data was fitted
using eq. 2.5 to estimate the value of non-linear absorption co-efficient f.

To estimate the value of non-linear refractive index n,, a close z-scan setup (Fig. 2.9) was
assembled. It is similar to open z-scan setup except an aperture was inserted in between
sample and lens L2. The first order solution for the normalized transmittance through the

sample under close z-scan is given by [139],

4opnloL (2/2))
cl(z/z,)’ +A0[(z/ 2,)? +9]

(2.6)
where o is the angular frequency of laser, c is the speed of light and n; is the nonlinear

refractive index.

The transmittance T was measured from the ratio of PD1 and PD2 signals (normalized w.r.t to

transmittance at z>>z,). Theoretical fitting of the transmittance data using eg. 2.6 was

performed to estimate non-linear refractive index n,.
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Fig. 2.9 Close Z-scan setup used for measurement of nonlinear refractive index of thin films

Further real and imaginary part of third-order susceptibility *® was obtained using relation

2.7 and 2.8. Finally 3 was estimated using eq. 2.9 [141].

nZc’
()= (o)

) nfcn2
Re(y ):—1207r2 (esu)

22 = [Re(x®)F +[Im(z ™)

where n, is the linear refractive index.
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Chapter 3

Pulsed Laser Deposition and
Characterization of AIN Thin Films

High quality AIN thin films are finding multifold of applications in the semiconductor

industry [71, 142, 143]. AIN has a wide band gap (6.2 eV), high thermal conductivity (320
W.m™K™), high resistivity (10*°* Q/cm?) and exhibits a negative electron affinity [80]. It
exhibits piezo-electric properties and is widely used in surface acoustic wave (SAW) devices
for high frequency sensor applications [78, 79]. It can be used as a light emitting device in the
green-blue-UV spectral range and as UV photodetector [83, 84, 144].

In the present work, PLD technique was used for the deposition of AIN thin films
using pure Al as a target. The main advantages of PLD technique include non-equilibrium
growth, possibility of room temperature deposition due to high temperatures associated with
the laser induced target plasma and direct film growth avoiding use of any harmful precursors.
The crystal orientation of AIN flms deposited via PLD depends upon deposition parameters
and properties of laser ablated plasma. For this reason, it is imperative to study the effect of
N, pressure, deposition time, and substrate temperature as well as laser induced target plasma
dynamics in N, ambient, on the structural, morphological and optical properties of AIN thin

films.

3.1 Experimental Details

The PLD setup used in the present work to deposit AIN thin film is shown in Fig.2.1 (Chap.2,

Sec. 2.3). The laser beam was focused using a lens (35 cm focus length) onto the metal Al
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target to a spot size of 3.08x10™ cm? (spot size was measured using SEM) in N, ambient with
in the pressure range of 10 to 10* mbar. The ultra sonically cleaned single crystalline p-type
Si (100) wafers placed parallel to and 3 cm apart from the target were used as substrates. The
deposition time was varied in the range of 20 to 60 min at room temperature. In order to
study the effect of plasma dynamics on to the quality of pulsed laser deposited thin film,
spatial evolution of emitted spectrum from plasma was recorded to estimate the plasma

temperature and electron density (Sec 1.3 and 2.4).
3.2 XRD measurements

XRD measurements confirmed that the thin film of AIN in (002) orientation can be efficiently
deposited via PLD at certain optimized laser intensity, target-substrate distance, and the
background N, pressure. Fig. 3.1 (a) shows the XRD pattern of PLD thin films of AIN
deposited at laser intensities of 4.3 x 10" W/cm?, 6.4 x 10 W/cm? and 8 x 10** W/cm?,
keeping the target distance and background pressure fixed at 3 cm and 0.05 mbar,
respectively. It clearly shows the formation of (002) oriented AIN film in single phase at laser
intensity of 8 x 10* W/cm? with a weak appearance of pure Al phase. Above this intensity,
the deposition of liquid droplets of ablated Al was observed on to the substrate. At the laser
intensity of 6.4 x 10™ W/cm? there was a weak appearance of AIN in (100) orientation along
with pure Al phase. Though at lower intensities, Al was ablated as is obvious from the
appearance of pure Al phase in XRD of Fig. 3.1. (a) (Plot A) but the reactive plasma
dynamics condition in laser induced breakdown was not sufficient for the formation of

molecular AIN. Thus it can be concluded that optimum laser intensity for the present
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experiment was 8 x 10" W/cm? and rest of the studies were confined at this optimum value of

laser intensity.
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Figure 3.1 XRD pattern of AIN thin films deposited at (a) three different laser
irradiances[A - 4.3 x 10" W/cm? B - 6.4 x 10" W/cm? C - 8 x 10" W/cm?] (Target
substrate distance 3 cm and N, pressure 5 x 10 mbar); (b) three target substrate distances
[A- 2 cm, B- 3 cm, C- 4 cm] (laser irradiance 8 x 10™ W/cm?and N, pressure 5 x 102 mbar)

Fig. 3.1 (b) shows the XRD pattern of AIN thin films deposited at three different
target-substrate distances [A (2 cm), B (3 cm) and C (4 cm)] at 8 x 10™ Wi/cm? laser
irradiance and 5 x 102 mbar N, pressure. Maximum intensity of AIN (002) peak was
observed for films deposited at 3 cm distance. At target-substrate distance lower than 3 cm,
intensity of AIN (002) peak decreased rapidly, and intensity of Al peak increased. This can be
attributed to re-sputtering of adatoms from the film surface due to impingement by high
energy electrons near the target surface. For the films deposited at larger distances (4 cm),
intensity of both AIN (002) and Al peaks decreased, probably due to falling of the laser
ablated plasma density as a result of expansion. Hence, the target-substrate distance was fixed

at the optimum value of 3 cm for rest of the experiment.
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XRD measurements for AIN thin films deposited in N, ambient in the pressure range
of 5 x 10 mbar to 100 mbar are shown in Fig.3.2. At the higher pressure (100 mbar and 10
mbar), pulsed laser deposited AIN thin films were highly (101) oriented. With decrease in

pressure there was a gradual shift from (101) orientation to (002) orientation.
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Si Substrate

AIN(002)

AIN(101)
ALO,

AIN(100)

Al
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10" mbar |

| H 10 mbar
T 100 mbar
T : T . T T . T T T T

20 25 30 35 40 45 50
20

Figure 3.2 XRD pattern for AIN films deposited on to Si (100) substrates at different
N, pressure (target substrate distance 3 cm and laser irradiance 8 x 10" W/cm?)

Intensity (a.u.)

XRD measurements for the films deposited at low N, pressure (10" mbar and 5 x 10
mbar), showed the (002) preferred orientation of AIN thin films. The deposition of metallic Al
and Al,O; was also observed at low N, pressures (< 10 mbar). Impurities such as oxygen

play a major role at low ambient pressure leading to formation of Al,Os.
3.3 Surface Morphology (AFM/SEM analysis)

The AFM scans of AIN thin films deposited at various N, pressure is shown in Fig.3.3. Fig
3.3 (a) and (b) correspond to AIN thin films deposited at higher N, pressure of 100 mbar and

10 mbar respectively. It showed the formation of pebble like structure.
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Figure 3.3 AFM scanned images of AIN thin films deposited at various N, pressures;
(a) 100 mbar (2 pm x 2 um); (b) 10 mbar (5 um x 5 pm); (c) 10™ mbar (3 pm x 3 pm); (d) 5
x 102 mbar (3 pm x 3 pm)

Fig.3.3 (c) and (d) corresponds to AFM scan of films deposited at lower N, pressure of
10" and 5 x 10 mbar respectively. The deposition at lower N, pressure confirmed the nano
structured growth of AIN.

The increase in particle size with N, pressure was due to coagulation of particulates at
higher pressure. Surface roughness of deposited AIN thin films decreased at lower N,
pressure, from 150 nm rms value for AIN thin films deposited at 100 mbar N, pressure to 20-
30 nm rms value for AIN thin films deposited at 5 x 107 mbar. This improved surface quality

was due to more uniform expansion of plasma at lower N, pressure.
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Figure 3.4 SEM images of AIN thin films deposited at various pressures; (a) 100
mbar; (b) 50 mbar; (c) 10 mbar; (d) 1 mbar; (¢) 10™ mbar ; (f) 5 x 10% mbar

SEM images for AIN thin films deposited at various N pressure is shown in Fig.3.4.
Fig 3.4 (a), (b) (c) and (d) corresponds to AIN thin films deposited at higher N, pressure, 100
mbar , 50 mbar, 10 mbar and 1 mbar respectively. Fig.3.4 (e) and (f) corresponds to scanning
of films deposited at lower N, pressure, 10 and 5 x 10 mbar respectively.

Fig.3.5 (a) and (b) shows cross sectional images of AIN thin films deposited at 10™
and 5 x 10 mbar N, pressure respectively, confirming the c-axis (002) columnar growth of

AIN thin films. There was initial columnar growth observed at 10 mbar N, pressure [Fig. 3.5
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(a)] that becomes prominent for AIN thin films deposited at 5 x 10% mbar N, pressure [Fig.
3.5 (b)]. Due to columnar growth at 5 x 10 mbar N, pressure, formation of smooth micro
craters and hillocks can be observed on top surface of AIN thin films in Fig.3.4 (f). The
thickness of pulsed laser deposited AIN thin films (deposition time — 60 mins) was measured

to be 3.8 um at 10™ mbar and 3.2 pm at 5 x 10 mbar.

1

BT = 1000w Mag= 002KX WO 13mm  SonAsSE! EHT « 000k Mag= W002KX WO= 13mm  SgndA+SEY

Figure 3.5 Cross-sectional SEM images of AIN thin films deposited at; (a) 10 mbar;
(b) 5 x 10 mbar

The dependence of the roughness and orientation of the AIN thin film on N, pressure
is most likely related to the collisions between the ablated species and nitrogen gas. At low N,
pressure, mean free path of Al ions via laser ablated plasma was increased due to decrease in
collisions with the ambient nitrogen species, hence particles in plasma can easily deliver their
Kinetic energy to the adatoms at the growing film surface. With the repeated laser shots for
longer deposition time, atomic bombardment at the film surface caused the film densification
by decreasing the voided regions in the microstructure as atoms with sufficient kinetic energy
at the film surface may rearrange themselves under thermal equilibrium condition. Thus
atomic mobility at the film surface was augmented due to the increase in energy transfer at the

film surface. The wurtzite phase of AIN is more stable due to its close-packed stacking than
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the zincblende phase and possesses the lowest surface energy [145-147]. As a result, islands
corresponding to the lowest surface energy can nucleate and grow in c-axis (002) orientation
of wurtzite AIN as shown in Fig 3.4 (f). At higher pressures, increased number of collisions in
gaseous phase may lead towards the AIN thin film growth in random orientations.

Further c—axis oriented AIN thin films grown by PLD at N pressure of 5 x 10 mbar
was found to have much better surface morphology compared with films deposited at much
lower or higher pressure. There was no deposition of AIN below 107 mbar of N, pressure.
Probably the laser intensity used in the present experiment was low enough so as not to
dissociate/breakdown N, gas molecules below 10° mbar. Therefore one concludes that
optimum N, pressure for deposition of (002) oriented AIN thin films at room temperature lies

in the range of 10 mbar.

N, Pressure

(mbar)

Grain Size (nm)

Scherer Formula
XRD

SEM

AFM

0.05 mbar
0.01 mbar

10 mbar
100 mbar

110 nm £ 7 nm
145 nm £ 13 nm

187 nm £ 20 nm
210 nm = 26 nm

128 nm £ 10 nm
162 nm £ 10 nm

196 nm £ 10 nm
240 nm = 10 nm

120 nrm £ 5 nm

138 nm+ 5 nm
178 nm £ 5 nm

200 nm*=5nm

Table 3.1 Variation of average grain size of pulsed laser deposited AIN thin films with

N, pressure

Table 3.1 summarizes the average grain size distribution obtained from SEM imaging,

AFM analysis and from XRD data using Scherer’s formula. From AFM analysis, average
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grain size was found to be increased with N, pressure, from 120 nm at 0.05 mbar to 200 nm at

100 mbar. Similar trend has been observed using SEM and XRD analysis.
3.4 Photoluminescence spectra of the pulsed laser deposited AIN thin films

Photoluminescence spectra of reactive pulsed laser deposited AIN thin films recorded using
Photoluminescence spectrometer (Thermo-spectronic Aminco Bowman Series 2) with 250 nm
excitation wavelength at room temperature is shown in Figures 3.6 (a) and (b). Fig.3.6 (a)
shows the PL of AIN thin films deposited for 20 minutes at different pressures and Fig. 3.6 (b)

shows that of AIN thin films deposited for different deposition time for deposition pressure of

100 mbar.
a 1 Deposiiontme-20min | I b ] Y Deprosmonlime-TA:EDr;'nin; B:I4I]rnin; c:zc:min
Deposition pressure - A: 5x 102 mbar; B: 10" mbar; C: 100 mbar 1 Deposition pressure - 100 mbar
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Fig. 3.6 Photoluminescence of AIN thin films deposited (a) at various N, pressure; (b)
with different deposition time

A broad PL emission spectrum in the range from 270 nm to 471 nm was observed
[145, 148] with major peaks around 286 nm (~ 4.33 eV) and 362 nm (~ 3.42 eV). The visible

emission from AIN thin films was due to impurities and surface defects. The oxygen

impurities would produce defects including oxygen point defects (Oy,), nitrogen vacancies

(Vn) and (V5 — 3x O},) defect complexes. Thus the visible emission may results from
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radiative recombination of a photo-generated hole with an electron occupying the nitrogen

vacancies and/or from transition between the shallow level of Vy and deep level of (V7 —

3x O,,) defect complexes [149-151]. Increase in PL intensity with decrease in N, pressure as

shown in Fig.3.6 (a) was attributed to deposition of highly ¢ — axis oriented films and
nanostructured growth of AIN at low N, pressure. The increase in PL intensity with
deposition time as shown in Fig.3.6 (b) was due to increase in film thickness for higher
deposition time. Shift of emission peak (at 286 nm) towards higher wavelength region was
observed with increase in deposition time and N, pressure. It may be attributed to
development of local strain in the AIN film deposited at higher N, pressure and for longer

deposition time which leads to non-uniform growth of the film.
3.5 FTIR spectra of the pulsed laser deposited AIN thin films

Fig.3.7 shows the FTIR transmission spectra of AIN thin films deposited via PLD. Graph A in
Fig.3.7 shows FTIR spectra of AIN thin films deposited at 10™ mbar of N, pressure and graph
B shows that of at 100 mbar N pressure. FTIR spectrum of Si (100) substrate is also shown
by Graph C. The dominant absorption peak at ~ 674 cm™ in FTIR spectra correspond to the
AIN transverse optical [E1(TO)] phonon mode [152, 153]. The peak at 611 cm™ was due to Si
substrate. AIN A;(TO) mode was also expected at 610 cm™ but not visible distinctly due to
overlapping with Si peak. It was observed that FWHM of AIN [E;(TO)] mode for films
deposited at lower N, pressure is small compared to those deposited at higher pressure. This
could have been due to increase in disorder at higher pressure. The FTIR spectra were in good
agreement with the XRD and SEM results, which confirmed the formation of large AIN

crystallites at high N, pressure.
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Deposition Time: 20 Min; Depositon Pressure - ‘
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Figure 3.7 FTIR spectra of AIN thin films and Si substrate

3.6 Plasma dynamics studies of Al plasma during pulsed laser deposition of

AIN thin film

In order to understand the effect of PLD parameters on the properties of AIN thin films, it was

necessary to monitor and study the dynamics of laser induced target plasma during deposition.
In this section, plasma dynamics of laser induced Al plasma in ambient N, is

presented. Further an attempt has been made to correlate the properties of pulsed laser

deposited AIN thin films with the plasma parameters.

