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Abstract

There is a technological necessity for the reduction of crystallization temperature of
ferroelectric (FE) oxides to match their processing with that of the nano-electronic processing
conditions. The major problem to integrate FE oxides to a conventional semiconductor
processing is the higher crystallization temperature of FE oxides (> 600°C). In contrast, Si
wafers with nano-scale components cannot be subjected to a temperature above 300°C.
Therefore, non-thermal routes for crystallizing these films became indispensable. To obtain
good quality BST films via traditional routes such as conventional furnace heating, rapid
thermal processing etc. require a temperature around 700°C. Such conditions are not
compatible with either polymer or silicon substrates. Hence, fabricating FE devices on these
substrates are quite challenging. The only means to integrate these two technologies is by
decreasing the processing temperatures of ferroelectric thin films. Understanding and finding
means to lower the processing temperatures of ferroelectric thin films is a necessary task of
prime importance for the realization of ferroelectrics based flexible electronics. Laser-induced
crystallization (LIC), which is the primary goal of this thesis, has stood out to be one major

contender for bringing down FE thin films processing temperature.

Initially BaosSrosTiOs (BSTS) thin films are deposited at 750°C on MgO (100)
substrates by pulsed laser deposition (PLD) and then it was conventionally annealed. The X-
ray diffraction pattern shows that the films that are deposited at higher oxygen working
pressure (1x101 mbar) are partially crystalline. The films that are deposited at lower oxygen
working pressure (1x10™* mbar) showed improved crystallinity. The crystallinity is further
increased with a particular orientation as the laser fluence increases from 1.4 J/cm? to 2 J/cm?.

It is found that the maximum tunability (in IDC configuration) of 16.5% at 1GHz is obtained
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for films deposited at low oxygen working pressure and high laser fluence (1x10* mbar and
2 Jicm?). These studies help us in exploring the correlation between the structural and

microwave dielectric properties.

BaoeSro4TiOz (BST6) thin films are deposited by PLD method at different laser
fluences (1 J/cm? to 2 J/cm?, five steps), keeping the temperature 700°C and oxygen pressure
(8x107 mbar) constant. The BST6 thin films grown at 2 J/cm? shows the best microstructural
and optical properties and microwave range measurements are performed on these samples by
circular patch capacitor (CPC) method. The microwave tunability and dielectric constant (&)
of a well crystallized BST6 thin film were found to be ~56% and ~284, respectively at 1 GHz
making it suitable for applications in tunable microwave devices. This investigation highlights
the importance of laser fluence on determining the electrical properties (both dielectric

constant value and its tunability) of the films.

The laser crystallization of amorphous BST5 thin-film is achieved after many stages
of optimizations. BST5 thin films deposited using PLD at 300°C on fused silica substrates and
platinized silicon are found to be amorphous. These films are later laser annealed at 300°C
using a KrF excimer laser. The optimization parameters are varied to achieve LIC thin films
are the number of laser pulses, the energy density, and the pulse repetition rate. X-ray
diffraction method is used for the phase confirmation of the laser annealed BST thin films.
The optimized laser annealing parameters are 10 Hz repetition rate, 2000 pulses and laser
energy density of 66 mJ/cm?. The optical studies, shows a steady decrease in bandgap with
increase in crystallization. Cross-sectional TEM is carried out for optimized BST5 films, and

it showed that the film is crystallized only up to a thickness of 120 nm out of 600 nm.
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The laser annealing in BST can be understood in terms of laser matter interaction. It is
known that when nanosecond pulses of laser light is incident on the material, it generates a
shockwave. The conservation relations-based shock wave velocity calculations yield low
shock velocity. This slowly propagating shock waves can force atomic diffusions and pressure

induced lattice mending which can be the basic mechanism in the crystallization of these films.

A novel technique is introduced to get full depth crystallization of 600 nm thick BST
films using optimised condtions. This technique involves layer-by-layer (5 layers) deposition
and laser annealing of BSTS thin film at 300°C using the KrF excimer laser. In this process,
each layer of ~120 nm BST5 thin film is deposited and subsequently annealed at an energy
density of 66 mJ/cm?. The phase formation and full depth crystallization of BST5 thin films
were confirmed by XRD patterns, Raman, and TEM studies. The bandgap values studied
using UV-Vis-NIR spectroscopy show a systematic decrease after each laser annealing step.
These layer-by-layer deposited and laser annealed BST5 thin films exhibit a 34% tunability at
1GHz (comparable to films deposited at 700°C ) and with lower dielectric loss (with reference
to films deposited at 700°C). The leakage current in the layer-by-layer laser annealed BST5
thin films are remarkably lower than that of high temperature deposited thin films. This is a
crucial achievement because the reduction in leakage current is essential for developing
commercially viable FE based tunable microwave devices, CMOS circuits and flexible

electronic devices.
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Chapter 1

Introduction






1.1 Introduction

The voltage tunable passive devices for application in microwave frequency range
have attracted significant attention in the past two decades because of the potential it holds
in the ever-expanding communication technology. The frequency agility characteristics
enables reduction in the number of components required for a device operating in multiple
frequency bands. Miniaturized varactors, resonators, phase-shifters, tunable filters,
antennas, etc. can be fabricated with the attractive characteristics of possessing high Q
(quality factor), high isolation and high speed coupled with low power consumption and

low insertion loss using ferroelectric thin films and replace their bulky counterparts [1-7].

Varactors are important building blocks for RF/microwave components such
tunable filters, phase shifter etc. Micromachined varactors have low loss and consume less
power but has issues with stability with varying temperature. Moreover, large scale

production of them in an integrated manner with other electronic circuits is difficult [3].

Since semiconductor technology provide high density device integrations,
semiconductor varactor and transistors are commonly preferred in tunable microwave
devices in the lower frequency bands. Currently semiconductor based tunable/switchable
microwave devices are the best cost-effective fabrication technology available for
commercial and defense applications. But these semiconductor-based systems fail to
provide high Q factor and tuning speed in higher frequency bands and their performance

degrade drastically above 10 GHz [3].

A promising technology which avoids all these drawbacks is ferroelectric thin film-
based varactors. The ferroelectric materials possess electric field dependent permittivity
and this dependency is much stronger near the ferroelectric phase transition temperature.

The loss of ferroelectric varactor at microwave frequencies is an order of magnitude less



than that of a semiconductor varactor. Hence, a ferroelectric capacitor can in theory be
used as a varactor i.e., voltage dependent capacitor, giving same functionality as RF-
MEMS switch or a semiconductor PIN diode at microwave frequencies. Another major
problem with RF-MEMS capacitor switches is that they being mechanical parts are
sluggish and decrease the response speed. Semiconductor PIN diode become highly lossy
above 10 GHz which hinder their applications in high frequency bands. Hence the
alternative available through ferroelectrics are being seriously explored. This leads to

considerable amount of research interest in this field [1-7].

1.2 Choice of material

1.2.1 Ferroelectric Materials

A ferroelectric material is a non-linear dielectric having spontaneous polarization
whose direction can be switched by applying an external electric field [8]. These materials,
exhibit a transition from a highly symmetric centrosymmetric phase to a non-
centrosymmetric unit cell at the Curie temperature T¢ (Figl.1(a)). The non-
centrosymmetric phase is called ferroelectric phase which have very distinct structural and
physical properties which changes when the temperature is above T and enters paraelectric
phase. Even though material in paraelectric phase does not show ferroelectric hysteresis or
ferroelectricity, they maintain reasonably high permittivity near ferroelectric phase
transition temperature. This ferroelectric materials in paraelectric phase have high
dielectric constant and low dielectric loss which are widely explored for tunable
microwave device applications. And in recent years optimizing the material parameters for

industrial standard devices is under intensive investigations [4-6,9].
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Fig 1.1.(a) The variation of dielectric constant in the vicinity of Curie point. P-E graph of

material in (b) ferroelectric (hysteresis loop) phase (c) paraelectric phase [4].

Similar to ferromagnetic materials, ferroelectric materials in polar phase also have
domain structure and the electric dipole moment inside domains are arranged parallel to
each other. In the absence of an external electric field, all these domains are arranged
randomly but in presence of on applied field the domains start to align in the direction of
applied field. When the field is strong enough, all the domains are lined up along the field
direction and material is said to be in the saturated state (Psat). If the field is applied in the
opposite direction the domains are rearranged in opposite direction. Unlike ferroelectrics
in their polar phase, in paraelectric phase there is no domains and hence no hysteresis effect

in polarization curve as shown in fig. 1.1(c) [4-6,9,10].

The ferroelectric materials in their paraelectric phase do not show hysteresis loop
but still maintain its non-linear dielectric behavior, which leads to electric field dependent
dielectric constant. In the paraelectric phase, the material is centrosymmetric and do not

have domains and hysteresis loss which explain the reduced dielectric loss of paraelectric



materials compared to their ferroelectric counterpart. The preferable combination of
having a high non-linear dielectric response with the lack of hysteresis, and low losses
make compositions exhibiting paraelectric behavior at operational temperatures quite
attractive for some applications, compared to materials in their ferroelectric phase [4-

6,9,10].

1.2.2 Barium Strontium Titanate
Barium Strontium Titanate (Baix,Srx)TiOs [0<x<1] (BST) is having ABO3

structure in which, the A site is co-occupied by Ba and Sr atoms. In the perovskite unit cell,
the Ba®* and Sr?* ions are occupied in the corners and oxygen anions on the face center
and Ti*" ions on the center of the unit cell (Fig. 1.2) [4-6]. At temperatures above the phase
transition temperature (T¢), the material is in the paraelectric (cubic) state while below T¢
it exhibits ferroelectric (tetragonal) state. In paraelectric phase the lattice parameter and T¢
shows strong dependency on the Ba:Sr ratio. Sr can replace Ba over the entire range of
composition to form a continuous solid solution, leading to a smooth varying T and lattice
parameter. The transition temperature of BST with Ba:Sr ratio of 50:50 [(Baos,Sro.5)TiO3,
BST5] is just below room temperature and explored widely among the various BST

compositions for paraelectric varactors.
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Fig.1.2. Structure of Barium Strontium Titanite (BST) [5].
1.2.3. Tunable materials

The materials having a variable dielectric constant as a function of the applied
external electric field are known as tunable dielectric materials [12]. These dielectric
materials find applications in various microwave devices, such as varactors, tunable
oscillators, phase shifters and filters. Suitably high permittivity with low loss and
reasonably high dielectric tunability are the basic factors to be considered while choosing
an appropriate material for such applications. Ferroelectric materials in their paraelectric
state are promising for many tunable RF and microwave applications because of their
suitable dielectric constant value and tunability. With the advancement in fabrication,
certain ferroelectric thin-films can be developed using monolithically compatible
processes which has opened up possibility of integration of these thin films with MMIC
and MIC devices [14]. The dependence of the dielectric permittivity £ on the applied
external electric field Eo gives the flexibility for microwave engineer to explore new
tunable devices. The tunability “n” is the ratio of the permittivity of the material without

an external applied electric field £(0) to its permittivity under application of an electric



field g(E) as given by equation (1.1). The relative tunability n, is defined by the relation

given below (1.2) [2,5,11-13].

_¢(0)
n_g(E) 11
_€(0)—&(E)
r]r - 8(0) 1.2

Numerous ferroelectric materials are being considered as suitable candidates for
tunable microwave devices and SrTiOgz and its solid solutions with BaTiOz and PbTiOs are
widely explored [15]. At cryogenic temperatures, the bulk form of SrTiO3 exhibits large
tunability when applied with a large electric field [16]. Due to their high tunability and
large power handling capabilities (Ba,Sr)TiOs thin films have been widely investigated.
The fact is that thin-film processing and fabrication are compatible with the standard I1C

technology procedures and it is the most favorable technology for mass production [17].

BST is a high dielectric constant material which can vary its relative permittivity
by applying voltage, and it shows relatively low losses at microwave frequencies [18]. The
additional advantage of using BST is that it enables miniaturization of the circuit due to its
high dielectric constant. Another important feature of BST is the customizable microwave
dielectric properties of BST for a specific application by adjusting the ratio of strontium

and barium according to the formula BaxSr1xTiOa.

1.2.4 BST Varactors

In most of the tunable microwave devices, varactors are used as the primary tuning
element [19]. Currently, microwave varactor technology is based on GaAs or silicon
fabrication [20]. The varactor diode fabricated on silicon substrates could be easily
integrated in the standard complementary metal-oxide-semiconductor (CMOS) integrated
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circuit technology. But the downside of the semiconductor varactor diodes is their very

low power handling capacity and they are also lossy at frequencies above 10 GHz [21].

Barium Strontium Titanite (BST) thin films have been investigated over the past
20 years for room temperature adjustable or reconfigurable RF and microwave components
and circuits. Compared to semiconductor varactor diodes and PIN diodes MEMS varactors
and varactor based on thin film BST have advantages such as high Q at higher frequency
[1]. Most BST research used compositions of BaosSros5TiO3 or Bao sSro.4TiO3 because they
have critical temperature (T¢) at or close to room temperature. The characterization of BST
varactor reveals that they possess high Q, operate fast, miniaturized and consume low
power [22-24]. Tablel.1 compares the various device characteristics and performance
parameter between ferroelectric varactor, semiconductor varactor diodes and RF MEMS

capacitor.

Tombak et al. have reported a tunable bandpass and a lowpass filter using BST thin
film [25]. Their design includes lumped inductors and BST varactor. Jayesh Nath et al.
[26] reported a third-order comb-line tunable bandpass filter using BST varactors
fabricated on sapphire substrates. They obtained a 16% frequency tunability from 2.44
GHz to 2.88 GHz. An impedance transformer has also been reported by Chen et al. [27].
The reported transformer could do 4:1 to 2:1 transformation in a 50 Ohm line environment.
Paratek Microwave Inc has started commercializing these BST based tunable filters [28].
Even hybrid microstrip configurations (f~2 GHz) and inline waveguide resonator

configurations (f~22.5 GHz) using BST thin film varactors have been reported.



Table 1.1. Comparison of Ferroelectric varactor, semiconductor diodes and RF MEMS

capacitors [1].

S.No. | Device characteristics | Semiconductor RF MEMS Ferroelectric
and performance diodes capacitors varactor
parameter (parallel plate)

1 Tuning DC voltage Low (<10 V High (40-50V | Low (<10 V

reverse bias) bipolar) bipolar bias)

2 Capacitance tuning >3:1 in the linear >5:1 in the ~3:1in the
ratio range linear range linear range

3 Tuning speed High (10 ns) Low (~10 us) | High (~10 ns)

4 Quality factor (Q) ~200 at 1 GHz >500 at 1 GHz | ~200 at 1 GHz

V)

5 Switching lifetime High Low High

6 Packaging cost Low Very high Low

7 Power handling Poor (~1 W) Good (<5 W) Good (upto 5

W)
8 Power consumption Low (nNW-pW) Low (nW-pW) | Low (NW-pW)
9 Breakdown voltage Low (<25 V) Moderate (>50 | Low (<25 V)
V)

10 Linearity Low High High

11 Third order intercept Low (~+28 dBm) | High (~+55 High (~ +55
(1P3) dBm) dBm)

12 Integration capability | Very good Good Good
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1.3 Challenges Posed by High Crystallization Temperature of BST
Thin Films

Conventional crystallization methods requires high temperature and it is a slow
process. This high temperature crystallization process requires high thermal budget
(thermal power) with long processing time. High degree of energy loss happens as all of
the energy is used to raise the temperature of the substrate and the furnace. This high
temperature crystallization is incompatible with thermally sensitive substrates. So, to
decrease the crystallization temperature and reduce the annealing time, conventional
annealing is replaced by laser annealing. The laser-based crystallization methods are
considered as the most suitable and flexible method to crystallize a specific region of a
device without damaging the other parts. Device quality crystallized films at lower
processing temperatures is known to be achievable by the use of lasers of appropriate
wavelength and pulse width in the semiconductor industry. In order to achieve crystalline
ferroelectric films, it is necessary to consider the ultraviolet wavelength laser because its
energy is of the order of bandgap and its non-thermal primary mode of interaction with

these films.