3.6.1 Emission spectroscopy of laser ablated Aluminium plasma and calculation of

plasma parameters

The wavelength dispersed emission spectrum of the LIP plume during laser ablation of the Al

target in 0.1 mbar N, pressure and recorded at a distance of 10 mm from the target surface is

shown in Fig.2.4 (Chap.2). Strong emission lines corresponding to Al l, ALll, AL, N1, N 1

and N 11l transitions were identified. In addition, the band spectrum of AIN was also
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observed. Fig.3.8 shows the AIN band spectra at 507.8 nm (0-0 band system of *z-*n
transition) [133] recorded at 3 cm distance from target surface in 0.05 mbar N, pressure and 8

x 10 W/cm? laser irradiance.

T T T

AIN band (= system)
at 507.8 nm

Intensity (a.u.)

T g T g T g T
507.6 507.8 508.0 508.2
Wavelength (nm)

Figure 3.8 Band spectra of AIN in LIP of Al in N, pressure of 10 'mbar, observed at
10 mm distance from target and laser irradiance of 8 x 10** W/cm?

The Al Il and Al I (Fig.2.5 and Table 2.2) lines were used to estimate the electron
number density and electron temperature, the two important parameters to understand the
dynamics of laser induced plasma.

The electron temperature was estimated by using Saha-Boltzmann equation (eq. 1.4,
Chapter 1, Sec 1.2.2.1). For this, the line intensities corresponding to emission lines of 466.30
and 396.15 nm, respectively, of Al Il [3p?(*D)- 3s4p(*P°)] and Al I [3s%3p(*P°)-35°4s(*S)]
have been used. The electron number density was estimated from the FWHM, Alyp, of the
stark broadened emission line of Al Il at 466.3 nm, given by eq. 1.7 (Chapter 1, Sec 1.2.2.2).
All other contributions like instrumental broadening, resonance broadening and Doppler
broadening were found to be negligible and hence were ignored. The value of electron impact

parameter W used for electron density calculations was taken from literature [54]. The optical
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data required for the above calculations were taken from literature and standard database [54,
154, 155].

3.6.2 Spatial Dependence of the plasma parameters

Fig. 3.9 (a) shows the variation of electron temperature and electron density as a function of
distance from the target surface at N, pressure of 0.1 mbar and laser irradiance of 8 x 10"
W/cm? With laser ablated plasma expanding away from the target surface, the electron
temperature has fallen down from 2.75 eV at 1 mm to 0.96 eV at 30 mm, while the electron

density decreased from 1.57x10" cm™ at 1 mm to 4.7x10"® cm™ at 30 mm.
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Figure 3.9 Spatial variation of (a) electron temperature and electron density; (b)
integrated intensities of Al I, Al Il, AL, N I, N Il transitions and AIN band [at 0.1 mbar N,
pressure and 8 x 10* W/cm? laser irradiance] (The integrated intensity of Al | neutrals is 2
times of the Y-scale value shown here)

The electron temperature as well as electron density showed rapid fall with distance
from the target surface up to 6 mm. The variation of electron density as a function of distance
(z) followed approximately a 1/z law at short distances, indicating that the initial expansion

was one dimensional, which was in good agreement with an adiabatic expansion model [32].
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This behavior was attributed to the three body recombination process taking place during the
plasma expansion in ambient as well as formation of AIN. In three body recombination,
during plasma expansion, local heating occurs through the release of ionization energy as
electron and ions recombine to produce successive lower ionized species. This compensates
the loss of energy due to adiabatic expansion and also into the formation of AIN [156].
Beyond 10 mm, the dependence of both the parameters on to the distance w.r.t. target is
relatively weak. The fall in electron density was from 9.8 x 10" cm™ at 10 mm to 4.7 x 10
cm™ at 30 mm and that of electron temperature was from 1.56 eV to 0.96 eV over a distance
of 10 mm to 30 mm. This was also supported by the increasing intensity of AIN with distance
in the range of 10 mm to 30 mm from the target surface as shown in Fig. 3.9 (b).

Fig. 3.9 (b) shows intensity variation of All, Alll, NII, Allll and NIl transitions along
with AIN band at 507.8 nm. The intensity of the transitions, Allll and NIII increased initially
(<10 mm) due to multi-photon ionization process but for distances more than 15 mm from the
target surface, rapid decrease in intensities was observed mainly due to recombination process
which yield the lower ionization stages as well as formation of AIN molecule. The intensity of
the transitions, Alll at 466.3 nm, NIl at 460.1 nm amd AIN band was found to increase with
distance up to 30 mm. This confirmed that the reaction between Alll and NII leads to the
formation of AIN and maximum yield can be obtained at a distance of 30 mm from the target
surface.

3.6.3. Dependence of electron temperature and plasma density on N, pressure
Fig. 3.10 (a) shows the variation of electron temperature and density with N, ambient pressure

at a distance of 10 mm from the target surface and at a laser irradiance of 8 x 10** W/cm?. The
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presence of Al target lowers the breakdown threshold of N, gas because energetic electrons
emitted from the target facilitate the dissociation of gas. Nearby the target surface, multi-
photon ionization, inverse bremsstrahlung absorption and cascade ionization played crucial
role as the incident laser energy was absorbed by the expanding plasma [157]. The density of
free electrons can grow exponentially by electron impact (EI) ionization or Cascade ionization
which is the dominant process in high ambient pressure. It leads to very high electron density

(~ 10" cm™®) of laser ablated Al plasma at 100 mbar N pressure, Fig. 3.10 (a).
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Figure 3.10 Pressure variation of (a) electron temperature and electron density and
(b) integrated intensities of Al II, Al 1Il, N II, N Il transitions and AIN band [at 10 mm
distance and 8 x 10** W/cm? laser irradiance]

Fig. 3.10 (b) shows the intensity variation of ionized species Al Il, N 11, Al 1, N 11,
and AIN band with N, pressure at an optimum distance of 3 cm from target surface and 8 x
10" Wiecm? laser irradiance. It is clear that intensities of Al 1l and N Il decreased with
increase in N, pressure and that of Al Il and N Il increased. Intensity of AIN band

decreased marginally with increase in N, pressure. Therefore there was the deposition of AIN
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throughout this pressure range (5 x 10 mbar to 100 mbar) but (002) and (101) orientations
dominated in different pressure regimes. Wurtzite AIN with (002) orientation have the lowest
surface energy. In low N pressure regime (< 10™ mbar), AIN thin films with (002) preferred
orientation were deposited due to reactive recombination of Al Il and N Il ions which were
formed via direct ionization and having low kinetic energy. While in the high pressure regime
(>10 mbar), due to confinement of laser ablated plasma, cascade ionization played a dominant
role leading to generation of highly energetic Al 111 and N 11 states [Fig. 3.10 (b)]. As the
plasma further expanded, recombinative collision between free electrons and these ions (Al 111
and N I1I) took place which lead to lower ionization states, Al Il and N 11 respectively, of
higher kinetic energy. The recombination between such Al Il and N 11 ions with high kinetic
energies may be responsible for (101) oriented AIN formation which required higher surface
energy compared to (002) orientation.
3.6.4 Dependence on the laser irradiance
The laser irradiance is an important factor in determining the efficiency of AIN formation via
the recombination of different ionized species contained within the plasma. Fig. 3.11 (a)
shows the variation of electron temperature and electron density of laser ablated Al plasma in
N, ambient with laser irradiance. Sharp increase in both electron temperature and electron
density was observed as the laser irradiance increased above 4.3 x 10 W/cm?.

Fig. 3.11 (b) shows the intensity variation of Al 11, Al l1l, N 1, N I transitions and
AIN band with laser irradiance. Intensity of Al Il and NII transitions increased with laser

irradiance up to 8 x 10™ W/cm?. The increase in AIN band intensity is more pronounced at >

TH-1052_ 05612103 52|Page



Chapter 3. Pulsed laser deposition and characterization of AIN thin films

6.4 x 10 W/cm? laser irradiance. At low intensity, AIN molecule intensity was probably not

enough for the film growth onto the substrate which was also confirmed by XRD, Fig 3.1 (a).
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Figure 3.11 Variation with laser irradiance of (a) electron temperature and electron
density; (b) integrated intensities of Al 11, Al 111, N I, N Il transitions and AIN band [at 10
mm distance and 10™*N, pressure

3.7 Conclusion

AIN thin films with c-axis orientation were deposited at room temperature using PLD
technique. It was observed that orientation of deposited AIN thin films changed from (002) at
low N, pressure (< 10 mbar) to (101) at high N, pressure (=10 mbar). The optimum Ny
pressure, target substrate distance and laser irradiance for the deposition of (002) oriented
AIN thin films were found to be 102 mbar, 3 cm and 8 x 10" W/cm?, respectively. The
emitted spectra of LIP of Al in N, ambient consisted of Al 11, Al'lll, N Il, N HI transitions and
AIN band at 507.8 nm. The observation of AIN band confirmed the reactive recombination
between Al and N ions to form molecular AIN. Electron temperature and electron density of

the LIP of Al was estimated in the range of 1.2 — 2.1 eV and 4.5 x 10* — 8 x 10'" cm?®
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respectively, with variation of N, pressure (102 — 100 mbar) at 30 mm distance from the
target surface and 8 x 10*! W/cm? laser irradiance. From the parametric intensity variation of
various ionic lines of LIP spectra, it was concluded that recombination of Al* and N* ions
may be responsible for growth of AIN thin films with (002) preferred orientation and that of
AP** and N* ions for AIN thin films with (101) preferred orientation.

One of the salient features of this chapter was the use of pure Al as the PLD target
compared to that of AIN ceramic target for AIN thin film deposition [125, 152]. The Al target
makes the PLD technique comparatively simple and cost effective. This is due to higher cost

of AIN ceramic powder and subsequent tedious process to make oxygen free target for PLD.
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Chapter 4

Pulsed Laser Deposition and
Characterization of TiO, thin films

Tio, is an important n-type wide band gap (~ 3 eV), H-VI semiconductor with high

refractive index and high dielectric constant [158, 159]. TiO, thin films have drawn a great
deal of attention in recent years due to numerous applications in solar cells, photo catalyst,
self cleaning windows [160-162], multilayer optical filter [163], anti reflection coating [164]
and metal-insulator-semiconductor (MIS) devices [165]. Room temperature grown TiO; thin
films can have three structural forms anatase (tetragonal), rutile (tetragonal) and brookite
(orthorhombic). Annealing at temperatures between 300°C to 800°C initiates a transition from
primary anatase to the rutile phase [166-168] as former being thermodynamically unstable.
Pulsed Laser Deposition (PLD) provides the easy manipulation of the properties of
thin films of TiO, by controlling the deposition parameters [169-174]. The phase formation,
morphology and microstructures and optical properties of pulsed laser deposited TiO, thin
films depend onto oxygen pressure during deposition and post-deposition annealing
temperature. The effect of ambient pressure on the microstructure of TiO thin films deposited
via PLD at high temperatures has been reported earlier [175, 176]. But for room temperature
deposited TiO, thin films using PLD, the effect of ambient pressure and post-annealing is not

well documented in the literature. In this chapter effect of ambient pressure and post-
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deposition annealing temperature on the properties of pulsed laser deposited TiO thin films is
discussed.

4.1 Experimental Details

TiO, thin films were deposited on to glass substrates in Ar and O, atmosphere at room
temperature using the PLD setup [Chap.2, Sec. 2.3]. The sintered rutile TiO, was used as PLD
target. The XRD and EDX spectra of TiO, target are shown in Fig. 4.1 (a) and (b),
respectively. Only rutile phase diffraction peaks was observed in XRD spectra and an atomic
ratio of 66.3:33.7 between Ti:O was confirmed by the EDX spectra. The substrate was placed

at a distance of 3 cm from the target. The deposition time was kept fixed for 30 min for all the

samples.
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Figure 4.1 (a) XRD spectra of rutile TiO; target; (b) EDX spectra of rutile TiO, target
Laser irradiance on to the target surface was around 7 x 10*° W/cm?. After deposition,

TiO, thin films were annealed in a furnace (air ambient) for 6hrs at different temperatures in

the range of 400 — 650°C.
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4.2 Effect of annealing and ambient pressure on the properties of pulsed
laser deposited TiO; thin films

The effect of ambient (O, or Ar), pressure and post-annealing on the structural phase, optical
properties and hydrophilic properties of TiO, films is presented in this section.

4.2.1 XRD spectra of TiO; thin films

Fig 4.2 (a) and (b) shows the XRD spectra of TiO, thin films deposited via PLD at room
temperature in Ar ambient at 0.1 mbar and 1 mbar pressure, respectively. It can be observed

that the as-deposited TiO, thin films were predominantly having amorphous anatase phase.
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Figure 4.2 XRD pattern for room temperature deposited TiO; thin films at different Ar
pressure (all the peaks correspond to anatase phase of TiO,); (a) 10™ mbar; (b) 1 mbar and
(c) after annealing in air at 500°C for films deposited at 1 mbar pressure

Broad FWHMs for anatase TiO, peaks corresponding to (101), (112) and (211) were
observed. Due to highly amorphous nature of room temperature deposited films in Ar
ambient, rutile phase was not observed even after annealing in air at 500° C [Fig. 4.1 (c)].
After the annealing, TiO, films showed anatase phase only, with better crystallanity.

Figure 4.3 shows XRD pattern for PLD grown TiO; thin films deposited on glass
substrate at room temperature at 10" mbar O, ambient with different annealing temperatures.

In Figure 4.3 (a), it is clearly visible that as-deposited TiO, thin films showed mixed
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amorphous-crystalline nature with anatase phase. Fig.4.3 (b), (c) and (d) shows the effect of
post annealing of the films at temperatures of 400° C, 500° C and 650° C, respectively. With
the increase in annealing temperature, crystallinity of the films was improved.
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Figure 4.3 XRD pattern for TiO, thin films deposited at 10" mbar O, pressure at room
temperature; (a) as-deposited; and post- annealed at (b) 400°C (c) 500°C and (d) 650°C

At the annealing temperature of 400° C, rutile phase started appearing as marked in
Figure 4.3 (b). With further increase in temperature, rutile phase started dominating, Fig.4.3
(c) and at 650°C almost complete phase transition has taken place from anatase to rutile, Fig.
4.3 (d), with corresponding dominant peaks of (110), (210) and (220) orientations.

Figure 4.4 shows XRD patterns of post-annealed (at 500°C) TiO, thin films deposited

at room temperature at different pressures of O, ambient.
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Figure 4.4 XRD pattern for 500°C post-annealed TiO; thin films deposited at different
O, pressure at room temperature; (a) 10 mbar (b) 10 mbar (c) 10™ mbar (d) 1 mbar

It is clear from the XRD patterns that the crystalline nature of pulsed laser deposited

TiO, films improved with increasing pressure of oxygen. TiO, films deposited at oxygen

pressure of 10° mbar were having anatase phase. With the increase in O, pressure, rutile

phase started emerging and at 1 mbar O, pressure, the films were predominantly having rutile

phase, Fig. 4.4 (d).

4.2.2 Surface Morphology

Fig. 4.5 shows the SEM images and corresponding EDX spectra of pulsed laser deposited

TiO, thin films in Ar ambient. The amorphous nature of films deposited at 0.1 and 1 mbar Ar

pressure is clearly visible from Fig. 4.5 (a) and 4.5 (b), respectively. For the TiO; film

TH-1052_ 05612103
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deposited at 1 mbar Ar ambient, nanocone like structures appeared on film surface after

annealing in air at 500° C, Fig 4.5 (c).
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Figure 4.5 SEM image and EDX spectra of room temperature deposited TiO, thin
films in Ar ambient at a pressure of (a) 10" mbar; (b) 1 mbar and (c) Annealed at 500°C after
deposition at 1 mbar

The important difference was the stoichiometric ratio (Ti:O) and structural phase of
the pulsed laser deposited TiO; films which was predominantly anatase as observed by XRD
studies [Fig. 4.2 (c)]. The Ti:O ratio for unannealed thin films, deposited at 1 mbar Ar, Fig.