1.4 Laser Annealing and Its Importance in Low Temperature

Crystallization

Laser Induced Crystallization (LIC) or Laser annealing is referred to the phase
transformation of materials from amorphous to crystalline phase at a lower temperature
using a laser of high-power density and short pulse width.

The need to lower the crystallization temperature of ferroelectric (FE) materials in
their thin film form is essential to meet process compatibility issues. The FE materials have

multifunctionality and to make them compatible with integrated circuit processing
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techniques, LIC is a good solution once it is perfected. The latest technology independently
incorporates semiconductor and ferroelectric based functional devices. Therefore, as the
processes for both are often incompatible with temperature, the size of devices increase.
The miniaturization of devices demand acquisition of multifunctionalities in the same
materials or substrates and develop different functions in the same framework. This offers
the possibility of using a different type of functional material on the same substrate to
create a System on Chip device (SoC) with various functionalities applied to different
substrate areas. For achieving such a multifunctional structure, semiconductor and FE are
two critical elements because FE thin films can give high dielectric constant, tunability and
piezoelectricity which are important for various device functionalities. The processing
temperature of semiconductors is lower, and FE thin films are higher, combining the same
device with these two materials is difficult. Thus, decreasing the processing temperatures
of ferroelectric thin films is the key concept for the hetero material based high-quality
device development. Hence an understanding of ways to lowering the processing

temperatures of ferroelectric thin films is crucial.

Lasers made it easy to dream of lowering the crystallization temperature of these
type of insulating thin films with high band width. Energy can be directed to a needed
region in the device processing step without damaging the other components. Therefore,
the initiative is taken in the present study to reduce the crystallization temperature of
ferroelectric thin films to make them consistent with the processing of multifunctional
devices. Generally, ferroelectrics are wide bandgap materials, and the ultraviolet
wavelength lasers are therefore capable of crystallization by non-thermal route. Laser
crystallization has been commonly used in semiconductor technology to benefit selective
absorption at lower temperature of the substrate. Also, the irradiation area can be freely

chosen without other regions being heated. Some of the earlier pioneering works in this
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field are examined in this section. It could be noticed that constant effort has been made to

reduce the temperature applied on the semiconductors or semiconductor components.

The major speciality of LIC lies in its rapid heating and cooling rates, for example,
the heating rate of laser annealing is approximately 100 times more than that of rapid
thermal process (RTP) (with only surface heating of film without influencing the
substrate). Heating through Laser can be localized to the surface layer, which reduces the
film-substrate interfacial interaction that occurs at higher temperature, resulting in
improved electrical properties in such cases. The pulse duration used in typical laser
annealing is in the range of 10-30 ns, and hence in such a short time the heat cannot diffuse
to longer distance. Hence laser annealing process are confined to the thin surface layer.
Hence, the substrate is not affected by the annealing process.

Different methods have been tried to integrate FE films (thick/thin) onto the low
temperature substrates in the past. The noticeable techniques are (i) bombardment of
nanoparticles of FE powders on a polymer or low temperature substrates at very high
velocity to form as a thick film that yields bulk properties at low temperature [29,30] (ii)
high temperature deposition of the FE films and then etching the substrate to reduce its
thickness and integration with low temperature polymer substrates[31]and (iii) complex
film transfer process to transplant FE films from high temperature substrates to another

low temperature flexible substrates [32].

To reduce the processing temperature and time, FE thin films can be deposited at
room temperature and annealed by using microwave annealing (MWA), rapid thermal
annealing (RTA) and laser induced crystallization (LIC). MWA and RTA are efficient to
reduce the processing time to a few minutes but failed to decrease the processing
temperature significantly. On the other hand, LIC is successful in reducing not only
processing time but also temperature. In LIC, chemical reactions (photochemical effects)
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can be induced by lasers which act as a heat source (photothermal effects) due to their
intense and directed energy [33,34].
Importance of crystallization at low temperature in BST thin films

» Strong voltage depended dielectric constant and low dielectric losses make
Ferroelectric materials an attractive candidate for microwave devices. Other
important applications include_ferroelectric memory devices and MEMS systems.

» BST thin films are widely investigated for developing tunable microwave devices,
varactors, filters, delay lines and phase shifters. Large leakage current limits the
performance of these devices.

» The growth of BST thin films on various substrates are possible and numerous
cost-effective deposition methods are available to grow BST thin films.

» BST can be grown on Si wafers and platinum-coated silicon in single phase with
superior dielectric properties and the only drawback is the higher processing
temperature of BST thin film. In fabrication process for nanoscale components
often we need to limit the maximum process temperature to 300°C. Therefore, non-

thermal routes to crystallizing these films became necessary.

1.4.1 Literature survey

Laser-induced crystallization (LIC) is well investigated in semiconductor
industries and there are many reports on laser annealing of silicon by using excimer laser.
The mechanism of phase transformation and the resulting microstructure of Si films
crystallized by LIC on SiO2 have been identified. It is shown that there is a rise in grain
size as the energy density increases in the low energy density regime. They found that the
transition region is a good regime for creating broad grain-sized polycrystalline Si [35].
For the laser-induced crystallization (LIC) of Sh2Ss, Sh.Ses, and ShoTes semiconductor

films, continuous-wave laser power is used. They found that in all three substances, the

14



photothermal process is responsible for the change in phase. Depending on the film
thickness, the power needed for optical contrast at an irradiated site will depend. The

optimized power density is 100 W/cm? for the above samples [36].

However, this technique was found to be suitable and useful also for the
ferroelectric thin films. And because of this, different research groups from all over the
world are trying laser annealing for different ferroelectric materials since ferroelectric thin
films exhibit voltage dependent dielectric properties (tunability) and can be used in
ferroelectric memory devices and microelectromechanical systems (MEMS). Laser
annealing is carried out on various materials like PZT, PLZT, BZN, LMO, ZnO, BST, etc.
[37-57]. In general, ferroelectric thin films, which were crystallized at high temperatures
(700°C) show the best functional properties [58,59]. Therefore, this laser assisted process
must yield equivalent results for best results.

Bharadwaj et al. [39] reported the laser annealing conditions to get phase pure
perovskite PLZT thin films, which are substrate temperatures of 250°C and higher,
repetition rate of 10 Hz, Oxygen partial pressure of 10-200 mTorr with laser energy of 100
mJ. Polycrystalline perovskite films were obtained with no observed secondary phase
formation. The dielectric constant and loss tangent values of PLZT films crystallized with
laser at 10 kHz were 406 and 0.027, respectively, and are close to rapid thermal annealed
values of PLZT thin films. These results demonstrate the potential of the excimer laser

crystallization of amorphous ferroelectric PLZT films at quite low relative temperatures.