4.4 (b), was 40.4:59.6. During annealing in air, films absorbed oxygen, thereby improving the
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stoichiometric ratio (Ti:O = 37.9:62.1) for anatase nanocones which was still below the

stochiometric ratio for rutile TiO, target, Fig 4.1 (b).

Figure 4.6 shows SEM images of pre- and post-annealed (at 650°C) TiO, thin films

deposited at room temperature at 10 mbar O, ambient.

Figure 4.6 SEM image of room- temperature deposited TiO- thin films at 10" mbar O,
pressure (a) as-deposited, (b) annealed at 650°C

Surface morphology of as-deposited TiO, thin film was amorphous like while post-
annealing changed the surface morphology into crystalline structures.
Figure 4.7 (a) and (b) shows SEM images of post-annealed at 650°C TiO, thin films

deposited at two different O, ambient pressures (10 mbar and 1 mbar respectively).
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Figure 4.7 SEM image and EDX spectra of 650°C post-annealed TiO, thin films
deposited at (a) 10° mbar O,, (b) 1 mbar O, pressure and (c) 1 mbar O, pressure (high
resolution image).

High O, pressure favors the rod like surface morphology of crystalline TiO, thin films
[Figure 4.7 (b)]. Fig. 4.7 (c) shows high resolution SEM image of TiO, nanorods arranged in
flower like pattern, deposited at 1 mbar O, pressure.

From EDX spectra of Fig 4.7 (c), the average atomic percentage was found to be
33.2:66.8 (Ti:O) for TiO, nanorods which was very close to that of rutile TiO; target, Fig. 4.1

(b), confirming highly stoichiometric deposition.
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Figure 4.8 (a) and (b) shows cross — sectional SEM images of room-temperature
deposited TiO, thin films at 102 mbar and 1 mbar respectively. The film thickness was
increased from 1340 nm to 2150 nm with increase in O, pressure from 10 mbar to 1 mbar,
respectively. At high pressure of the background gas, the expansion of laser produced plasma
was suppressed and hence the density of TiO, plasma propagating towards substrate was

higher during PLD at higher O, pressures.

Tum'* B ]
EHT = 15.00 kv WD= 19mm Mag=1663 KX Signal A=SE1 EHT = 15.00 kV WD= 20mm Mag=10.58 KX Signal A=SE1

Figure 4.8 Cross sectional SEM image of TiO, thin films (a) 10 mbar O,; (b) 1 mbar
O, pressure

This also gave rise to more and more nucleation centers available for the
transformation into rutile phase upon annealing [167]. At low O, pressure, the expansion
velocities of different species contained within the laser ablated TiO, plasma were very high
which resulted into the bombardment of ablated particles on to the substrate surface with high
energy. This incoming flux of high energy particles may have disrupted the nucleation of
adatoms on the substrate surface and spoiled the lattice structure making the film less

crystalline in nature.
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4.2.3 Optical Properties

The absorption edge for unannealed TiO, film, curve A of Fig.4.9, was observed at 380 nm
corresponding to a bandgap of ~ 3.26 eV matching with that of anatase TiO, [177, 178]. With
increase in annealing temperature to 650°C, a red shift in absorption edge from 380 nm to 407
nm was observed (curve D of Fig. 4.9). The TiO, films annealed at 650° C were having a
band gap of ~ 3.04 eV, close to bandgap of rutile TiO, (3.03 eV) [177, 178]. This observation
further confirmed formation of rutile phase at higher annealing temperatures in accordance

with the XRD results, Fig. 4.3.

T T T T T
100 - A
B
80 - C _
R D
o 60+
o
c
i
g 40
[72]
E A as-deposited {
= 20 B 400°C
1 Cc——500°C
04 D ——650°C
T T T T T T T T T T
325 400 500 600 700 800

Wavelength (nm)

Figure 4.9 Transmission spectra of as-deposited and annealed TiO, thin films

The transmission of TiO, thin films in ultraviolet-visible region decreases with the
increase in annealing temperature as shown in Fig 4.9. The average transmittance in visible
region, of TiO, film annealed at 500°C was ~ 70%. When the annealing temperature was

raised to 650°C, the transmittance of TiO, film was decreased to ~ 50%. A separate UV-VIS
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spectrophotometer with an integrating sphere was used to record UV-VIS diffuse reflectance
spectra (DRS). Figure 4.10 shows the diffuse reflectance spectra of annealed TiO; thin films
in UV-VIS region. It can be seen that the reflectance of TiO, thin films increased with
increase in annealing temperature. Room temperature deposited TiO, thin films (unannealed)
at 0.1 mbar O, ambient showed only about 10% reflectance, which can be very useful for anti
reflection coating applications . For films annealed at temperatures as high as 650°C,

reflectance increased up to 20%.
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Figure 4.10 Diffuse reflectance spectra of as-deposited and annealed TiO, thin films

Figure 4.11 shows Photoluminescence (PL) spectra of TiO, thin films deposited at 0.1
mbar O, pressure. The PL was found to increase slightly with increase in annealing
temperature as crystalline structure of deposited films improved. A large red shift in PL from

396 nm to 415 nm was observed in annealed thin films due to the formation of rutile phase
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which has band gap of about 3.03 eV while that of anatase phase has a band gap of about 3.26

eV [177, 178].
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Figure 4.11 PL spectra of as-deposited and annealed TiO, thin films (deposited at 0.1 mbar

O, pressure)
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Figure 4.12 PL spectra of 500°C annealed TiO; thin films deposited at different O, pressures
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Figure 4.12 compares the PL spectra of TiO; thin films deposited at different O, pressures,
annealed at 500°C. The PL of TiO, thin films increased with O, pressure. This behavior was
attributed to the increase in thickness [Figure 4.8 (a) and (b)] and crystalline quality of TiO,
thin films at high O, pressures.

Figure 4.13 shows FTIR spectra of pulsed laser deposited TiO, thin films at different
annealing temperatures. FTIR spectra further confirmed formation of mixed anatase-rutile
TiO, phase at higher temperatures. The peak at 448 cm™ was attributed to anatase TiO, phase

and denoted by A-TiO,.

. R—al'i-g?z - Ti-O streching -OH streching
R-TiO 2

‘;:‘ -

3

2

2]

c

JE | [ A as-deposited

- B 400°C
7 C——500°C
_ D——650°C

T T T T T j J ' J
400 800 1200 1600 2000

Wavenumber ( cm™)

Figure 4.13 FTIR spectra of as-deposited and annealed TiO; thin films
The peaks at 423 cm™, 608 cm™, 765 cm™ and 917 cm™ were attributed to rutile phase
of TiO, while peak at 990 cm™ corresponds to TiO [179-181]. The peak at 1052 cm™ was
attributed to Ti-O bond stretching while broad peak centered around 1622 cm™ is attributed to

—OH bond stretching [180, 182] responsible for hydrophilic nature of TiO, thin films. The
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decrease in —OH peak intensity at high temperatures of annealing was due to water desorption
from TiO; films upon annealing. FWHM of TiO; and Ti-O peaks decreased with increased
annealing temperature. This can be attributed to increased crystalline structure and increased
grain size at higher annealing temperature.

4.2.4 Effect of annealing temperature on hydrophobic properties of TiO; thin films
Hydrophilicity and hydrophobicity of the TiO, film have been reported to have relationship
with the stoichiometry. It has been reported that anatase phase shows the lower angle and thus
higher hydrophilicity [183]. Table 4.1 lists the contact angle between water and typical TiO;
thin film surface deposited at 10" mbar O, pressure at room temperature followed by post-

annealing at different temperatures.

Annealing Contact angle
temperature (°C) )
as-deposited 36
0 56
50 60
500 65

Table 4.1 Variation of contact angle of TiO, with water for different annealing
temperatures

The contact angles between water drop and TiO, film surface, measured by drop shape
analysis, were found to increase from 36° to 65° with increase in the annealing temperature.
This shows that the films were fairly hydrophobic in nature and tend towards more

hydrophobic in nature after annealing. This behavior of TiO, films was also in accordance
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with decrease in —OH peak intensity at high temperatures of annealing as revealed by FTIR

measurements, Fig 4.13.
4.3 Conclusion

TiO; thin films deposited via PLD technique in Ar ambient were predominantly having
amorphous anatase phase which upon annealing at 500° C changed to crystalline anatase
phase. Enhanced crystalline structure and change in phase from anatase to rutile with
annealing temperature was observed for TiO; thin films deposited in O, ambient. Higher O,
pressure during deposition helped in improving the crystalline nature of the film. TiO;
nanorods were obtained after post-annealing at 650° C of the films deposited at 1 mbar O,
pressure. The Ti:O ratio was found to be more stochiometric for films deposited in O,
ambient as compared to Ar ambient. The PL spectra of TiO; films showed red shift with
increase in annealing temperature with peak position at 3.03 eV for as-deposited film to 3.26
eV for 650°C annealed film. As—deposited TiO, thin film showed 10% reflectance in UV-VIS
range which may be suitable for anti-reflection coating applications. The UV-VIS spectra
showed decrease (increase) in transmittance (reflectance) of TiO, films with annealing
temperature, respectively. FTIR spectrum showed decrease in FWHM of TiO; and Ti-O peaks
due to increase in crystalline behavior and increase in grain size upon annealing. The contact
angle measurements confirmed the higher hydrophobicity of TiO, thin films with the increase
in annealing temperature. The post-annealed films deposited in oxygen ambient were
observed to be highly stable due to rutile nature of the films. The above results show the
control on the quality of pulsed laser deposited thin films of TiO, using different deposition

and annealing conditions.
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Chapter 5

Pulsed Laser Deposition and
Characterization of ZnO and Zn,.,Mg,O
(0<x<0.7) thin films

Zinc oxide (ZnO) is a very promising wide band gap (3.37 eV) material for different

technological applications because of its unique optical and electronic properties [87]. The
high conductivity of ZnO, together with broad optical transparency of its thin films finds
applications in transparent electrodes for flat-panel displays [184], thin film transistors [185],
light emitting diodes [186], gas sensors [187] and solar cells [188]. The bandgap of ZnO can
be tuned up to 6.0 eV by forming the ternary alloy of Zn; x\MgxO for applications in deep UV
range [99-101] due to their excellent excitonic properties [97, 189, 190]. In most of the ZnO
based optoelectronic devices requiring bandgap tunability, it is essential to synthesize the
lattice-matched heterojunction of Zn; xMgxO /ZnO which requires fabrication of hexagonal
wurtzite Zn; xMgxO thin films while keeping their excitonic properties intact.

In contrast to the extensive literature relating to ZnO thin films produced by PLD [191,
192], relatively little effort has been directed towards characterization of the laser ablated
plasma plume from which such films are produced and its effect on to the properties of ZnO
thin films [193-195].

In this chapter, pulsed laser deposition of c-axis oriented wurtzite ZnO thin films on Si

(100) and Al,0O3 (0001) substrates is presented. Studies on laser ablated ZnO plasma in O,
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ambient were performed. The effect of plasma parameters on to the properties of pulsed laser
deposited ZnO thin film was studied. The tuning of band gap and room temperature excitonic
emission from pulsed laser deposited Zn;xMgxO thin films as a function of Mg concentration
(x) is reported. Wurtzite hexagonal single phase was obtained up to 34% of Mg doping while
mixed hexagonal and cubic phases were obtained for above 40% Mg doping. Zn;.xMgxO thin
films with cubic single phase were obtained for Mg concentration of 60% and above. Effect
of Mg doping on the room temperature Raman spectra of wurtzite ZnO is also presented.
Room temperature absorption spectra of Zni;xMgxO (x=0.0 to x=0.34) thin films were
recorded and modeled to determine exciton band gaps, binding energies and broadening
parameters. The dependence of substrate temperature on to these parameters was studied.
Further to improve the quality of Zn;xMgxO films grown by pulsed laser deposition,
annealing effects of the sapphire substrate prior to deposition on the structural and optical

properties of Zn; xMgxO thin films were studied.
5.1 Experimental Details

Detailed experimental setup for the recording of plasma emission spectra and spatio-temporal
variations of emitted species during ZnO thin film deposition via PLD is described in the
Chap. 2, Sec. 2.4. The laser ablated ZnO plasma, consisting of ions and neutrals of Zn and O,
expands in the background of oxygen, undergoes the reaction dynamics and is finally
deposited onto ultrasonically cleaned Si(100) and sapphire (0001) substrates placed 3 cm
apart from the ZnO target (prepared from ZnO powder, Sec 2.1). ZnO films were deposited in
0O, ambient at room temperature for a deposition time of 30 min. The O, pressure was varied

in the range of 10° mbar to 10° mbar. Laser irradiance was kept fixed ~ 3 x 10" W/cm?

TH-1052_ 05612103 71| Page



Chapter 5. Pulsed Laser Deposition and Characterization of ZnO and Zn; ,Mg,O thin films

during PLD as well as spectroscopic analysis of ZnO plasma. At larger intensities, large
particulates came out of ZnO target and deposited on to the substrate. Thus, deteriorating the
quality of deposited film. While below this irradiance level, ZnO plasma expansion was small
and partially reaching up to substrates placed at 3 cm distance from the target surface. This
resulted in the deposition of ZnO thin films with poor crystalline quality.

For the deposition of Zn;.«MgxO thin films, MgO-ZnO composite targets with MgO
contents from 0 mol. % to 70 mol. % were used (Sec 2.1). Ultrasonically cleaned and polished
sapphire (0001) was used as a substrate, placed at a distance of 4 cm from the target. Zn;.
xMgxO thin films were deposited at different substrate temperatures ranging from room
temperature to 700°C and deposition time was kept fixed for 30 min. To study the effect of
pre-annealing, (0001) oriented sapphire substrate, were annealed in a furnace at temperatures
in between 800°C and 1200°C in air for 2 hrs before mounting inside the ablation chamber for
deposition.

5.2 Pulsed Laser Deposition of ZnO thin films and Effect of ZnO plasma

dynamics on the properties of pulsed laser deposited ZnO thin films

With the aim to investigate the laser-induced plasma and the probable role of gas-phase
reactions in ZnO formation, the dynamics of the chemical species produced by laser ablation
of ZnO targets in an oxygen environment was recorded and analyzed. The properties of the
plasma plume were investigated by acquiring spatial and temporal profiles of emitted spectra
as function of distance from the target surface in presence of oxygen gas; pressures in the
range of 10° mbar to 10> mbar. Analysis of these data provides information on the nature of

the ejected particles, their density, and temperature in the vicinity of the target surface. An
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attempt is made to correlate the characteristics of the ZnO thin films deposited by laser
ablation with the properties of laser induced ZnO plasma.

5.2.1 Estimation of electron temperature and density in laser induced ZnO plasma

The wavelength dispersed emission spectrum of the plasma plume during the ablation of the
ZnO target at 0.1 mbar of O, pressure and recorded at a distance of 5 mm from the target
surface is shown in Figure 2.6 (Chap. 2 Section 2.4). The strong emission lines of Zn I, Zn 11,
and O | were identified [Table 2.3] and marked in Figure 2.6. The lines used to estimate the
electron number density and electron temperature, the two important parameters to understand
the dynamics of laser induced plasma are listed in table 5.1. The electron number density was

estimated from the stark broadening of transition lines, given by eq.1.7 (Chap.1, Sec 1.2.2.2).