Bharadwaj et.al. [40] deposited PLZT thin films using RF-magnetron sputtering on
LaNiOgs coated silicon substrate. The kinetics of laser annealed films were investigated for
the substrate temperature below 400°C. For the crystallization process, a KrF Excimer laser
with a pulse width of 20 ns and an energy density of 40 mJ/cm? was used. They found that
with a time exposure of 0.1 to 1ms, 380-400 nm thick films can be fully crystallized. The
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crystallization of films is observed without any secondary phases for a minimum number

of shots. Laser annealed samples gave good dielectric properties.

The LIC is a standardized and well-accepted process for amorphous silicon
crystallization. An elevated temperature of about 300-400°C for ferroelectric thin films is
found to be useful for PZT. The optimization of the LIC process depends heavily on the
pulse width, the laser wavelength, the laser energy density, the substrate thermal
conductivity, and the substrate's temperature during the annealing process [41- 44]. Nd-
YAG, Excimer, and femtosecond lasers are used for the annealing process, out of which
Nd-YAG costs the least and gives the largest number of wavelengths. There are not many

studies reported so far for other ferroelectric thin films.

Rajashekhar et. al. [45] from the same group reported the simultaneous pulsed-
laser heating during growth of PZT (52/48) thin films on PZT (30/70) seeded platinized
silicon substrates at a substrate temperature of ~370°C with energy density 55 mJ/cm?,
Once crystalline films were made, the TEM measurements showed porosity separated at
the grain boundaries. In terms of transient heating from the pulsed laser deciding the
nucleation events, the evolution of film microstructure is defined, while the energy of
arriving species dictates grain growth. It was shown that in lateral densification and in

affecting grain sizes, energy of the plume species played a dominant role.

Considerable laser crystallization work was also performed in BST compounds, in
addition to PZT. The BaogSro2TiO3 thin films were deposited on platinized silicon and
glass substrates at 600°C temperature and was found to be amorphous. The films are
crystallized after laser annealing with room temperature. Here the author observed that

the number of laser pulses is a key parameter for crystallization and without damage of the
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film. There has also been research in progress to understand the film crystallization and

associated mechanism [46].

To integrate BST thin film directly into system-on-package (SoP), reduction of
processing temperature of the BST film is crucial. There are very few literatures on laser
annealing of BST thin films. Halder et. Al., used a KrF excimer laser to crystallize BST
thin films (thickness~95 nm), which were deposited by a chemical solution. These films
were laser annealed with various fluence and laser pulses at a substrate temperature ranging
from 25°C to 250°C. The films were crystallized above 100 mJ/cm? fluence. The 250°C-
substrate temperature-maintained film showed crack free microstructure. With an increase
in laser fluence, the films also demonstrated higher dielectric constant. A higher dielectric
constant of 200 showed a better crystallization of the film annealed with 120 mJ/cm?. [50].
The BST6 thin films crystallized at 300°C by Kang et. al. using excimer laser annealing
(ELA) exhibited a single perovskite phase, high dielectric constant (143), low dielectric

loss (0.028) at 1 MHz and low leakage current density (0.9 mA/cm?) [43].
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Table 1.2. Laser annealing done on different materials and its parameters.

S. Material Substrate LIC Thickness | Device Ref
No temper fabrication
ature (Yes/No)
1 Bi1.5Zn05Nb15065 Pt/Ti/SiO2/Si 400°C | 300 nm NO 37
(BZN) substrates
2 Bao.7Sro3TiO3 Pt-coated Si 450°C | 95 nm NO 57
substrate
3 (Pb,La)(Zro30Tio70)Os | LaNiOs-coated | 400°C | 380 to NO 40
Si substrates 400 nm
4 Pb(Zr,Ti)O3 LaNiOs-coated | 400°C | 320 nm NO 39
Si substrates
5 Pb(Zros52Tio.48)O3 (CMOS, 400°C | 300 nm NO 45
polymers,
platinized
silicon
substrates).
6 BaosSro.4TiO3 platinum 300°C | 30-40nm | NO 43
coated Si
substrate
7 BaoeSro4TiOz (BST) | Pt/Ti/SiO2/Si 300°C | 300 nm NO 52
substrate
8 BaosSro2TiO3 (BST) | (LNO/SiO2/Si) | 500°C | 40-160 nm | NO 53
substrates
9 Pb(Zr,Ti)O3 Glass Ambien | 600 nm NO 54
t
10 | Pb(Zro52Tio.48)O3 Pt/Ti/SiO2/Si 370°C | 300 nm NO 63
substrate
11 | Pb (Zros2Tio4g)O3 (111) PU/TI/ 350 300-350 NO 44
Si02/Si 375°C | nm
substrate
12 | Al-ZnO Glass 300- 180 nm NO 48
500°C
13 | Bao.gSro2TiO3 bare glassand | Dep 250 nm NO 46
platinized 600°C
substrates LA-RT
14 | BaosSrosTiO3 Pt/Ti/SiO2/Si 300°C | 600 nm Yes Ptrejent
study
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Effect of thin film thickness on Laser annealing:

There are many issues involved with the laser annealing (LA) of BST and other
ferroelectric thin films. Film thickness also affects the laser annealing process and the
depth of crystallization. In the recent report published by Queralto et. al. [53], they were
able to obtain crystallization in BST8 thin films (BST/LNO/SiO2/Si) at 500°C in the
fluences ranging from 50 to 75 mJ/cm?. They obtained uniaxial {001} orientation in 40 nm
fully crystallized film but for thicker 160 nm films, crystallization occurs only up to 70 nm
after 12,000 pulses. Rest of the film remained amorphous. Lu et. al. [54] deposited 600 nm
PZT thin films out of which up to 120 nm thickness of PZT was crystallized by using a
KrF excimer laser.

Baldus et. al. [55] has done a series of experiments on laser annealing for BST
systems by changing the number of pulses and the laser energy density to prevent cracks,
which appears due to thermal stress. Full vertical crystallization of the thin films can be
achieved by (1) increasing the dwell time of the laser pulses by extended-pulse laser
annealing as suggested by Lai et. al. [56] (Pulse width of KrF excimer laser pulses was
extended from 25 to 374 ns) and (ii) In Situ annealing, in which two laser sources can be
used, one for the ablation and a second one for the laser annealing. The delay in arrival of
irradiation pulse with respect to ablation pulse can provide a uniformly crystallized thin

film.

1.4.2 Mechanism of Laser Annealing: Lattice Mending Theory

The incident laser light can be absorbed, transmitted, or reflected based on the
material's optical properties. The photon energy of KrF Excimer laser (A=248 nm) is ~5
eV, and the bond energy for the Ba-O, Sr-O, and Ti-O are 5.9, 4.7, and 6.9 eV, respectively.
The Sr-O bond energy is comparable to the photon energy; hence laser annealing is due to
the photochemical process of laser-material interaction [51]. By just considering these
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bond energy values, a simplistic realization would be of breaking the “Sr-O bond of
amorphous matrix” to restructure/orient it as a new “Sr-O bond of crystalline” BST.

P-H Huang [60], et al. presented a scheme for the laser annealing process in copper.
They proposed that when laser light is incident on the material it generates a shockwave,
and when this shockwave meets a pore/defect region, the kinetic energy of the wave is
reduced. This reduction in energy can trigger the collapse of this pore/defect and hence
mending the lattice. A similar argument in the case of BST annealing may be stated as
follows. The laser annealing in BST could be proceeding via breaking of the Sr-O bond
and healing around formed pore/defects by a non-thermal method, by pressure waves
excited with KrF-Excimer laser irradiation.

For a laser beam of 5eV, when incident onto the material's surface, the photon
energy transfer depends on their bandgap energy (Eg). Generally, the energy of the incident
normal light photons (hv) induces two types of electronic transitions (viz. intraband and
band to band). If the photon energy is less than the bandgap of the ceramics (hv<Eg), the
intraband transition only will occur. In this process, absorption of photons is possible,
which is weakly coupled and as a result, is not favorable for ceramic thin film annealing.
Whereas in the other case, if the photon energy is higher than the bandgap of the ceramics
(hv>Eg), the absorption is much higher (i.e., stronger coupling) than the earlier case, and
the excess photon energy (hv-Eg>0) is transformed into phonons, thus heating up the

ceramic thin films [39].

The laser light incident on the material can strongly displace the electrons and
produce a temporarily and spatially localized electron plasma in the material. This plasma
relaxes via electron-phonon and phonon-phonon coupling and induces a massive pressure
on impacting material and trigger collisional or collisionless plasma process depending on

the intensity of the incident laser beam. For A=248 nm; representing E = 5 eV is much
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above BST optical band gap = 3.5 eV, thereby fulfilling the primary criteria of significant
laser photon absorption (i.e., strong coupling). Also, the atomic electric field strength of
materials is generally (~10 V/m) is of approximately similar strength to that of the
applied laser. Thereby physically the photon electric field associated with the applied laser
can compete with material’s electronic environment, an atom's own electric field to
generate a plasma. In short, using the laser of appropriate wavelength, a strong coupling in

both energy and the electric field of materials in one go is realized.

Moreover, the pulsating nano-second laser shots irradiation helps maintain the
electric field produced by the laser in generating the plasma. This entire process is
isochoric, leading to induced localized intense pulsating pressure, which
increases/decreases, leading to a pressure wave. The rarefied low-pressure regions (i.e.,
materials relaxed portions) in materials are identified as suitable localized regions for
having crystal nucleation supported by energy minimization studies [60,62]. A relation
connecting the pressure generated with radiation intensity is obtained by using a 1-D

plasma model as follows [61].

3
P =1.5I_% for 1=0.26 ym 1.3

The amorphous to crystalline phase transition induced by low-intensity laser
radiation (<10 W/cm?) could be understood in terms of hydrodynamics by solving the
fluid dynamic conservation equation. This equation's solution for low fluence gives small
values of temperature and pressure, and such shock waves are often called weak shocks.
These weak shocks can induce the transformation of material from amorphous to the

crystalline phase.

Once nucleation happens, since the whole process is non-thermal, the nucleation

sites' population takes over its dissipation. Finally, these fluctuating crystal nuclei
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gradually contact each other by the aggregation to develop into a crystalline region. In the
presence of the laser irradiation, these newly developed crystalline regions continue to

grow until the complete crystallization of the laser-irradiated area is achieved.

To further understand the solid-state lattice mending in these materials, we need
molecular dynamic (MD) simulation. These simulations often does not represent realistic
experimental conditions. For instance, classical Molecular simulation omits the effect of
electrons and purely works on atomic contributions. Another difficulty in performing MD
simulation involves choosing appropriate potential for a complex oxide material system
and other relevant modeling parameters. Pei-Hsing Huang et al. proposed a modified
continuum-an atomistic approach for copper annealed using femtosecond laser pulse and
evaluated the pressure-induced lattice mending process. They could identify three distinct
phases of laser annealing, namely the incubation stage of dislocation nucleation, the plastic
deformation stage, and finally, the lattice recovery stage. Further development in
molecular simulation or sophisticated experiments is required to formulate a more

comprehensive understanding of laser-induced crystalization [62].

1.5 Motivation of the Thesis

Barium Strontium Titanate (BST) can be grown on Si or platinized silicon with
good dielectric properties and the main drawback is the higher processing temperature of
BST thin film. In nanoscale components fabrication process, we need to limit the
maximum temperature to about 300°C. Therefore, non-thermal routes to crystallizing these
films become necessary. The laser induced crystallization (LIC) is of current research
interest because of the limited fundamental understanding available about this process and
their technological importance. Laser crystallized BST on silicon opens up the possibility

of system on a chip (SOC) or a system in package (SIP) since the temperature of deposition
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has been lowered to make it compatible with the already existing processes in silicon

technology.

1.6 Objectives of the Thesis

>

To understand the growth process of BST thin films deposited on various substrates
using Pulsed Laser Deposition (PLD) technique and study its correlation with
microstructure and microwave dielectric parameters such as dielectric constant, loss

and tunability.

To achieve BST thin film with as high a tunability in microwave frequencies as

possible.

To optimize the laser annealing parameters in order to reduce the crystallization
temperature of BST thin film and achieve crack free BST thin films with good

microstructure using a laser annealing method.

To achieve the full depth crystallization of the BST thin films using a layer-by-layer

deposition of the film and laser annealing after each stage of deposition (all at 300°C).

To get similar electrical and microwave dielectric properties for laser annealed BST
thin films at 300°C, compared to the conventional annealed BST thin films (annealed

at 700°C).
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1.7 Organization of Thesis
The thesis is organized as follows
Chapter 1: Introduction

In this chapter a brief introduction to the varactors, and fundamentals of dielectric
materials and tunable ferroelectric materials for microwave device applications are
reported. An extensive literature review of laser annealed thin film ferroelectrics including
BST thin film is carried out. The variety of previously used experimental techniques which
are related to conventional crystallization approaches like in-situ annealing, thermal
annealing, rapid thermal annealing, and laser annealing process are surveyed. Finally, the

motivation and objective of the work and organization of the thesis are presented.

Chapter 2: Experimental Procedures

This chapter describes the sample preparation and characterization techniques
utilized for doing the work presented in the thesis. The Barium Strontium Titanate (BST)
ceramic target is prepared and used for thin film deposition. The importance of several
process parameters in PLD during the thin film deposition process and laser annealing are
systematically detailed out along with the characterization techniques that are to be used.
The working principle and procedure of the following instruments and techniques are
briefly explained: 1) Structural characterization techniques like XRD, Raman
Spectroscopy, and TEM, 2) Microstructural studies with FESEM and TEM 3) Optical
bandgap studies with UV/VIS/NIR spectrometer, and 4) Microwave dielectric properties
study with Vector Network Analyzer (VNA). The measurement procedure for electrical

and microwave dielectric properties are explained.
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Chapter 3: In-situ crystallization of BaosSrosTiOs3 thin films

In chapter 3, details of BaosSrosTiO3 (BST5) thin films deposited on (100) oriented
MgO substrates using PLD are described. The deposition temperature is kept constant, and
the oxygen working pressure and laser fluence are varied. Microwave dielectric properties
of the thin films are measured using Inter Digitated Capacitor (IDC) test structure with
VNA. It is found that the maximum tunability (in IDC configuration) is obtained at
optimized oxygen working pressure and laser fluence. In this chapter, it is observed that
the deposition conditions of oxygen working pressure and laser fluence are more helpful,

leading to better tunability in BST5 films.

Chapter 4: In-situ crystallization of BaosSro4TiOs3 thin films

In this chapter, the role of laser fluence in improving the microwave dielectric
properties of BST thin films is studied. Here, in-situ crystallization process of
Bao.6Sro.4TiO3 (BST6) thin films deposited with different laser fluences are discussed. This
chapter explains the structural properties and formation of microstructures in these films,
studied using XRD, FESEM and TEM. The optical properties are studied and the optical
bandgaps are calculated by applying the Tauc relation on the transmission spectra. The
microwave dielectric measurements of BST6 thin films are done using test circular patch

capacitors on optimized films.

Chapter 5: Crystallization of BST thin films using laser irradiation at
300°C
In chapter 5, the laser crystallization of the amorphous BaosSrosTiO3z (BST5) thin
films are investigated. The BST5 thin films are deposited (at 300°C) using PLD on fused
silica substrates and platinized silicon, and are found to be amorphous. The laser annealing
process is done at 300°C temperature by varying the laser annealing parameters like no. of

laser pulses used, repetition rate and laser energy density. Successful crystallization of BST
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thin films at 300°C is achieved by laser annealing using KrF Excimer laser of 248 nm
wavelength and pulse duration of 20 ns. Attempt was made to understand the effect of
optimizing laser annealing parameters on BST thin films deposited and annealed at 300°C
with the help of cross sectional TEM. The result of laser annealed thin films are correlated

with that of conventional (deposited at 700°C) films.