Transition Wavelength Transition Lower level Upper level Loggr Ji- J«

A (nm) probability energy energy
Ak (s Ei(cm™) Ex(cm™)
Zn | 480.05 7.0e+07 32890.352 53672.280 -0137 2-1
Zn ll 491.16 1.6e+08 217846.80  238205.50 -0.213  1-2
Ol 777.19 3.69e+07 73768.20 86631.45 0324 2-3

Table 5.1 List of parameters of the transition lines used for electron temperature and
electron number density calculations

Figure 5.1 shows the broadened spectral profiles of O | (777.19 nm) line at different
ambient pressures measured at a distance of 5 mm from the target surface and fitted with

Lorentzian profile.
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Figure.5.1 Stark broadened profile of O | (777.19 nm) spectral line at different pressures
The electron temperature was estimated by using Saha-Boltzmann equation (eq. 1.4,
Chap. 1, Sec. 1.2.2.1) For temperature calculations, the line intensities corresponding to
emission lines of 480.05 and 491.16 nm, respectively, of Zn | and Zn Il have been used (Table
5.1). The optical data required for the above calculations were taken from literature and
standard database [55, 154, 155].
5.2.2 Comparison of pre- and post- laser exposure of ZnO target
The surface of the polycrystalline ZnO pellet used in the present work was insulating and pale
yellow in colour. After laser irradiation at 10> mbar base pressure, the ZnO target surface
became gray in colour and conducting, both within the focal region as well as its immediate
surroundings. Figure.5.2 shows the scanning electron microscope images of the (a) virgin
ZnO target surface and (b) ZnO target surface in the surroundings of the focal region after
laser irradiation. SEM images clearly show that crystalline structure of ZnO target surface

changed into ripples and semi spherical droplet like structure upon laser irradiation due to
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local heating, melting and ablation of photoexcited region. From EDX analysis, it was
observed that the laser irradiated ZnO target surface exhibit a higher composition of Zn than
that in the virgin ZnO target, suggesting formation of a Zn-rich top layer upon irradiation
probably due to back-deposition of sputtered zinc from the ablation plume itself. This
observation suggests that there is a requirement to optimize background gas pressure of O,
during the pulsed laser deposition of crystalline and stoichiometric ZnO thin films, in order to

interact with the excess Zn in the ablation plume.
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Figure.5.2 SEM and EDX spectra of (a) virgin ZnO target (b) ablated ZnO target in
the neighbourhood of the focal region.

5.2.3 Spatial and pressure dependence of electron temperature and density in laser
produced ZnO plasma

The electron temperature and electron density of the ZnO plasma at 10™ mbar O, pressure as
a function of distance from the target surface is shown in Fig.5.3 (a). With increasing distance
from the target surface, the electron temperature falls down exponentially from 1.43 eV at 1
mm to 0.36 eV at 10 mm. Beyond 10 mm distance the electron temperature is almost

constant. Electron density decreases from 5.4 x 10*" cm™ to 1.1 x 10" cm™ over a distance of
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10 mm from the target surface and there after it is nearly stabilized. Initially, when the laser
pulse strikes a solid surface, ions and excited neutral atoms are emitted during the laser pulse.
The free electrons in the rapidly expanding plasma, in the initial phase, grow by multi photon
ionization. When a high electron concentration approaches a critical electron density, the
further growth is slowed down by the onset of electron-ion recombination process, along with
the rapid cooling of plasma due to expansion [196, 197].

At larger distances, the free expansion of the plasma plume is curtailed because of the
presence of surrounding gas as well as adiabatic cooling [198] resulting into redistribution of
kinetic and thermal energy and particle flux [199, 200], which finally stabilizes the electron
temperature and the electron density to certain extent beyond 8-10 mm distance from the

target, as shown in Fig.5.3.
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Figure.5.3. Variation of electron temperature and electron number density (a) with
distance at 10™ mbar O, pressure; (b) with O, pressure at a distance of 5 mm from the target

Figure.5.3 (b) shows the variation of electron density and electron temperature with
ambient pressure at 5 mm distance from target surface. Under vacuum and at low background

pressures (<107 mbar), the expansion (as well as cooling) of the plasma is like a free
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expansion and so little away from the target, the electron temperature and density are small
compared to those of at relatively higher pressures in the range of 1 mbar - 100 mbar, where
plasma expansion is suppressed due to high O, pressure. Thus the electron temperature and
density increased with background pressure, slightly away from the target surface as shown in
Fig.5.3. The integrated emission intensity of Zn 11 (491.1 nm), Zn | (636.6 nm) and O I line
(777.1 nm) at 0.1 mbar O, pressure as a function of distance from the target surface is shown
in the Fig.5.4 (a). The integrated yield was obtained by integrating the area under the emission
profile of the particular lines under consideration. This gives a measure of the amount of
excited species within the plume, arriving at a given point. The integrated intensity of O |
emission generated during the ZnO ablation showed steady increase up to 12 mm distance
from the target and then a monotonic decrease with further increase in distance. This is
attributed to the increased amount of the excited oxygen atoms due to dissociation of oxygen
molecules upon collision with the particles in the plume in the neighborhood of the target
surface. While in the later stage, due to plasma expansion, the mean free path for the
individual species increases and the collision probability decreases, which results into
reduction of O I intensity. As shown in Fig.6, intensity of Zn Il ions increases initially with
distance from target surface due to dissociation of ZnO molecules at high electron
temperatures. With further expansion, at larger distances (> 5 mm) reduction in plasma
temperature and density favours the recombination of Zn Il ions with electron to form Zn
neutrals. Therefore the intensity of Zn Il emissions start decreasing beyond 5 mm distance
where as that of Zn | continues to increase till ~ 10 mm and then falls down due to the further

expansion and formation of ZnO molecule back. Due to high density of Zn ions near the
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target surface, ZnO thin films with 1:1 stoichiometry cannot be obtained at very small target

to substrate distances. This is also confirmed by target composition measurements after laser

irradiation, shown in Fig.5.2.
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Figure.5.4 Variation of Zn I, Zn 1l and O | integrated intensities (a) with distance at
10! mbar O, pressure (b) with O, pressure at 10 mm from the target surface

Fig.5.4 (b) shows the variation of Zn I, Zn Il and O | integrated intensity with O,
pressure at 10 mm distance from the target surface. It can be observed that the increase in
oxygen pressure increases the emission intensity of O 1 line.

The emission line intensities of the neutral Zn and neutral oxygen were enhanced at
higher O, pressure while the emission line intensities of Zn ions decreased after 5 x 10 mbar
O, pressure. Increase in O, pressure reduces the mean free path of particles in the plume,
thereby increasing the probability of collision of Zn ions with electrons in the plume resulting
into increased number of the excited zinc atoms due to electron-ion recombination. Zn I line
intensity exhibited a steady behavior in the pressure range of 5 x 10 mbar to 5 x 10™ mbar.

In the same pressure range, sharp decrease in Zn ions intensity can be observed. This indicates
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that recombinative generation of excited Zn neutrals efficiently compensates for their loss due
to plasma expansion in this pressure range. At very low O, pressures (<10 mbar) intensity of
Zn ions is large and intensity of oxygen neutrals is comparatively small [Fig.5.4 (b)],
indicating stochiometric ZnO can not be obtained at very low ambient pressures, in agreement
with the previous observations of other researcher’s [193].

5.2.4 Correlation of Plasma parameters with the properties of pulsed laser deposited
ZnO thin films

Fig.5.5 shows XRD spectra of ZnO thin films deposited on to Si (100) substrates at different
O, pressures ranging from 10 mbar to 10 mbar, at a distance of 3 cm from target using

pulsed laser deposition technique.
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Figure.5.5 XRD spectra of ZnO thin films deposited on to Si (100) at different O,

pressures

TH-1052_ 05612103 79| Page



Chapter 5. Pulsed Laser Deposition and Characterization of ZnO and Zn; ,Mg,O thin films

It has been observed that at high O, pressures (>10" mbar), deposition of
polycrystalline ZnO films take place with relatively low c-axis orientation. With decrease in
O, pressure intensity of ZnO (002) peak increased and at 10 mbar O, pressure highest ZnO
(002) peak intensity can be observed, indicating deposition of highly c-axis oriented ZnO
films. At very low O, pressures (~ 10° mbar), metallic Zn peaks has been also observed. This
behavior indicates Zn rich nature of plume at low O, pressures which was also confirmed by
spectroscopic measurements as discussed in the previous section.

Fig.5.6 shows SEM images of ZnO thin films deposited at different O, ambient

pressures in the range of 10™ mbar to 10™ mbar
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Figure.5.6 SEM images of ZnO thin films deposited at (a) 5%10™ mbar, (b) 10 mbar,
(c) 10° mbar and (c) 10™° mbar base pressure
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The average grain size increases at high O, pressures (>10"mbar) as well as very low O,
pressures (<10 mbar). This behavior can be attributed to clustering of vapour phase particles
at high O, pressure and high adatom energies at very low O, pressures [201]. Thus, it can be
concluded that to obtain the smooth cluster free ZnO films the background oxygen pressure
should be in the range of 10 mbar to 10™ mbar.

Figure.5.7 shows the PL spectra of the ZnO films deposited on to (0001) sapphire
substrates at different ambient pressures. The excitation wavelength used was 300 nm from

Xe lamp.
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Figure.5.7 PL spectra of ZnO thin films deposited on to Si (100) at different O,
pressures

It can be observed that with increasing O, pressure, there was a considerable increase
in defect related green band emission as compared to that of band edge UV emission. The

excess oxygen at high pressures (confirmed by increased intensity of O | line) may replace
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zinc atoms in the crystal lattice and form a defect state known as Oz,. Band edge UV emission
intensity decreases for ZnO films deposited at low O, pressures, most probably because of
deposition of metallic Zn as confirmed by XRD measurements shown in Fig.5.5.

The steady behavior of electron density, electron temperature and integrated intensities
of Zn and Zn ions, and high oxygen line intensities above 10 mm distance from the target
surface suggest that high quality ZnO thin films can be expected when substrate is placed
beyond this distance. The reports show that stoichiometric and crystalline films are formed at
a few centimeters away from the target surface [202]. Even at relatively low laser intensities,
near the threshold for ablation, it has been observed that the ablated materials are significantly
ionized [203-205], and the ions in the plasma plume can have energies ranging up to several
hundred eV [206]. So at small target to substrate separation there is a chance of sputtering
from the substrate by these highly energetic particles and thereby affecting the qualities of the
thin film. Hence for proper nucleation and growth of crystalline thin films, larger target to

substrate distance and heating of substrate is recommended.

5.3 Effect of Mg doping and substrate temperature on the properties of

pulsed laser deposited epitaxial Zn; xMgyO thin films

The direct band gap of ZnO (3.37 eV) can be tuned up to 7.2 eV by alloying with MgO. The
Mg™™ ions can replace Zn™" ions in the ZnO lattice while maintaining the hexagonal structure
due to the similar ion radius of Mg™ (0.057 nm) and Zn** (0.060 nm) [207]. The solid
solubility of Mg in ZnO lattice is limited to only 4 % (by atomic weight) maximum with the
unit cell retaining its hexagonal structure [208]. This problem can be overcome by using PLD

technique due to the non-equilibrium nature of PLD process which makes it possible to
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fabricate composite thin films well above the thermodynamic solubility limit [35]. Still,
hexagonal Zn;«MgxO composites can only be obtained up to around 40 % of Mg
concentration (X) due to cubic structure of MgO.

In this section, the tuning of band gap of Zn;.xMgxO (0.0sx<0.7) thin films as a
function of Mg concentration (x) is reported. The Zn;.xMgxO thin films upto 34% of Mg
content, deposited via PLD on to (0001) Al,O3 substrate, were having hexagonal structure.
Above 34% of Mg concentration, mixed hexagonal and single cubic phases were observed.
Effect of Mg concentration and substrate temperature on the structural, surface morphological
and optical properties of Zn;.xMgxO thin films was analyzed [209].

5.3.1 XRD Characterization of Zn; xMgxO

Fig.5.8 shows XRD patterns of pulsed laser deposited Zn;xMgyO thin films at 700°C with x
ranging from x=0.0 to x=0.60. XRD results showed that the thin films with Mg content of
upto x=0.34 have hexagonal wurtzite structure. Only (0002) reflections were observed in the
XRD pattern for these films, indicating the films were textured with c-axis perpendicular to
the substrate surface. The position of (0002) reflection was found to shift toward higher
angles w.r.t. to that of pure ZnO peak with the increasing concentration of Mg. According to
Bragg’s rule, this corresponds to decrease in c- axis lattice constant. As more Mg was
introduced into the ZnO lattice, it lodged into the interstitial positions, leading to a decrease in
the lattice constant. The lattice constant, ¢, of Zn;xMgxO thin films with Mg concentration
varied almost linearly, from 0.5212 nm (x=0.00) to 0.5146 nm (x=0.34) [Fig.5.9]. Above 40%
of Mg content in the films, mixed phase reflections corresponding to both hexagonal wurtzite

and MgO cubic phase appear, as shown in XRD pattern for 48% Mg doped ZnO film. With
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further increasing the Mg content in the films, cubic phase dominated and above 60% Mg

doping, peaks corresponding to single MgO cubic phase were clearly observed.
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Figure.5.8 XRD pattern of Zn;xMgxO (x =0.00, x=0.19, x=0.25, x=0.34, and x=0.60)
thin films deposited via PLD at 700°C in 10™ mbar O, pressure
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Figure5.9 Variation of c-axis lattice parameter with Mg composition for hexagonal
Zn1xMgxO (0.0<x<0.34) thin films

Fig.5.10 shows XRD patterns of Zn;.xMgxO thin films deposited at different substrate
temperatures for x=0.19. It is clear that intensity of (0002) peak corresponding to ZnO
hexagonal structure increases with substrate temperature showing improvement of the
crystalline quality of the Zn1.xMg,O films. The Zn;xMgxO thin films deposited at 300°C and
lower substrate temperatures showed polycrystalline nature. The inset of Fig.5.10 shows the
variation of the full width at half maximum (FWHM) of (0002) peak as a function of
temperature. The FWHM value increases from 0.22° to 0.48° with increasing deposition
temperature in the range of 400° C to 700°C indicating decrease in crystallite size. Decrease in
crystallite size at higher deposition temperature is due to enhanced surface diffusion of

adatoms.
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Figure.5.10 XRD pattern of Zn;.xMgxO thin films (with x =0.19) deposited at different
substrate temperatures. (Inset: expanded view of (0002) peak showing increase in FWHM).

5.3.2 Raman Spectra of pulsed laser deposited Zn;.xMgxO thin films

Figure 5.11 (a) shows the room-temperature Raman spectrum of the pure ZnO (x=0.0)
and Zn;.xMgxO thin films (deposited at 700°C) for x = 0.10, 0.19, 0.25 and 0.34. The peaks at
99 and 438 cm™ are attributed to ZnO nonpolar optical phonon E,°" and E,"*" modes,
respectively [210]. The peak at 413 cm™ corresponds to the E;(TO) mode [210]. The
characteristic peak of hexagonal wurtzite ZnO, the E,"" at 438 cm™ is very intense and has a
full-width at half-maximum of 8 cm™ [Fig.5.13 (b)]. The asymmetrical and line-broadening

characteristics of E1(TO) increases with Mg doping and merged with E,"%" as well as A;(TO)
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mode at higher Mg concentrations as shown in Fig.5.11 (b). Mg-doping induces microscopic
structural disorders in periodic ZnO lattice and it is characterized by asymmetric line

broadening and shift in ZnO Raman modes.
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Figure.5.11 (a) Raman spectrum of Zn;xMg,O (x =0.00, x=0.10, x=0.19, x=0.25, and
x=0.34) thin films deposited at 700°C in 10" mbar O, pressure, excited using 488 nm Ar-ion
laser. (b) asymmetric broadening and red shift in E."9" mode at 438 cm™ (c) asymmetric
broadening and large red shift in E; (LO) mode at 576 cm™
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The substitution of Mg®* in ZnO lattice results in the slight reduction of lattice due to
difference in ionic radii of Mg* and Zn?*. This shifts the particular Raman modes towards

h9h mode shifts

lower frequency side depending upon amount of Mg substitution [211]. The E;
from 438 cm™ (x=0.00) to 435 cm™ (x=0.34) with Mg doping concentration (x), as shown in
Fig.5.11 (b). The FWHM of E,"" mode increased due to asymmetric line broadening from 8
cm™(x=0.00) to 14 cm™(x=0.34). These changes with Mg content (x) are marginal and
indicating highly oriented wurtzite structure of Mg-doped ZnO without any phase segregation

as was also confirmed by the XRD. The intensity of E,""

mode was decreased with Mg
doping due to slight disorientation in growth and increase in c-lattice constant. The forbidden
mode E; (LO) at 576 cm™ was observed with increasing intensity and broadening as a
function of x as shown in Fig.5.11 (c). This could be attributed to defects arising due to
oxygen vacancies, zinc interstitials or their complexes and free carriers [212].

The peaks at 387 and 537 cm™ corresponding to A;(TO) and Ai(LO) phonons,
respectively were also observed [Fig. 5.11 (a)]. The Raman spectra showed two additional
modes at 333 and 1147 cm™. These peaks have been attributed to multiphonon scattering
processes [213]. The broadening in these multiphonon Raman modes with increasing Mg
concentration can also be related to activation/formation of structural defects in doped ZnO.
For cubic phase films with higher Mg content (x > 0.60) no first order Raman modes were

observed. Zn; xMgyO (x > 0.60) thin films shows rock-salt-type cubic crystal structure, and

thus belong to the space group Op known to have no first order Raman modes [214].
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5.3.3 Surface Morphology

SEM images of Zn; xMgxO (x=0.1) deposited at 300° C, 400° C, 500° C and 700° C are shown
in Fig.5.12 (a), (b), (c) and (d) respectively. From SEM measurements, it was observed that
the crystallite size of Zn;xMgxO thin films decreases with increase in substrate temperature,
which is in agreement with XRD results. Average crystallite size for Zn;.xMgxO thin film
deposited at 300° C was found to be 260 nm [Fig. 5.12 (a)] which was decreased to 150 nm

for Zn;xMgxO film deposited at 700° C [Fig. 5.12 (d)].

EHT=1000kV ~ WD= 13mm Mag= 8.92KX SignalA=SE1 — EHT=1000kV  WD= 13mm Mag= 8.35KX SignalA=SE1

EHT=1500kV  WD= 16mm Mag=1837 KX SignalA=SE1 200 nm* ENT=1500k/  WD= 16mm Mag=1842KX Signal A=SE1 — BT=1SO0N WD them Mag=1SR2KX  SAesEy

Figure.5.12 SEM image of Zn;sMgxO thin films (with x = 0.1) deposited at (a) 300°C;
(b) 400°C; (c) 500°C; (d) 700°C; and (e) Cross section SEM image of thin films deposited at
700°C

TH-1052_ 05612103 89 |Page



Chapter 5. Pulsed Laser Deposition and Characterization of ZnO and Zn; ,Mg,O thin films

At low deposition temperatures, slanted growth of nano columns of Zn;.\MgxO was
observed [Fig. 5.12 (c)]. This might have led to increased strain in the film structure, which in
turn resulted into poor film quality. The films deposited at substrate temperature of 700° C
showed highly columnar growth and rod like structures as shown in the cross-sectional SEM
image, Fig 5.12 (d). For the films deposited below 500° C substrate temperature, columnar
growth was not evident [Fig. 5.12(b)] rather spherical balls of Zn;.\Mg.xO were observed on
the film surface, Fig 5.12 (a). Compositional analysis using EDAX was performed for all the
samples and very good agreement has been observed between atomic composition of Zn;.
xMgxO target and that of deposited films (Table 5.2). Hence the stoichiometric growth of Zn;.

xMgxO films using PLD was confirmed.

Mg concentration x (%)  Atomic percentage in Zn;.xMgxO
in the Zn;4xMgxO target films calculated using EDAX data

Zn Mg @)
0.00 49.93 0.00 50.07
10.00 45.03 4.92 50.05
19.00 40.36 9.47 50.17
25.00 37.35 12.46 50.19
34.00 32.85 17.04 50.11

Table.5.2 EDAX composition analysis for Zn;.xMgxO films with different Mg content
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Figure 5.13 shows the AFM images of Zn;.xMgxO (x=0.1) films deposited at different
temperatures. For the Zn;xMgxO films deposited at 300° C [Fig. 5.13 (a)], the surface
morphology was rough having the rms roughness of 21 nm in a scan area of 1um x 1um. This
was attributed to the fact that the surface diffusion was insufficient due to the low deposition
temperature. As the deposition temperature increased, the rms roughness was reduced. The
rms roughness was observed to be around 10 nm, 7 nm, and 6 nm at 500° C, 600° C, and 700°

C of deposition temperatures respectively [Fig. 5.13 (b), (c) and (d)].

a rms roughness =7 nm

Figure.5.13 AFM images of Zn;«MgxO thin films (with x = 0.1) deposited at (a)
300°C; (b) 500°C; (c) 600°C; (d) 700°C.
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With the increase in deposition temperature, the diffusion and alignment of atoms on
the surface of sapphire substrate was enhanced, resulting in a smooth surface with the rms
roughness of ~ 6 nm with the vertically aligned columnar growth [Fig. 5.13 (d)] in agreement
with the SEM results shown in Fig. 5.12.

5.3.4 Room temperature excitonic emission from Zn;xMgyO thin films

Absorption spectra of Zn;MgxO thin films were recorded using a UV-VIS
spectrophotometer at room temperature. Absorption coefficient o was estimated from
absorption spectra using Beer-Lambert relation,

_ 2.303xA
T . WS (5.1)

o

where A is the absorbance obtained from the absorption spectra, and | is the thickness
of the film. The film thickness was estimated using cross-sectional SEM imaging and found to
be around 1500 nm for all the films reported in this chapter.

Fig.5.14 (a) shows the variation of room temperature absorption coefficients deduced
from the absorption spectra of the Zn; xMgxO (x=0.19, 0.25, 0.34 and 0.60) films with photon
energy. The excitonic nature of the pulsed laser deposited Zn; xMgxO films (for x < 0.34) is
clearly apparent at the room temperature. For the cubic phase Zn;.xMgxO films (x > 0.60) no
excitonic transition in the absorption spectra was observed.

The wurtzite ZnO conduction band is mainly constructed from the s-like state having

' symmetry, whereas the valence band is a p-like state, which splits into three bands due to

the influence of crystal-field and spin-orbit interactions [215]. The near-band-gap intrinsic
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absorption and emission spectrum is therefore dominated by transition between these three
valence bands and the conduction band.

The related free-exciton transitions from the conduction band to these three valence
bands or vice versa are usually denoted by A (referred to as the heavy hole), B (referred to as
the light hole), and C (referred to as crystal-field split band). In the pure ZnO film (x=0), even
at room temperature, A, and B, excitons are clearly distinguished. In the Zn;.xMgxO wurtzite
phase (0<x<0.34), the exciton peaks are broadened due to alloying but still the individual
excitons can be clearly distinguished. The excitonic feature in the absorption spectra is a
consequence of the high binding energy (~60 meV) of the exciton in Zn;.\MgxO alloys and
the high crystalline quality of the films [216]. In the previous reports on pulsed laser
deposited Zn;xMgxO thin films [217-219], the exciton peak at room temperature was only
visible in the unalloyed ZnO film. In the alloy films, the absorption edge was broad and the
exciton structure was not apparent. The excitonic emission from Zn; x\MgxO (x<0.2) nanowire
arrays grown using HPLD (high pressure pulsed laser deposition) technique is reported earlier
[220]. In the present work, as shown in Figure 5.14 (a), the exciton peaks remains present for
all alloy compositions having (0002) orientation even though alloy broadening reduces the
slope of the absorption edge with increasing Mg concentration.

The optical transitions are allowed for A-, B- and C- excitons if the electric field E of
the electromagnetic wave is perpendicular to the c-axis (ELc). When electric field is parallel
to the c-axis (E | c), the transitions are forbidden for the B-exciton, and allowed for A- exciton
and C- exciton. During absorption measurements in the present case, the incident beam was

normal to the sample surface and electric field E of the incident radiation was perpendicular
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to the c-axis of the thin films. All the three exciton series contributed to the absorption spectra
having large oscillator strength of A- and B-excitons and small oscillator strength of C-
exciton [221]. The absorption spectra of ZnO and Zn;xMgxO thin films with exciton

contributions can be modeled as [222, 223],

where n is the index of the valence bands, Eq, is the bandgap energy, R, is the exciton

binding energy, I'exm IS @ broadening parameter of the mth excited exciton state, and Ac: is an

n

adjustable fitting parameter.
For the continuum absorption above the bandgap, the Absorption coefficient can be

summed as [223],

The last term in the bracket is broadening function, in which I'y is an additional
parameter used to smooth the discontinuity at the band gap. The exciton energy gap, binding
energy, and broadening parameter were obtained for different compositions by fitting the
above equations for the respective absorption spectrums. The variation in exciton band gap,
binding energy and broadening parameter with Mg content is shown in Fig. 5.14 (b), (c) and

(d) respectively. The bandgap of the hexagonal Zn;.xMgyO thin films found to be increasing
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with Mg content from 3.3 eV (x=0.0) to 4.2 eV (x=0.34) as shown in Fig. 5.14 (b). The
exciton binding energies, Fig.5.14 (c), decreased with the Mg content from 61 meV (x = 0.00)
to 46 meV (x = 0.34) in case of B-exciton, from 54 meV (x = 0.00) to 35 meV (x = 0.34) for

A-exciton and from 50 meV (x = 0.00) to 26 meV (x = 0.34) in case of C-exciton.
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Fig.5.14 Variation of (a) absorption coefficients of Zn;«MgxO (x =0.00, x=0.19,
x=0.25, x=0.34, and x=0.60) thin films deposited via PLD at 700°C in 10" mbar O, pressure,
with photon energy. (Theoretical fit for pure ZnO using eg.1 and 2 is shown by dotted line);
(b) bandgap energy (solid line represents second order polynomial fitting); (c) exciton
binding energy; (d) broadening parameter, of Zn;Mg,O thin films with Mg composition (x)

The decrease in excitonic binding energies with Mg doping can be attributed to lattice
disorder induced due to lodging of Mg at interstitial positions and creation of additional

oxygen defect centers as shallow donors. Due to increasing cloud of such defects within the
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lattice, the attraction between photoexcited carriers with opposite charge i.e. the coulomb
attraction will be reduced because of Vander Waals interaction with neutral defect centers.
This additional interaction will reduce the exciton binding energy between a free electron and
a free hole and efficiently traps excitons to form bound excitons. Also, the broadening
parameter ['exm Was increased for Zn;xMgxO films having higher Mg content due to alloy
broadening as shown in Fig.5.14 (d) for all the three excitons.

Fig.5.15 (a) shows absorption spectra of Zn;.xMgxO (x=0.25) thin film deposited at
different substrate temperatures. A blue shift in absorption edge of Zng75Mgo 250 thin films is
observed with increase in substrate temperature. At high substrate temperature substitution
ratio of Mg on Zn sites increases and so the bandgap energy and hence the absorption edge is
blue shifted. Fig.5.15 (b), (c) and (d) shows the variation of exciton energy gap, binding
energy, and broadening parameter, respectively, of Zng75sMgo 250 thin films with deposition
temperature. The exciton energy gap of Zn;xMgxO thin films enhanced from 3.47 to 3.59 eV
(A exciton), 3.50 to 3.62 eV (B exciton) and 3.54 to 3.64 eV (C exciton) with increase in
deposition temperature, as shown in Fig.5.15 (b). The exciton binding energy increased from
24 to 52 meV (A exciton), 28 to 60 meV (B exciton), and 22 to 48 meV (C exciton) while
broadening parameter decreased from 102 to 23 meV (A exciton), 81 to 12 meV (B exciton),
and 130 to 34 meV (C exciton) with increase in deposition temperature from 400° C to 700°
C, respectively [Fig.5.15 (c) and (d)]. This can be attributed to highly oriented nature and

good crystalline quality of Zn;.xMgxO thin films deposited at higher temperatures.
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Fig.5.15 Variation of (a) absorption coefficients; (b) bandgap energy (solid line
represents second order polynomial fitting); (c) exciton binding energy; (d) broadening
parameter, of Zn; MgxO (x=0.25) thin films with deposition temperature

Fig.5.16 (a) shows the photoluminescence (PL) spectra of the Zn;.xMgxO thin films
for different Mg content (x=0 to 0.34). The excitation wavelength and intensity were kept
same for all the PL measurements. The photoluminescence from the alloyed samples was of
comparable intensity to that of unalloyed ZnO (0002) oriented thin films deposited via pulsed
laser deposition technique. The excitonic emissions were observed in all the Zn; xMgxO thin
films. For clarity, Lorentzian fit for all the three excitons is shown by broken lines in Fig.5.16

(a) for pure ZnO. The peak position of the emission band increases to the higher energy side
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with Mg concentration in the film due to increase in the band gap. The FWHM of PL band
increases with Mg content from 22 nm (x=0.00) to 43 nm (x=0.34). PL broadening
mechanism may be related to lattice disorder caused by Mg doping and scattering of the

excitons with the defects.
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Figure.5.16 Photoluminescence spectra of (a) Zn;xMg,O thin films deposited at 700°C
with varying Mg content (x); (b) Zn;«MgxO (x = 0.19) thin films deposited at different
substrate temperatures.

Fig.5.16 (b) shows Photoluminescence spectra of Zn;xMgxO (x=0.19) thin films
deposited at different temperatures. Similar to absorption spectra, a blue shift in PL peak
position is observed with increase in substrate temperature. Intensity of PL in UV region was
found to be increasing with substrate temperature. Increase in UV peak intensity can be
attributed to better crystalline structure and columnar growth of Zn;.xMgxO thin films at
higher substrate temperatures. In addition to UV emission, a broad green luminescence was
also observed centered around 540 nm which is related to the oxygen vacancies in ZnO

crystals [224]. This deep level defect-related luminescence is caused by radiative transitions
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between shallow donors (related to oxygen vacancies) and deep acceptors (Zn vacancies)
[225]. As the substrate temperature increases, the density of oxygen vacancies as shallow
donors increases. With the increase of oxygen vacancies, the zinc vacancies may also increase
resulting in the pronounced emission of the green luminescence due to the donor (oxygen

vacancy)-acceptor (zinc vacancy) transition.

5.4 Effect of substrate annealing on the quality of pulsed laser deposited
Zn, 4Mg,O thin films

In order to further improve upon the epitaxial growth and surface quality of Zn;.x\MgxO thin
films, sapphire substrates were annealed prior to the deposition of the film. The annealing of
substrates results into the ultra-smooth surfaces with atomic steps [226, 227]. These well
defined atomic steps acts as a nucleation center, facilitating the hexagonal growth of the thin
film.

Figure.5.17 (a) and (b) shows the AFM images of the surface of the polished
unannealed and annealed sapphire substrates respectively. For the substrate without
annealing, there were irregular small corrugations ranging over the entire surface, as shown in
Fig. 5.17 (a). The AFM image of sapphire substrate annealed at 1200 °C for 2 hr shows the
drastic change in surface morphology as shown in Fig.5.17 (b). The terrace like structure on
the substrate surface with atomic steps was formed after annealing. The possible mechanism
of step formation over annealed sapphire surface can be explained as follows: the lattice
structure of a-Al,O3 along <0001> direction can be described by a succession of distorted
hexagonal compact layers of oxygen atoms sandwiching between two close layers of

aluminium atoms. The hexagonal unit cell height comprises of six layers of oxygen and six
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such double layers of aluminium. Upon high temperature annealing, total surface energy of
(0001) Al,O3 surface tend to increase. In order to maintain a lowest surface energy state,
atomic layers of Al and O shift in a direction determined by the miscut orientation of a-Al,Os.
Initially at low annealing temperatures, formation of monosteps with c/6 height takes place,
where ¢ is the lattice constant of Al,Os. Further increase in temperature gives rise to

coalescence process which involves “zipping” of monosteps into a double height step.

nM

nM
18
nM

1680 nM
10808

Figure.5.17 AFM scans of (a) unannealed sapphire surface, (b) 1200°C annealed
sapphire surface, (¢) Zn1.xMgxO (x=0.1) thin film surface deposited on unannealed sapphire,
(d) Zn1xMg,O (x=0.1) thin film surface deposited on 1200°C annealed sapphire.