Chapter 6: Full depth crystallization of BST with laser annealing of

layers at 300°C
Chapter 6 discusses the full depth crystallization of BagsSrosTiO3 (BST5) thin

films by layer-by-layer (5 layers) deposition followed by laser annealing after every
deposition, both at 300°C using a KrF excimer laser to yield films crystallized to 600 nm
depth. Each layer was laser annealed using the optimized conditions described in Chapter
5. The phase formation and full vertical crystallization of BST5 thin films were confirmed
by XRD patterns, Raman spectroscopy and UV-Vis-NIR study as well as TEM and SEM
analysis. These layer-by-layer deposited and laser annealed BST5 thin films show good
electrical properties and microwave tunability close to the tunability shown by

conventionally deposited BST5 films (at 700°C).

Chapter 7: Conclusions and scope of future work

This chapter summarizes the outcomes based on the work reported in this thesis
and discusses the future possible work which includes further optimization of laser
annealing process to crystallize BST5 thin films at room temperature for opening up the

scope of using it in flexible and wearable microwave devices.
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This chapter deals with sample preparation and characterization techniques utilized
for doing the present thesis work. The lab-made Barium Strontium Titanate (BST) target
is used for the deposition of thin films in the pulsed laser deposition (PLD) method. Also,
the importance of several process parameters in PLD during the thin film deposition
process and laser annealing are systematically detailed out. Then, the characterization
techniques are presented. These characterization methods are divided into subsections such

as structural, microstructural, optical and microwave dielectric property characterizations.

2.1 BST ceramic target preparation

The BST stoichiometric target is prepared by a solid-state reaction method [1-3]. The
essentiality of getting optimized target is foremost important in developing the high-quality

thin-film samples with reproducible results.

Precursors

. 4

Stochiometric
calculation

h 4

Phase
Calcination confirmation
by XRD
Grinding
&
Pressing
Sintering

Fig.2.1. Schematic diagram of steps in solid state reaction method
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In this work, the high purity reagents BaCOs, SrCOz and TiO2 (Sigma-Aldrich,
purity 99.99%, USA) were used for preparation of BaogsSrosTiO3z ceramic target. The

chemical reaction for the formation of Bao 5SrosTiO3 is given by

0.5BaCO;+0.58rCO3+Ti0;, —— Bay 551, sTi03+CO, T @1

These powders are mixed by ball milling (Retsch PM 100) for 2 hrs. Further, this
mixed powder is calcined at 1000°C in a microwave sintering system with a dwell time of
30 minutes. The heating rate is 25°C/min. The calcined powder samples were again ball
milled for 6 hrs. to reduce the particle size to enhance the density of the ceramic target, as
shown steps in from fig.2.1. The fine powders are used for making PLD targets by adding

1% PVA (Poly Vinyl Alcohol) as a binder. The disc-shaped pellets with 25 mm diameter

and 3 mm thickness were prepared using uniaxial press by applying a pressure of 2 MPa.

Fig.2.2. (a) Uniaxial Pressing (b) Green Pellets (c) High Temperature furnace, (d) Sintered
Target.
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The pellets were heated to 500°C at a heating rate of 2°C/minute for PVA binder
evaporation. The prepared pellets were sintered at the optimized temperature of 1400°C
for 2 hrs. with a heating rate of 5°C /min in the conventional furnace as shown in fig. 2.2.
Both side surfaces of sintered BST targets were polished to avoid surface
contamination [1-3]. In this work, for calcination, we used a microwave-assisted heating
process in which the powders absorb the microwave energy with the help of SiC susceptors
and get heated up. It means that heating of the sample happens fast with the susceptors
accepting the microwave energy first and then heating the entire volume [4]. A similar
procedure is utilized to fabricate BST6 target. XRD and FESEM are used to analyze the

phase and microstructure of BST5 ceramic samples.

(110) Ba, Sr, TiO, Target
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—
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Fig.2.3. X-ray diffraction pattern of BagsSrosTiOs target.
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Fig.2.4. (a) FESEM image and (b) EDAX of BaosSrosTiOzsintered target.

The phase and structural properties of the BaosSrosTiO3 (BST5) target were studied
by X-ray diffraction (Bruker D8 Discover) at 40 kV and 30 mA with a Cu Ko radiation
source of wavelength ~1.5406 A as shown in fig. 2.3. The XRD pattern of this BST5 target
matched well with the standard data (JCPDS file # 39-1395) and indexed as a cubic
structure with the Pm3m space group. Fig 2.4(a) shows the FESEM image and fig. 2.4(b)
EDAX of the BST5 sintered target. From the EDAX, BST5 target confirms the presence
of elements Ba, Sr, Ti, and O without any impurity. The atomic percentage of Ba, Sr, Ti,
and O are 12.58, 11.74, 20.7, and 54.97, respectively. It also confirms the stoichiometric

ratio of elements Ti/Sr = 1.76 and Ti/Ba=1.64, as shown in fig. 2.4.

2.2 Pulsed Laser Deposition (PLD)

Pulsed laser deposition is a very simple technique for the deposition of thin
films [5-8]. As the laser pulse is incident onto the dense target, the surface of the target
absorbs the pulse energy resulting electronic excitation. Quickly this excited energy is
converted into kinetic and heat energy resulting in target ablation. It results in an ejected
ionized particle plasma plume. By adjusting the geometry of the target and laser beam, one
can direct the plume path towards the desired substrate surface, resulting in the deposition

of the thin film on the substrate as per the requirement. The plume generation and
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expansion is a very complex process which involves several competing mechanisms.
During the deposition of thin films, the chamber has to be kept in a vacuum to avoid plume

scattering and the deposition of undesirable species on the surface of the substrate [5-8].

Advantages PLD method:

» The numerous wavelengths and power densities accessible allows the process to
ablate many material or materials combinations by selecting the appropriate
laser wavelength selection to match the absorption properties of materials.

» Epitaxial growth of thin films at a lower temperature.

» Atoms arrive in bunches and allowing for much more controlled deposition.

*  Minimum contamination.

Various characteristics are mentioned below to distinguish PLD from other film- growth
techniques and achieve a special role for the deposition of oxide and multi-component
materials [5-8].

* Transfer of the stoichiometry of materials: Under proper adjusting of laser
fluence, the film will possess the same composition of the target.

» Uniform thickness of thin films: Due to the highly forward-directed nature of
the laser ablated plume, PLD films are uniformly thick only in a narrow region
and because of this, all the films were grown on a small area (1cm x 1cm)

substrate where uniform thicknesses are achieved.
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Fig 2.5. Schematic diagram of Pulsed Laser Deposition (PLD) system.

Fig. 2.6. Pulsed laser deposition (PLD) set up with high vacuum (HV) chamber.
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2.3 Deposition of BST thin films by PLD

In this work, the BST films were deposited on an amorphous fused silica substrate
by the PLD system, as shown in fig.2.6. Here, we use the 20 ns pulse width KrF Excimer
laser of wavelength 248 nm (Coherent-Compex Pro 102 F) with a 5 Hz repetition rate. The
deposition process of BST films are carried out in a spherical chamber (Excel Instruments,
India). Initially, the chamber is evacuated to 5x10°® mbar pressure using Turbo and backing
pumps. The distance between the target and substrate is maintained at 5 cm. The target is
set to rotate with a specific speed of 10 rpm. After deposition, the in-situ annealing is
carried out for 30 min in the presence of oxygen gas. The complete deposition conditions
are presented in Table 2.1.