At temperatures > 1200° C , the growth of multiheight steps results from direct

coalescence of lower multiple steps and from displacements of monosteps originated from the
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thermal parting of multi height steps [228, 229]. Fig.5.17(c) and 5.17(d) shows AFM scans of
pulsed laser deposited Zn;xMgxO (x =0.1) thin films on unannealed and 1200°C annealed
sapphire substrates respectively. The rms roughness for Zn;.xMgxO (x=0.1) films deposited on
annealed sapphire was ~ 3nm as compared to that of ~ 6nm for unannealed sapphire.

SEM images of Zn; xMgxO (x=0.1) thin films deposited at 700°C on unannealed and
annealed (0001) sapphire substrates are shown in Figure.5.18 (a) and (b), respectively. The
columnar hexagonal growth of Zn;.MgxO thin films is clearly visible in both the films. The
Zn;xMgxO (x=0.1) thin films deposited on unannealed sapphire showed slanted columnar
growth and uneven top surface. Where as Zn;xMgxO films deposited on annealed sapphire

showed excellent vertical growth with very clean top surface profile.

EHT = 15.00 kV WD= 16mm Mag=1842KX Signal A= SE1 3 EHT = 15.00 kV

WD= 16mm Mag=1842KX Signal A=SE1
—

Figure.5.18 SEM images of Zn;xMgxO (x=0.1) films deposited on (a) unannealed
sapphire, (b) 1200°C annealed sapphire

The annealing at high temperature resulted in the formation of atomic steps on the
substrate surface with reduced surface energy state. The formation of the terrace structure is
probably the origin of the growth of the highly c-axis oriented film, as well-defined steps of

the sapphire substrate can act as preferred nucleation sites for film growth. Thus terrace
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structure facilitates smooth vertical columnar growth and reduces the strain in column

formation during the growth of Zn; xMgxO other than those caused by the lattice mismatch.
Figure.5.19 shows the X-ray diffraction (XRD) of Zn;.«MgxO films deposited on

unannealed (0001) sapphire substrates and annealed (0001) sapphire substrates. All the films

showed a preferential c-axis orientation (0002).
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Figure.5.19 XRD patterns of Zn;,Mg,O (x=0.1) films deposited at 700°C substrate
temperature on unannealed and annealed sapphire substrates (inset shows expanded view of
Zno.sMgo.10 (0002) peak)

The intensity of the (0002) Zn;xMgxO peak on annealed sapphire substrates was
larger than that of the unannealed sapphire substrate. The FWHM of the (0002) Zn;.xMgxO
peak on annealed sapphire substrates was smaller than that of the unannealed sapphire

substrate. The intensity of the (0002) Zn;xMgxO peak in the XRD spectra increased with
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increasing annealing temperature of sapphire substrate, while the FWHM values of the (0002)
Zn;xMgxO peak decreased. This observation confirmed that the annealing of the sapphire
substrate prior to film deposition can improve the Zn;xMgxO film quality grown by pulsed
laser deposition.

Figure.5.20 shows the PL spectra of Zn;«MgxO (x=0.1) films deposited on to the
unannealed and annealed substrates at 800°C and1200°C respectively. The PL spectra showed
a strong UV emission having peak at 364 nm. The intensity of UV emission peak is higher on
annealed sapphire substrates and increases with the annealing temperature. This can be related
to the vertical columnar growth of the Zn;.xMgxO films deposited on substrates annealed at

high temperature prior to deposition.

2.0 A——1200°C
B——800°C
C

unannealed substrate

PL intensity (a.u.)

0.0

340 360 380 400 420 440 460 480 500 520
Wavelength (nm)

Figure.5.20 PL spectra of Zn;yMg,O (x=0.1) films deposited at 700°C substrate
temperature on unannealed and annealed sapphire substrates
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5.5 Conclusion

ZnO thin films were deposited via PLD on Si (100) substrates in O, ambient. Structural and
optical characterizations of ZnO thin films revealed an optimum value of O, pressure in the
range of 10° mbar to 10" mbar and target substrate distance more than 20 mm to make
smooth cluster free stochiometric ZnO films.

The high quality (0002) - oriented crystalline Zn;.xMgxO films were deposited on
(0001) sapphire substrates using PLD technique. XRD and Raman studies confirmed wurtzite
structure of Zn;.xMgxO alloy films up to 34 % Mg concentration and cubic phase for 60 %

and above of Mg concentration. E,""

mode (in Raman spectra) showed asymmetric line
broadening and peak shift towards lower frequencies upon increase in Mg concentration. The
¢ — axis lattice constant was found to decrease slightly with increase in Mg concentration.
Room temperature excitonic emission was observed from the c-axis oriented Zn;.xMgxO
(0.0=x<0.34) thin films. Effect of Mg concentration and Mg doping on the exciton band gap,
exciton binding energy, and broadening parameter was studied from the absorption spectra.
The optical band gap was successfully tuned from 3.3 to 4.6 eV by adjusting the Mg content
(x = 0.0 to x= 0.60). The annealing of the sapphire substrate prior to the deposition enhanced

columnar growth and crystallinity of the Zn;.xMgxO films. The enhancement in UV-PL signal

is observed for films deposited on substrates annealed at higher temperatures.
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Chapter 6

Non-linear optical properties of pulsed
laser deposited Zn,,Mg,0 thin films

Zinc oxide in the form of crystal as well as thin film shows 2" and 3" order non linear
y

optical behavior [230, 231]. The non-linear optical properties in thin films are particularly
attractive as it can find direct applications in the integrated non linear optical devices [89, 90].
In chapter 5, it was shown that pulsed laser deposited thin films of Zn;.xMgxO (0<x<0.34) at
700° C in 0.1 mbar O, ambient, are highly c-axis oriented with hexagonal wurtzite structure.
The hexagonal wurtzite structure belongs to non-centrosymmetric point group and hence, Zn;.
xMgxO thin films are also expected to show non linear properties and harmonic generation.
Non linear absorption and second harmonic generation (SHG) in Zn;.xMgxO thin films will be
governed by the Mg content (X) because, with increase in Mg concentration levels, lattice
structure of ZnO will change. In this chapter, harmonic generation and measurement of
nonlinear absorption coefficient, nonlinear refractive index and third order susceptibility of

pulsed laser deposited thin films of Zn;xMgxO are discussed.
6.1 Harmonic generation in Zn;.4Mg,O thin films

SHG in Zn;xMgxO (x = 0.0, 0.01, 0.02, 0.05, and 0.1) thin films (deposited via PLD on to
fused silica substrates at 700° C at 0.1 mbar O, pressure) was recorded using setup described
in Chap.2, Sec 2.8. The fundamental (1064 nm) wavelength of Q-switched Nd:YAG laser was

used for pumping. The angle of incidence of pump beam was found to be around 30° for
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maximum SHG output. Fig.6.1 shows the SHG and third harmonic generation (THG) at 532
nm and 355 nm, respectively, in pure ZnO thin film. Pump threshold for THG was 85
MW/cm? and that for SHG was at a lower value of 64 MW/cm®. No THG emission was
observed from Zn;.xMgxO (x # 0) thin films. SHG and green band emission spectrum for Zn;.

xMgyO thin films for different Mg concentration (x) is shown in Fig. 6.2.

T T

T T T T T
- pure ZnO thin film SHG 532 nm

Intensity (a.u.)

THG 355 nm

. h Green band emission
T I’Il

T T T T T L L L
345 350 355 360 530 540 550 560
Wavelength (nm)

Figure 6.1 SHG and THG observed from pure ZnO thin films using 1064 nm
excitation (Laser intensity 85 MW/cm?)

SHG intensity was observed to be rapidly decreasing with increased Mg content as
shown in Fig.6.2, whereas defect related green band emission was increased slightly. For Zn;.
xMgxO thin films, having more than 10% of Mg content, SHG signal was very weak and
couldn’t be recorded. This can be attributed to the degradation of wurtzite lattice structure of
ZnO upon Mg-doping. This was also confirmed by micro Raman studies, as discussed in

Chapter.5, Sec 5.3.2.
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Figure 6.2 SHG and green band emission from Zn;xMgxO (0.01=x<0.10) thin films
with different Mg content

The defect-related green band emission, caused by radiative transitions between the oxygen
vacancies and Zn interstitials in ZnO crystals [224], is also observed upon excitation with
1064 nm. Upon alloying between MgO and ZnO, number of oxygen vacancies increased due
to insertion of Mg interstitials into ZnO lattice but number of Zn interstitials decreased. This
gives rise to slight increase in green band emission intensity for Zn;xMgxO thin films.
Overall, the ratio of SHG to green band emission intensity was decreased with increase in Mg

content, shown in Fig. 6.3.
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Figure 6.3 Variation of relative SHG integrated intensity (w.r.t to pure ZnO thin films)
green band intensity and green band to SHG emission ratio of Zn;sMgxO (0.00=x<0.15) thin
films with Mg content

6.2 Multiphoton absorption induced UV emission from Zn;,Mg,O thin

films

Multiphoton absorption induced multiple emission peaks in UV-region were observed in the
PL spectra of pulsed laser deposited Zn;.xMgxO thin films, Fig. 6.4, using the experimental
setup of Fig. 2.7. It can be attributed to deep level emissions originating from excited states in
conduction band as well as excited state absorption to various meta-stable states following
three photon absorption [232] and emitting the band spectra in UV region. In case of ZnO, the
free exciton UV emission was centered around 388 nm which shifted gradually to 366 nm
upon 10 % of Mg doping. The broadening of the multiphoton absorption induced PL indicated

degradation of wurtzite ZnO lattice upon Mg doping.
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Figure 6.4 Multiphoton absorption

induced UV-PL spectra for ZnO and Zn;-

«MgxO (x=0.05; x=0.10) films

Mg Peak
contentx  position

(%) (nm)

0 388.0

5 381.0

10 366.6

Table 6.1 UV-PL peak position of Zn;.
«MgyxO films with different Mg content (x)

6.3 Nonlinear absorption coefficient and nonlinear refractive index of

Zn; yMgxO thin films

The non-linear absorption coefficient and non-linear refractive index of Zn; xMgxO thin films

were measured by open and close z-scan technique, respectively (described in Sec. 2.8 of

Chapter.2). Z-scan measurements were performed for pure ZnO thin film and four Zn; xMgxO

samples with 1%, 2%, 5% and10% Mg content deposited on fused silica substrate. The z-scan

for fused silica substrate is shown in Fig 6.5 (a), confirms the absence of any non-linear

absorption.
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Figure 6.5 Open z-scan curve for (a) Fused silica substrate; Open and close z-scan curves for
(b) pure ZnO thin films
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Figure 6.6 Open and close z-scan curves for Zn;.x\MgxO thin films with (a) 1% Mg; (b) 2%
Mg; (c) 5% Mg; and (d) 10 % Mg. (Symbols and solid line represent experimental data and
theoretical fit, respectively)
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The open and close z-scan curves for pure ZnO thin film are shown in Fig.6.5 (b) and
corresponding curves for Zn;.xMgxO thin films with different Mg content are shown in
Fig.6.6. The theoretical fittings corresponding to eg. 2.5 and eq. 2.6 (Chapter 2) are also
shown in the same figure by solid line. The non-linear absorption coefficient 3, non-linear
refractive index n, and third order non-linear susceptibility ¥ of Zn,.xMg,O thin films were
calculated from these curves using eq. 2.5, eq. 2.6 and eq. 2.9, respectively. These values are
listed in Table 6.2. The data confirms that NLO properties of the Zn;xMgxO thin films

decrease with increase in Mg content.

Mg concentration (xX)  Nonlinear absorption Nonlinear Nonlinear

(%) in Zn;xMgxO thin B (cm/GW) refractive index susceptibility
films n, (102 ecmwW)  %® (10" esu)

0 194.59 11.2 1.41

1 180.36 6.93 1.05

2 142.95 6.42 0.89

5 97.89 5.28 0.68

10 81.13 1.75 0.39

Table 6.2 Values of various nonlinear optical coefficients obtained using z-scan for Zn;.
xMgxO thin films

6.4 Conclusion

The second harmonic generation, MPA induced UV emission and Non-linear absorption co-
efficient, nonlinear refractive index and third order nonlinear susceptibly in Zn;.xMgxO thin
films were studied. The NLO properties of these films were found to be decreasing with
increase in Mg content. All these effects can be attributed to ZnO lattice degradation upon Mg

doping.
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Chapter 7

Non-linear optical properties and
Lasing action in ZnO nanorods

Nonlinear optical properties and harmonic generation in ZnO and Zn;,MgxO (0.0<x<0.10)

thin films were discussed in Chapter 6. In Chapter 5, bandgap tuning and excitonic UV-PL
emission was reported for the well aligned, c-axis oriented Zn; xMgxO (0<x<0.34) thin films.
Further to achieve lasing action, vertically oriented ZnO nanorod arrays were grown onto
pulsed laser deposited ZnO seed layer. Vertically c-axis oriented, well-aligned ZnO nanorod
arrays, having large surface to volume ratio, have been used for the fabrication of random
nanolasers [233-235]. The strong transverse confinement of light in a nanorod reduces the
out-of-plane emission. This enhances the carrier injection rate at the interface of ZnO
nanorods, thereby improving the ultraviolet (UV) stimulated emission inside the random
media. Arrays of ZnO nanorods can be grown by vapor phase processes [236] as well as by
the wet chemical route or hydrothermal process [137]. Vapor phase processes generally
require high temperatures, high vacuums, and involved infrastructure. In contrast to the vapor
phase process, wet chemical methods are a low cost simple laboratory technique for growing
the arrays of ZnO NRs.

In this chapter, the growth of aligned long ZnO nanorod arrays with a high aspect ratio
on to pulsed laser deposited ZnO seed layer using a preheating hydrothermal process is

presented. The effect of preheating time, growth time and seed layer on the density, the aspect
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ratio, the vertical orientation and the optical properties of ZnO nanorod arrays was
investigated. The probable chemical growth mechanism of ZnO nanorod arrays is described.
Multi photon absorption (MPA) induced near band edge UV amplified spontaneous emission
(ASE) and second harmonic generation (SHG) emission were observed from these ZnO NRs
using Q-switched Nd:YAG (1064 nm) laser as the pump. The pumping processes and intrinsic

mechanisms for MPA-induced lasing action in ZnO NRs are discussed.
7.1 Experimental Details

The experimental details about hydrothermal growth of ZnO nanorods, grown on seed layer
of ZnO, are discussed in Sec. 2.5. The thin film of ZnO seed layer was deposited on the fused
silica substrate via PLD technique. ZnO thin films were deposited at a substrate temperature
of 700° C under 10™ mbar oxygen pressure for a deposition time of one hour. The surface
morphology of ZnO films and NRs were obtained by using scanning electron microscope.
ZnO NRs were also analyzed using transmission electron microscope. Photoluminescence
(PL) spectra of the ZnO thin films and NRs were recorded using fluorescence spectrometer
with 300 nm line of Xe lamp as the excitation source. The multiphoton absorption induced
harmonic generation and UV lasing action from ZnO NRs was recorded using the setup

described in Sec. 2.7.

7.2 Effect of Pre-heating and seed layer on Hydrothermal Growth and

Optical Properties of ZnO Nanorods

Fig.7.1 shows the top and cross-section SEM images of ZnO thin films deposited as seed

layer via PLD on to fused silica substrates with the film thickness ~ 1 um [Fig.7.1 (b)].
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Figure 7.1 SEM images of ZnO seed layer deposited on to fused silica substrate at
700°C (a) Top view (b) Cross-sectional view

The effect of pre-heating on the surface morphology, alignment and size distribution of ZnO
NRs is shown in Figure 7.2. SEM image of ZnO NR bundles grown without pre-heating the
solution is shown in Fig.7.2 (a). Without pre-heating the average diameter of randomly
oriented NRs was around ~ 500 nm. In Fig.7.2 (b), cross sectional SEM image of ZnO NRs
grown with 2 hr pre-heating and 12 hr growth time is shown. The ZnO NRs found to be
slightly oriented along the vertical direction with average diameter of NRs ~ 150 nm and with
an average length of ~ 1 um. Upon increasing the pre-heating time to 6 hr, as shown in
Fig.7.2 (c) and corresponding cross-sectional view in Fig.7.2 (d), the vertically aligned 3-4
pm long ZnO NRs with an average diameter of around 100 nm were obtained. As the pre-
heating time was further increased to 10 hr, the vertical alignment of ZnO NRs got disturbed
[Fig.7.2 (e)]. The average diameter ZnO NRs in this case was found to be around 200 nm.
Thus it appears that 6 hours pre-heating time was optimal to grow the vertically aligned ZnO
NRs. To analyze the effect of growth-time, NRs were grown for 6 hrs with optimal pre-

heating time of 6 hrs. Fig 7.2 (f) shows the cross-sectional view of dense, uniform and
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vertically aligned ZnO NR arrays of about ~ 150 nm in diameter and with an average length
of about 2-3 um has been grown on the ZnO seed layer. Though the average length of NRs
grown for 12 hrs at optimal pre-heating time [Fig.7.2 (d)] was large, there was large variation
in their lengths. Whereas NRs grown for 6 hrs showed fairly uniform length [Fig.7.2.(f)].

These ZnO NRs were used for lasing action studies via multi-photon absorption.

) "b ,:
,\?’ i‘

)
.

Figure 7.2 SEM images of ZnO NRs grown using ZnO seed layer (a) without pre-
hating the solution (growth time 12 hrs), (b) for a growth time of 12 hr and with pre-heating
of the solution for 2 hr; (c) growth time 12 hr, pre-heating time 6 hr; (d) growth time 12 hr,
pre-heating time 6 hr (cross sectional view); (e) 12 hr growth time with 10 hr pre-heating and
(f) 6 hr growth time with 6 hr pre-heating (cross-sectional view)
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Fig. 7.3 (a) shows the TEM image of a single ZnO nanorod (6 hr growth time with 6
hr pre-heating) obtained by dispersing it into distilled water and then transferred on a carbon
coated copper grid for microscopic analysis. The distribution of diameter for ZnO NRs was
observed to be in the range of 50 nm to 200 nm. The corresponding selected area electron
diffraction (SAED) pattern is shown in Fig.7.3 (b), confirming the single crystalline (0002)
orientation for ZnO NRs. High resolution TEM (HRTEM) lattice image of the nanorod is
shown in Fig.7.3 (c), further confirming single crystalline orientation. The lattice constant of
ZnO NR calculated from HRTEM imaging was found to be approximately 0.522 nm

matching with the literature [237].

. (1010)

Figure 7.3 (@) TEM image of a single ZnO nanorod; (b) SAED pattern; (c) HRTEM
lattice image

7.2.1 Growth Mechanism
In hydro-chemical thermal growth process, Zn?* and OH™ are provided by hydration of Zinc
Nitrate [Zn(NOg3),] and Hexamethylenetetramine [HMT], respectively. During the preheating

process, following hydrothermal reactions can occur in the precursor solution:
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2Zn(NOs), + 6H,0 — 2Zn*" + 4NHs + 90,(g) (1)

(CH,)6N4 + H,O — 4NH3(g) + BHCHO(g) 2

NH; + H,O —-NH;" + OH~ (3)
Here, Zn** in the solution will react with OH™ to form soluble Zn(OH), complexes, which act
as the growth unit of ZnO nanostructures. Finally, ZnO is obtained by thermal decomposition
of Zn(OH), through following reactions:

Zn** + 20H"  Zn(OH)a(s) (4)
Zn(OH); < ZnO(s) + H,O (5)

7.2.2 Effect of ZnO seed layer. For the growth of vertically aligned ZnO nanorods with high
aspect ratio, homogeneous nucleation of bulk ZnO within the precursor solution must be
suppressed and heterogeneous nucleation on preferably c-axis oriented ZnO seeds has to be
promoted. Initially, without pre-heating, the degree of super saturation of the precursor
solution is very high and homogeneous nucleation of bulk ZnO in solution occurs
predominantly [238]. After preheating for 6 hr and more, at the initial growth stage, the
degree of super saturation of the growth precursor is reduced and homogeneous nucleation in
solution becomes difficult [239]. The presence of the ZnO seed layer can effectively lower the
nucleation energy barrier, and heterogeneous nucleation easily occurs on the seed layer due to
the matching lattice structure and the polar nature of the PLD-ZnO seed layer [240]. In
addition, the surface roughness of the ZnO seed layer not only provides nucleation sites, but
also limits the migration of the available nucleation sites. Hence, the more nucleation sites on
the seed layer, the higher will be the nanorod density and alignment level with the larger

aspect ratio.
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7.2.3 Effect of pre-heating. During the hydrothermal growth process, the zinc concentration
in the precursor solution linearly decreases with preheating and growth time due to the
formation of ZnO crystals on to the seed layer as well as precipitation in the solution via the
reactions explained above. A low zinc concentration is favorable for the formation of ZnO
nanorods with smaller diameter [241]. The decrease in the diameter and increase in aspect
ratio of ZnO nanorods with the reduction of the zinc precursor concentration is due to the
dissolution, re-growth and transport limitation in the solution. Following the growth of ZnO
nanorods, the chemical reaction in equation (5) moves to the left because of decomposition of
ZnO into zinc ions again. These decomposed zinc ions directly transfer to the vicinal Zn
terminated polar (0001) planes available on to the ZnO seed layer surface with high chemical
activity. This results in a decrease of the diameter and a quick increase in the length and
aspect ratio of the ZnO NRs.

7.2.4 Effect of HMT. After the preheating process residual hexamine, being a non-polar
chelating agent, would preferentially attach to the non-polar facets of the ZnO
nanorods/wires. This will lead to exposure of only the polar Zn-terminated (0001) plane for
epitaxial growth [242], which also promotes the growth along the [0001] direction and drives

the formation of small ZnO nanorods/wires with high aspect ratio.

7.3 XRD and Raman spectra of hydrothermally grown ZnO NRs on pulsed

laser deposited (PLD) seed layer of ZnO

The XRD patterns of ZnO NRs and pulsed laser deposited ZnO thin films used as seed layer

is shown in Figure 7.4. The PLD ZnO thin film seed layer show hexagonal wurtzite phase
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with a preferential c-axis orientation [Fig. 7.4 (A)]. ZnO NRs grown without the seed layer
were preferentially (100) orientated as shown in Fig. 7.4, plot B.

After the aqueous chemical growth of ZnO on to the seed layer, highly c-axis oriented
nanorod arrays were formed, as confirmed by an intense (002) peak in the XRD pattern of
ZnO NR samples [Fig. 7.4. (C) to Fig.7.4 (H)]. The ZnO seed layer provides the well defined
nucleation centers for the hydro thermal growth of c-axis vertically aligned ZnO nanorods.

The effect of preheating time on ZnO NR orientation can also be seen in Fig.7.4. The
intensity of (002) peak initially increases with preheating time up to 6 hr but with further

increase in preheating time up to 10hr it was observed to decrease, Fig. 7.4, plot F & G.

- T 'Nl T T T
1 [=]
1 =2 —_ & ~
] =S 8 & 2°¢
] :A: T T T =g
TH A =
:G kA_A | A
= .
[4v] 4
S
2 e
I
T ] :
1D
c | 2
1c L A
18 M A -
_‘A .L A A
— 71—

20 30 40 50 60 70
20

Figure 7.4 XRD patterns of (A) ZnO seed layer, (B) ZnO NRs grown without seed
layer (preheating 6 hr). ZnO NRs grown using seed layer (C) without pre-heating and with
pre-heating of the solution for (D) 2 hr; (E) 6 hr; (F) 8 hr; (G) 10 hr; (H) 6 hr pre-heating
with 6 hr growth time
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Fig.7.5 shows the Raman spectra of ZnO NRs grown for three different pre-heating

time of 2h, 6h, and 10h respectively. A strong characteristic peak at 437 cm™ for the E;

mode confirms that all the NRs were having c-axis oriented wurtzite structure.
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Figure 7.5 Raman spectra of ZnO NRs grown using seed layer for a growth time of 12
hr with varying pre-heating times for the precursor solution

Other characteristic peaks of ZnO hexagonal structure has also been observed, but

with very small intensity, viz. E;(LO) mode at 576 cm™, A;(TO) mode at 387 cm™ and

E1(TO) mode at 412 cm™. The intensity of E,"9" mode is maximum for 6 hr pre-heating time.

For the NRs grown with 10 hr pre-heating time, this intensity is decreased and FWHM is

increased. It indicates the degradation of lattice structure as well as growth in random
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directions of ZnO NRs grown in solutions with large pre-heating time as was also confirmed
by the XRD and SEM results. In addition, multi phonon modes were also observed at 333 cm’
and 1147 cm™,

7.4 Photoluminescence Spectra of ZnO NRs

Fig.7.6 shows PL spectra from ZnO NR samples and ZnO thin film seed layer with excitation
of 300 nm wavelength of Xe lamp source. PL emission from ZnO seed layer is a broad band
UV-emission centered around 374 nm along with defect related green band emission situated
around 540 nm. PL spectra of ZnO NRs with different growth time of 6 hr, 8 hr and 12 hr

without pre-heating the precursor solution is shown in Fig. 7.6.
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Figure 7.6 PL spectra of ZnO NRs with different growth times ranging from 6 hr to 12
hr (with and without pre-heating) and ZnO seed layer

In the same figure, PL spectra of ZnO NRs grown with pre-heating the solution for 6
hr have been shown for different growth time. PL emission from ZnO NR samples showed

enhanced UV-emission centered around 386 nm. This is attributed to the free exciton
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recombination. There is a marginal effect of the growth time on to the UV emission as well as
green emission from the ZnO NRs grown without pre-heating of the pre-cursor solution.
Defect related, relatively weak green band emission centered on 540 nm was observed to be
suppressed in NRs grown after pre-heating. This indicates high quality of ZnO NRs. The UV
emission from ZnO NR samples was slightly red shifted with respect to that from ZnO seed
layer, possibly due to high surface to volume ratio for ZnO nanorods [243]. The UV-PL
intensity drastically increased for the NRs grown after pre-heating the solution. In case of pre-
heating, UV-PL intensity found to be increased considerably with growth time of NRs. This
behavior can be attributed to increase in NRs density and aspect ratio with increasing growth
time and formation of highly c-axis oriented ZnO NRs due to pre-heating of precursor

solution as is also obvious from the SEM images of NRs [Fig 7.2].
7.5 Second Harmonic Generation in ZnO nanorods

ZnO possesses large second order nonlinearity due to its non-centrosymmetric nature [231,
244-247]. SHG in ZnO nanowires via femtosecond IR laser excitation have been reported
recently [247]. Due to its large two-photon absorption (TPA) coefficient [230], the TPA
process in ZnO can be strong enough to act as a possible route to induce SHG at 532 nm upon
1064 nm nanosecond IR laser excitation.

SHG in ZnO nanorods was studied using setup described in Chap.2, Sec 2.5. The
fundamental (1064 nm) wavelength from a Q-switched Nd:YAG laser having 8-ns pulse
width was used for excitation. The angle of incident beam was adjusted around 30° for
maximum SHG output for all the samples. The laser irradiance was kept fixed at 28 MW/cm?

for all the measurements. Bright green emission from the ZnO NR samples was observed
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visually upon excitation. SHG emission in direction perpendicular to the sample surface was
collected using a lens and imaged on to monochromator entrance slit for recording.

SHG measurements were performed for four samples, ZnO NRs grown for 12 hr time
with no-preheating [Fig.7.2 (a)], ZnO NRs grown for 12 hr time with 2 hr pre-heating [Fig.7.2
(b)], ZnO NRs grown for 12 hr time with 6 hr pre-heating [Fig.7.2 (c) and (d)], and ZnO NRs
grown for 12 hr time with 6 hr pre-heating then annealed in O, ambient at 600° C for 4 hrs.
The SHG and green band emission from ZnO NRs samples mentioned above is shown in

Figure 7.7.
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Figure 7.7 SHG and green band emission from ZnO NRs grown in different conditions
The SHG line intensity was increased for ZnO NR samples grown with pre-heating in
comparison to NRs grown without pre-heating. Also the SHG line intensity was increased for
ZnO NRs grown with longer pre-heating time. SHG efficiency in wurtzite nanostructures

depend upon two important parameters, lattice orientation and aspect ratio of the
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nanostructures [244]. Hence the increase in SHG can be attributed to enhanced c-axis
orientation and larger aspect ratio of ZnO NRs grown with 6 hr pre-heating in comparison to
2hr pre-heating (Fig.7.2 and 7.4).

The ZnO NRs grown without pre-heating were randomly oriented [Fig. 7.2 (a)] which
can be a reason for low SHG intensity. Effect of crystalline structure and orientation on the
SHG efficiency of ZnO NRs can further be observed in case of O, annealed ZnO NR sample.
The SHG intensity for this sample was increased in comparison to unannealed one whereas
green band emission intensity was suppressed. This can be related to removal of oxygen
vacancy defect states in ZnO NRs and enhancement in their crystalline quality upon annealing

in O, ambient.
7.6 Nonlinear absorption and refraction in ZnO nanorods

The non-linear absorption coefficient and non-linear refractive index of ZnO NRs grown in
different conditions were measured by open and close z-scan technique, respectively. Z-scan
measurements were performed for four ZnO NR samples. Three samples were with 12 hr
growth time and different pre-heating time of 2 hr, 6 hr, 10 hr, and one with 12 hr growth time
but no pre-heating. The open and close z-scan curves for all these four samples are shown in
Fig.7.8 (a), (b), (c) and (d), respectively. The values of non-linear absorption co-efficient f,
non-linear refractive index n, and non-linear susceptibility ¥*® obtained from the fitting of z-
scan curves (Chapter 2, Sec. 2.8) are listed in Table 7.1. The maximum non-linear absorption
coefficient (B = 329.57 cm/GW) was obtained for 6hr pre-heated ZnO NRs, followed by 10hr
and 2hr pre-heated samples. While the lowest value of B (231.09 cm/GW) was obtained for

ZnO NRs grown without pre-heating. Non-linear refractive index n, of ZnO NRs was also
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found to be dependent upon pre-heating duration. While the maximum value of n, was
estimated around 22 x 103 cm%W for ZnO NRs grown with 6 hr preheating, it decreased to
16 x 10™ cm?/W for NRs grown without preheating. Third-order non-linear susceptibility 3
followed a similar trend with 2.65 x 10™° esu for ZnO NRs grown with 6 hr preheating and

1.90 x 10 esu for NRs grown without preheating
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Figure 7.8 Open and close z-scan curves for ZnO NRs with 12 hr growth time and
pre-heating time (a) 2 hr; (b) 6 hr; (c) 10 hr; (d) without pre-heating. (Symbols and solid line
represent experimental data and theoretical fit, respectively)

The dependence of non-linear optical coefficients on the preheating duration can be attributed

to enhancement in vertical alignment and aspect ratio of ZnO NRs with preheating as
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discussed in sec 7.2. These results further confirm that optimum pre-heating time to obtain the
vertically aligned ZnO NRs with excellent non-linear optical properties on the PLD seed layer

of ZnO is 6 hrs.