A general scheme has been followed for all the thin film depositions in this thesis.
Several substrates such as amorphous fused silica, platinized silicon (111)
(Pt/TiO2/SiO/Si), platinum-coated fused silica, platinum-coated silicon, platinum-coated
sapphire, MgO (100) have been used to deposit BST thin films. Before the deposition
process, the substrate cleaning was carried out using ultrasonic cleaning in acetone,
isopropyl alcohol, and then rinsed with de-ionized water. It is then dried before loading
into the deposition chamber. High purity Oz gas was used as the background ambient gas
during deposition. After the deposition, the films are slowly cooled down to room

temperature in the same partial O, pressure (pO2).

39



Table.2.1: The deposition conditions for BST films.

S.No Parameter Value
1 Laser source KrF Excimer laser
2 Wavelength 248 nm
3 Laser model (Coherent-Compex Pro 102 F)
4 Base vacuum 5x10° mbar
5 Target is set to rotate at 10 rpm.
6 Target and substrate 5cm
distance
7 Repetition rate 5 Hz
8 Fluence (or) Energy density 2 Jlem?
9 Temperature Varies
10 Substrates Amorphous fused silica, platinized
silicon (111) (Pt/TiO2/SiO2/Si),
platinum- coated fused silica,
platinum-coated silicon, platinum-
coated sapphire, MgO (100)

2.4 Laser annealing set up

The Schematic diagram of the laser annealing set-up for annealing of deposited thin films
is shown in fig. 2.7. The laser annealing set-up mainly consists of an excimer laser source,

mirrors and annealing chamber.

Excimer Laser

Pressure gauge

Chamber

/

Heater

Mirror
Quartz window

!

Stand
Pump an

Fig.2.7. Schematic diagram of the laser annealing setup.
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Thin films are directly exposed to the incoming laser to get the required energy
density. The nucleation of crystalline phases is significantly affected by incident laser
energy density, repetition rate and the number of shots used for irradiation. The annealing
of the films was carried out at 300°C temperature and oxygen pressure used was same as
that used for film deposition. Fig.2.8 shows the experimental laser annealing setup at the

University of Hyderabad, which was used for the laser annealing study.

The Kr-F excimer laser (A=248 nm) was used as a laser source for annealing. Mirror
was used to bend and direct the laser beam on the ferroelectric thin films inside the
annealing chamber. The spherical chamber has a substrate heater with a temperature
controller and attachments like pressure gauges (Dual Gauge) and pumps (Rotary and
Turbo) etc. It will help to maintain sample purity and control over the atmosphere during
the laser crystallization process. The heater is used for ferroelectric thin films to be kept at
desired elevated temperatures inside the annealing chamber. Quartz window is attached to
the chamber, and the laser beam is passed into the chamber through this window. Quartz
material is stronger than glass, it can be used at high temperatures up to 1050°C and it has
high transmission in the range of 190 — 2500 nm wavelengths. This annealing chamber is
kept at desired elevated temperatures below 300°C. The thin films of various materials are
directly exposed to the incoming laser with or without diverging to get the required energy
density. The laser annealing chamber has been used for substrates like amorphous fused
silica, platinized silicon (Pt/TiO2/SiO2/Si), platinum-coated fused silica, platinum-coated
silicon, and platinum-coated sapphire in controlled atmosphere and temperatures.

Thin films are directly exposed to the incoming laser to get the required energy
density. The nucleation of crystalline phases is significantly affected by incident laser
energy density, repetition rate, and the number of shots used for irradiation. The annealing

of the films was carried out at 300°C temperature and oxygen pressure used was the same
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as that used for film deposition. Fig. 2.8 shows the experimental laser annealing setup at

the University of Hyderabad, which was used for the laser annealing study.

!

KrF Excimer laser(248 nm)

Fig. 2.8. Set-up for the laser annealing of thin films with the chamber and

KrF- Excimer laser.

2.5 Characterization techniques

This section includes basic principles and the experimental techniques that are
extensively used. Thin-film crystallinity and phase assessment are carried out by X-ray
diffraction (XRD). Also, the film orientation and grown texture inferences from XRD will
provide significant insights to understand their physical attributes like polarization,
conductivity, and dielectric response. Chemical composition and purity are established by
Energy Dispersive X-ray Spectroscopy (EDS). The morphology and microstructure of the
thin film surfaces are studied using the Field Emission Scanning Electron Microscope (FE-

SEM) and Transmission Electron Microscope (TEM).

42



2.5 Structural Characterization

2.5.1. X-ray Diffraction

X-ray diffraction is a powerful tool to obtain detailed information about the crystal
structure and phase formulation of materials [9-12]. It helps in the determination of a given
material’s unit cell dimensions with absolute fractional coordinates of its constituent
atoms. A variety of information such as crystallinity, phase or symmetry, lattice
parameters, preferred orientation, defects, stress, strain, and average crystallite size can be
extracted through careful analysis of the X-ray diffraction data [9-12].

A beam of accelerated electrons produced is allowed to fall on a metal target, usually

Copper (Cu). These accelerated electrons knock off the electrons from the target atoms. X-
ray photons are released when electrons from higher orbits jump to the vacant inner orbits.
The energy of an ejected photon is a characteristic of the target material. For example, the
characteristic wavelengths of copper are 1.5406 A for CuKa:z and 1.5443 A for
CuKoz [11]. According to Bragg’s law, when X-rays are scattered from a crystal lattice,
peaks of scattered intensity are observed.
The Braggs law is given by 2dsinf = nA where d is the interplanar distance between the
crystal planes, 0 is the angle between the incident beam and sample crystal plane, n is
diffraction order, and 4 is the wavelength of the X-rays. When Bragg’s law is satisfied, the
reflected beams interfere constructively, failing, which leads to destructive interference.

The electrons that surround the atoms interact with the incident X-ray photons. X-ray
powder diffraction is used in materials due to its non-destructive nature. The diffraction
peak pattern can be utilized to identify the materials using the JCPDS (Joint Committee of
Powder Diffraction Standard) database. The observed changes in peak width and its

position can be used to obtain the crystallite size and phases [12].

43



Grazing angle Incidence-XRD:

For thin films, X-ray 0/26 scattering produces a weak signal from film and an
intense signal from the substrate due to the penetration depth of X-rays. The problem is
minimized by increasing the penetration depth in the film and reducing that in the substrate
in Grazing incidence X-ray diffraction (GI-XRD) mode. The phase and structural
properties of the deposited BST films are studied by X-ray diffraction (GI-XRD-Bruker
D8 Discover is shown in fig. 2.9(b)) at 40 kV and 30 mA with a Cu-Ka radiation source
of wavelength ~1.5406 A. The GI-XRD analysis was performed to check the composition
and phase of grown films. In GI-XRD, the X-ray beam enters into the film with a lower
incidence angle, which leads to an increase in the X-Ray path length in the thin film and
reduction of it in the substrate. The higher penetration of the beam in the film gives a
significant signal from the film. The main advantage of GI-XRD is that the electric field
at the critical angle is amplified locally by a factor of four, making the signal stronger. The
XRD patterns are recorded in the range of 20°- 80° Diffraction (GI-XRD) mode with the

angle of incidence at 0.5°.
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Fig. 2.9. (a) Bruker D8 advanced diffractometer for bulk (b) Bruker D8 discover for
thin films (GIXRD).

Advantages of the XRD
(a) Phase Identification

XRD is the most effective technique used to identify the crystal structure and phase purity
of the material. Every crystalline material has a specific diffraction pattern. The intensity
of the peak and its position are features of a particular phase, and the pattern thus gives a
fingerprint of a specific material [12].