ZnO Nanorod growth Nonlinear absorption Nonlinear Nonlinear
conditions B (cm/GW) refractive index susceptibility
n, (102 ecmwW)  %® (10™ esu)

No preheating/12 hr 231.09 16.0 1.90
growth time
2 hr preheating/12 hr 279.30 17.8 2.17
growth time
10 hr preheating/12 hr 315.20 19.3 2.38
growth time
6 hr preheating/12 hr 329.57 22.1 2.65
growth time

Table 7.1 Values of various nonlinear optical coefficients obtained using z-scan for
ZnO NRs grown under different conditions

7.7 Multi Photon Absorption Induced Lasing Action in ZnO Nanorods

In most of the photo pumped lasing action in ZnO, single photon absorption mechanism has
been utilized by pumping with deep UV-lasers. Multi-photon absorption (MPA) process [248,
249] by pumping with IR lasers for frequency conversion is another potential solution for the
generation of UV laser in ZnO. Multi photon absorption in ZnO utilizes non-linear interaction
between applied intense optical field and ZnO nanostructures. This leads to simultaneous
absorption of two or more photons of sub band gap energy. These virtual states interband
transition produces electron-hole pairs in the excited states and subsequently, the band edge

emission from ZnO nanostructures takes place via radiative recombination. MPA has been
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demonstrated as an efficient excitation process to pump carriers in ZnO thin films with green
nano-second lasers as well as near IR femtosecond lasers [88, 249-251].

MPA induced lasing action in ZnO nanorods can take place via three mechanisms; two
photon absorption (TPA) using second harmonic at 532 nm from ZnO (generated via two
photon direct absorption in ZnO, Sec 6.5), direct three photon absorption (3PA) of 1064 nm
and sum frequency generation utilizing both 532 and 1064 nm. Out of these, possibility of
sum frequency generation along the c-axis of ZnO nanorods in the present setup can be ruled
out because phase matching condition will not be satisfied. It may be possible that both TPA
and 3PA processes are taking part simultaneously in inducing lasing action in ZnO nanorods
[252, 253].

MPA induced lasing action in ZnO NRs have been recorded by exciting with 1064 nm
wavelength of 8 ns Q-switched Nd:YAG laser. Initially at low excitation intensities, broad
UV-PL emission with excitonic features, situated around 386 nm has been observed (Fig.7.9).
In addition to MPA induced UV emission from ZnO NRs, second harmonic generation at 532
nm and green band emission centered at 540 nm has been also observed. With an increase of
the pump intensity to 28 MW/cm?, broad PL spectra switches over to an intense and relatively
sharp peak centered around ~ 392 nm, indicating a transition from spontaneous emission to
amplified spontaneous emission (ASE). Variation of laser intensity at 392 nm, SHG at 532
nm and green band emission at 540 nm with respect to pump intensity is plotted in Fig. 7.10.
Beyond lasing threshold (marked by Iy in Fig.7.10), intensity of ASE peak increases almost
exponentially with pump as shown in Fig.7.10, where as below threshold UV output intensity

varies linearly with pump intensity.
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Figure 7.9 MPA induced PL spectra with second harmonic generation from ZnO NRs
excited by 1064 nm Nd:YAG laser with 8 ns pulse width. (Inset: expanded view of MPA
induced UV-PL emission from ZnO NRs)
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Figure 7.10 Variation of emission intensity of MPA induced UV emission at 392 nm,
green band emissions at 540 nm, SHG emission at 532 nm and FWHM of UV emission at 392
nm with excitation intensity.
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Super linear as well as exponential growth in the output lasing intensity with UV
pump was documented in earlier reports on ZnO based lasers [95, 96, 254-256]. Further the
growth of the laser radiation (above threshold) for the pulsed system is exponential. Defect
related green band emission peak increases linearly with pump intensity while SHG signal
intensity at 532 nm showed quadratic dependence on pump intensity. The drastic decrease in
FWHM of UV emission at 392 nm as a function of pump intensity as shown in Fig.7.10,
further confirms the lasing action in ZnO NRs. At very high pump intensities, nearly
equispaced multiple peaks with very narrow line width (~ 0.5-0.8 nm) were observed in the
ASE spectra, as shown in the inset of Fig.7.9. This multiple peak structure at high excitation
intensities corresponds to longitudinal lasing modes arising because of micro cavity formation
in NR arrays with lateral facets acting as weak reflectors [257], as shown schematically in

Fig.7.11.

Lasing emission

IR excitation o~ A yms
1064 nm

Weakly reflecting
facets of ZnO NR
cavity
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Fused Silica Substrate
Refractiveindex n;,o(2.4) > ng;,

Figure 7.11 Schematic of ZnO NR cavity formed to sustain lasing emission along the
c-axis of NRs.
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ZnO nanarod structures not only support longitudinal modes (as in the case of classical
FP cavity) but also support transverse modes due to strong optical confinement. These
transverse modes travel through the ZnO NR waveguide via total internal reflection taking
place at NR boundary walls. The NR’s behaves as a wave guide as the refractive index of
ZnO (~2.4) is higher than that of air (1.0). The lasing modes propagate in a manner similar to
that of a wave guide and hence low reflectivity at the lateral facets is sufficient to provide the
optical feedback to support the lasing action. The observed mode spacing (~ 1 nm) between
multiple longitudinal modes indicates the presence of coherent scattering of light in the dense
ZnO nano rods. The optical amplification in ZnO nanostructures is generally considered to
arise from the exciton-exciton scattering [258]. But, in the present case, the red shift of lasing
peak at 392 nm from the position of free exciton emission peak at 386 nm is much smaller
than that of expected from exciton-exciton scattering (83 meV @ 300K) so it can not be
attributed to exciton-exciton scattering . This shift and ASE may be due to exciton-carrier
interaction and /or exciton—phonon interaction. At extremely high intensity of pump, near to
damage threshold, recombination of electron hole plasma (EHP) may also contribute towards
the gain of ASE [259].
7.8 Conclusion
Well aligned ZnO nanorod arrays with a diameter of ~ 100 nm and a length of up to 3-4 um
have been synthesized using a preheating hydrothermal method on to PLD ZnO seed layer.
The use of a PLD-ZnO seed layer and the preheating process helped to produce highly
oriented nanorod arrays with a relatively high aspect ratio (~30) by decreasing the nucleation

energy barrier and [Zn?*]/[OH] ratio in the precursor solution. Structural and morphological
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characterizations revealed that these ZnO NRs possess a wurtzite structure with c-axis growth
orientation. The vertical alignment and c-axis orientation of NRs found to be dependent upon
preheating duration. PL measurements at room temperature showed that the ZnO NRs grown
using preheated solution showed large UV emission and comparatively small defect related
green band emission.

The three fold increase in SHG signal was observed in ZnO NRs compared to that of
pulsed laser deposited ZnO seed layer. Non-linear absorption coefficient was found to
increase from 194 cm/GW to 329 cm/GW for ZnO NR samples in comparison to PLD thin
film of ZnO. The non-linear refractive index of ZnO NRs was found to be increased
approximately three times compared to that of ZnO thin film. It was observed that annealing
of ZnO NRs in O, ambient can further enhance the SHG line intensity and decrease the defect
related green band emission. Upon excitation with nanosecond pulses of Nd:YAG laser (1064
nm), MPA induced UV laser action at 392 nm was realized in hydrothermally grown ZnO NR

arrays at room temperature.
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Conclusion

T he fabrication and characterization of AIN, TiO,, Zn;xMgxO (0<x<0.7) semiconductor thin

films via laser ablation is reported in this thesis. The effect of substrate annealing, target-
substrate distance, substrate temperature and background gas pressure on the properties of
thin films grown using PLD was studied. The frequency up-conversion was observed in Zn;.
xMgxO thin films and ZnO nanorods confirming non-linear optical (NLO) properties of these
systems. The possibility of UV laser action in ZnO NRs was also explored.

AIN thin films with c-axis orientation were deposited at room temperature via PLD
technique using pure Al target. The optimum value of N, pressure, target substrate distance
and laser irradiance for the deposition of (002) oriented AIN thin films was found to be 107
mbar, 3 cm and 8 x 10** W/cm?, respectively. The observation of AIN band in laser produced
plasma of Al in nitrogen background confirmed the reactive recombination between Al and N
ions to form molecular AIN. From the parametric intensity variation of various ionic lines of
LIP spectra, it was concluded that Al Il and N 1l transitions may be responsible for growth of
AIN thin films with (002) preferred orientation and Al 111 and N 111 transitions for AIN thin
films with (101) preferred orientation.

TiO, thin films have been deposited via PLD technique on glass substrates in O, and
Ar ambient using a sintered TiO, target. TiO, films deposited in Ar ambient were
predominantly having amorphous anatase phase which upon annealing at 500° C changed to

crystalline anatase phase. Enhanced crystalline structure and change in phase from anatase to
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rutile with annealing temperature was observed for TiO, thin films deposited in O, ambient.
TiO, nanorods were obtained after post-annealing at 650° C of the films deposited at 1 mbar
O, pressure. The PL spectra of TiO, films showed red shift with increase in annealing
temperature with peak position at 3.03 eV for as-deposited film to 3.26 eV for 650°C annealed
film. As—deposited TiO; thin film showed 10% reflectance in UV-VIS range which may be
suitable for anti-reflection coating applications. The contact angle measurements confirmed
the higher hydrophobicity of TiO, thin films with the increase in annealing temperature.

The dynamics of laser induced ZnO plasma was studied to find correlation between
properties of ZnO thin film grown via PLD and laser induced ZnO plasma parameters. An
optimum value of O, pressure in the range of 10° mbar to 10 mbar and target substrate
distance more than 20 mm was observed to be suitable for the fabrication of smooth cluster
free stochiometric ZnO films.

Bandgap engineering of ZnO was achieved by depositing high quality (0002) -
oriented crystalline Zn;.xMgxO films epitaxially on (0001) sapphire substrates using PLD
technique. XRD and Raman studies confirmed wurtzite structure of Zn;4MgxO alloy films up
to 34 % Mg concentration and cubic phase for 60 % and above of Mg concentration. Room
temperature excitonic emission was observed from the c-axis oriented Zn;xMgxO
(0.0<x<0.34) thin films. Effect of Mg concentration and substrate temperature on the exciton
band gap, exciton binding energy, and broadening parameter was studied from the absorption
spectra. The optical band gap of Zn;xMgxO thin film was successfully tuned from 3.3 to 4.6
eV by adjusting the Mg content (x = 0.0 to x= 0.60) and corresponding PL was observed to be

shifted from 386 nm (x = 0.00) to 292 nm (x = 0.34). The annealing of the sapphire substrate
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prior to the deposition enhanced columnar growth and crystallinity of the Zn;.xMgxO films.
The enhancement in UV-PL signal was observed for films deposited on substrates annealed at
higher temperatures.

The second and third harmonic generation, at 532nm and 355nm respectively, from
ZnixMgxO (0<x<0.1) film upon excitation with nanosecond pulses of 1064 nm radiation
confirmed the non linear optical properties of these PLD films. SHG intensity was observed to
be rapidly decreasing with increased Mg content. No harmonic generation was observed for
the films with more than 10 % of Mg content. THG emission was observed only in pure ZnO
thin films (x=0). The non-linear absorption coefficient and non-linear refractive index of Zn;.
xMg,O thin film was decreased from 180 cm/GW to 81 cm/GW and 11.2 x10™° cm?/W to
1.75 x 10™% cm*W, respectively, with increasing the Mg content from 1 to 10%. Both these
effects were attributed to ZnO lattice degradation upon Mg doping.

The well aligned ZnO nanorods were grown on PLD seed layer of ZnO using a
hydrothermal method to explore the possibilities of lasing action in UV region via
multiphoton absorption (MPA). The vertical alignment and c-axis orientation of NRs found to
be dependent on hydrothermal growth parameters. ZnO NRs showed enhanced UV emission
and comparatively small defect related green band emission compared to that of ZnO seed
layer. The three fold increase in SHG signal was also observed in ZnO NRs. Non-linear
absorption coefficient was found to increase from 194 cm/GW for seed layer to 329 cm/GW
for ZnO NR. Non-linear refractive index of ZnO NRs was increased two fold compared to

that of its seed layer. Multiphoton absorption (MPA) induced UV lasing action around 392nm
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was observed upon excitation with nanosecond pulses of Nd:YAG laser (1064 nm), in the

ZnO NRs.

Future Scope

The c-axis oriented Zn;xMgxO (0<x<0.34) thin films developed in the present work can be
used for fabrication of tunable UV broadband light emitting diodes (LEDs) on the sapphire
(0001) or ZnO substrate with appropriate doping for n- and p- type layer for the formation of
p-n junction. MPA induced UV lasing from ZnO NRs can solve the problems associated with
deep UV excitation for the practical application of such NRs in the areas of medical imaging
and nano drug delivery.

Another material system having potential for bandgap tunability to cover near IR to deep UV
spectrum consists of composites of AIN (6.2 eV), GaN (3.4 eV) and InN (0.7 eV). Composite
thin films of Al;xInkN and Al;.xGaxN can be fabricated using the deposition process outlined
in the present thesis. In the present work, AIN thin films via PLD by using pure aluminum has
been demonstrated successfully in (002) oriented wurtzite phase. At present, the major
limitation to extend the AIN to AlInN or to AlGaN is the non availability of low cost suitable
target for PLD for this series of nitrides. Due to very high cost of pure InN and GaN powders,
difficulty in handling to prepare the the oxygen free target for PLD, low thermal
decomposition temperature of InN, and Ga cluster formation upon laser ablation are the major
obstacles to be resolved in order to use PLD for the fabrication of AlixInyN and Al;xGaxN

thin films.
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deposition of AIN thin film”, to be submitted (2011).

2. Conference Presentations

Vi.

Vii.

viii.

“Effect of Pre-heating on Hydrothermal Growth and Optical Properties of ZnO Nanorods”
by Gaurav Shukla and Alika Khare, paper presented at ICONSAT 2010, Feb17-20, 2010
at IIT Bombay, Mumbai.

“Effect of dynamics of ZnO plasma on the pulsed laser deposited ZnO thin films” by
Gaurav Shukla and Alika Khare, Oral presentation at Plasma 09, Dec 8 — 11 2009, held at
NIT Hamirpur.

“Multi Photon Absorption induced amplified spontaneous emission from hydrothermally
grown ZnO nanorods” by Gaurav Shukla and Alika Khare, accepted for presentation at
ASSP 2010 (OSA Laser Congress), Jan 31, 2010 — Feb 3, 2010, SanDiego, CA, USA.

“Pulsed laser deposition of ZnixMgxO thin films” by Gaurav Shukla and Alika Khare,
paper presented in NLS 2009 held at LASTEC (New Delhi) during Jan 7-10 2009.

“Measurement of electron number density and electron temperature during pulsed laser
ablation of TiO; target” by Gaurav Shukla and Alika Khare, paper presented in NLS 2009
held at LASTEC (New Delhi) during Jan 7-10 20009.

“Effect of substrate annealing on the quality of pulsed laser deposited Zn;xMgxO thin
films” by Gaurav Shukla and Alika Khare, presented at Cochin NANO 2009 held at
CUSAT (kerala) during JAN 3-6 2009.

“Plasma dynamics studies during pulsed laser deposition of AIN” by Gaurav Shukla and
Alika Khare, paper presented in PLASMA 07 held at IPR Gandhinagar (Gujrat) during
Dec 6 -10 2007.

“Pulsed Laser Ablation of Indium in N, Environment” by Gaurav Shukla and Alika
Khare, paper presented in PLASMA 07 held at IPR Gandhinagar (Gujrat) during Dec 6 -
10 2007.

“Effect of Substrate on Pulsed Laser Deposition of InN Thin Film” by Gaurav Shukla and
Alika Khare, paper presented in PLD-2007 held at Rajkot (Gujrat) during oct 3-5 2007.
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X. ‘“Nanostructured Growth of AIN Thin Films by Pulsed Laser Deposition” by Gaurav
Shukla and Alika Khare, (ORAL) paper presented in PLD-2007 held at Rajkot (Gujrat)
during oct 3-5 2007.

xi.  "Optical and structural properties of reactive pulsed laser deposited AIN thin films" paper
presented in "PANE' 07- National Conference of Physics Academy of North East" by
Gaurav Shukla and Alika Khare, held at Gauhati University during Jan 7-8, 2007.

xii. "Reactive pulsed laser deposition of AIN thin films and effects of N, pressure” by Gaurav
Shukla and Alika Khare, paper presented in "Plasma 06 — National Symposium on Plasma
Physics" held at MNIT Jaipur during DEC 19-22, 2006.
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