(b) Crystallinity

XRD can also be used to identify the crystallinity of materials by comparing the integrated
intensity of the background pattern to that of the sharp peaks [12].

(c) Crystallite Size:

Debye-Scherer Formula

The average crystallite size can be obtained using Debye-Scherer Formula [11,12]

kA

= 2.2
D, [ cosé @2)
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Where k=0.94, A is the wavelength of the radiation, B is the full width at half maximum

(FWHM), and 0 is the angle or peak position.
2.5.2 Field Emission Scanning Electron Microscopy (FESEM)

Scanning Electron Microscopy is a tool to view the surface morphology of the
samples. An electron beam is used to create a magnified image of the surface and the
distribution of nanoscale crystallites owing to its excellent resolution in comparison to an
optical microscope. The principle of this equipment is that the electrons emitted from a
cathode by field emission at high energy is used for imaging. It is in several keV and is
accelerated towards the condensing lens, which is focused on the sample with the help of
an objective lens. The focused beam is scanned over the surface of the sample under
observation by scanning coil. Different types of signals are induced when the electron
beam hits each spot on the sample [9, 13, 14].

The signals mainly used for SEM image reconstruction are secondary electrons and
backscattered electrons. The detector counts electrons and converts it into a two-
dimensional image using incoming signals through the amplifier. The backscattered
electrons are elastically scattered electrons that are used for imaging. The secondary
electrons are also widely used for topographical imaging [13, 14]. In this work, the SEM
images were recorded in an Ultra 55, Carl Zeiss microscope fitted with the Schottky FE
Gun as the electron source. The electron accelerating voltage was 25 kV. The vacuum
created in the system near the sample and at the gun is of the order of 10-® mbar and 1071°

mbar, respectively. A photograph of the instrument is shown in fig. 2.10.
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Fig.2.10 (a) Field emission scanning electron microscope (model: Carl ZEISS, Ultra55,

Germany) (b) Gold coating sputtering unit for non-conducting samples.

The composition analysis of the BST thin films was carried out using the energy dispersive

analysis of X-rays (EDAX) method in the scanning electron microscope [15].

2.5.3. Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) also uses very small wavelength electron
beam for illumination. It has long cylindrical column of length 2m and an electron emitter
is fixed at the top end of this cylinder. This guided electron beam passes through the sample
of interest and scatters by the internal structure. Higher anode voltages are used to
accelerate and attain maximum speed of electrons. As the resolving power is related to
wavelength of electrons, the higher resolution is obtained by increasing the accelerating
voltage. The typical voltage 200 KV are used for acceleration. The accelerated electrons
focused on specimen to get the structural and microstructural information. Magnetic lenses
are used to magnify the image and are recorded by CCD camera. This CCD detected image

is displayed in real time.
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Fig. 2.11. TEM system used for the work (FEI Tecnai G2-STWIN TEM).

The focusing of electrons by magnetic lenses on the sample is the foremost task in the
image processing by TEM. These electron waves travelling towards the objective lens
forms the diffraction pattern in the back focal plane and this pattern is described by the
Fourier transform of the electron wave function at the object plane. In TEM the objective
aperture position and size selects the rays or electron paths for image formation. Again, by
doing the inverse Fourier transform of wave function at the back focal plane will give the
wave function of electron at the image plane [16]. Thus, the relation between object and
its diffraction is simply described by its Fourier transform. Selected area electron
diffraction (SAED) is useful in determining the phase of few selected areas of the sample.
The smaller area selection from the image is purely depends on the size of the aperture and
its spherical aberration. HRTEM image cannot be formed by bright or dark-filed

techniques. Fourier transforms plays a vital role in HRTEM analysis [17-19].

The bright-field (bf) and High-Resolution Transmission Electron Microscopic (HR-

TEM) images of the films were recorded in a FEI Tecnai G2-STWIN TEM fitted with a
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LaB6 electron gun. The typical magnification of TEM is in the range of 103 to 106. A
small portion (approx. 1 mm x1 mm size) of the film was scratched and placed on the grids
to obtain the microscopic images. The photograph of the TEM used is shown in fig. 2.11.
TEM can give complete information about the sample, like morphology, crystallographic

information, composition and defect studies also.

2.5.4 Thin film thickness measurement

The BST thin films thickness was measured by using Stylus Profilometer and is shown in

fig. 2.12.

Fig.2.12. Stylus Profilometer (XP-200, Ambios Technology, USA).

Surface Profilometer is a [20] technique used for determining the physical thickness
of thin films. The requirement for measuring the thickness is the existence of a step, as
shown in fig. 2.13. The profilometer works based on the contact of the tip on the surface
of the film. A step or groove has to be created between substrate and thin film to measure
the film thickness. The stylus will vertically displace at the step, and it will provide the

thickness of the film, as shown in fig. 2.13(a). Fig. 2.13(b) shows the thickness profile of
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the BST thin film. The masking of the substrate during film deposition over the required
area is required to get proper steps rather than scratching the film after deposition. The

error associated with the thickness measurement of the BST thin film is £10 nm.
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Fig. 2.13. (a) lllustration of stylus profilometer based measurement of film thickness
(b)Thickness measurement result for BST thin films.

2.5.5 Band gap measurement from UV-Visible spectroscopy

In this work UV-VIS-NIR spectrophotometer was employed to characterize the
optical properties like transmission and reflectance of the BST thin films shown in fig.
2.14. The optical properties of thin films play a key role in the quality assessment and
selection of materials for optoelectronic devices. Optical transmittance spectra were
recorded in a JASCO V-570 UV-VIS-NIR spectrophotometer with air as the reference.
The spectral wavelengths are in the range of 190 - 2500 nm at the UV- NIR regions,
respectively. The optical system consists of a double beam system with a single
monochromatic source. A Tungsten halogen lamp is used as the source for wavelengths
>350 nm and a deuterium lamp is used for wavelengths <350 nm.

The transmission mode was used to understand the optical properties of the films
in the electromagnetic field. The transmission spectra of thin film studies show well-

defined oscillations as seen in fig. 2.14(b). The oscillations arise due to the interference
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between film and substrate which confirm the optical quality of the deposited thin films.
The optical band gap is calculated by using the Tauc’s relation [21-23]. The error

associated with the bandgap calculation is 0.02 eV.
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Fig. 2.14. (a) UV-VIS-NIR spectrophotometer (JASCO V-570). (b) Shows the
transmission spectra of BST thin film.

2.5.6 Raman spectroscopy

Raman spectroscopy is a sensitive method for studying purity of phase and the
chemical composition based on their vibrational modes. Raman spectroscopy can be
utilized to reveal the molecular structure of inorganic and organic materials [24]. Raman
spectra in solids arise due to inelastic scattering of the incident light caused by the band
vibration known as phonons or vibrational modes of the medium. Raman spectra consist
of many peaks related to several vibrational frequencies. In complex molecules, it is very
difficult to identify those peaks as several peaks could merge to form complex bands. In
the present study, Raman spectroscopic measurements was carried out using a Raman
spectrometer (Witec Alpha 300) having Nd-YAG laser source with wavelength 532 nm.
The power of the laser beam was adjusted in order to provide a high signal to noise ratio.

Photograph of the Raman spectrophotometer is displayed in fig. 2.15.
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Fig. 2.15. Photograph of the Raman spectrophotometer (Witec Alpha 300).

2.6 Electrical measurements

2.6.1 Leakage current measurement

Leakage current is measured by a ferroelectric test module (TF1000 analyzer,
aiXACCT systems, Germany) shown in fig. 2.16. The system of ferroelectric test TF
Analyzer 1000 is originated to give the facility for different measurements on ferroelectric
materials to investigate its main electric characteristics. The ferroelectric test TF 1000
contains a function generator, an analog input board, and a wide bandwidth virtual ground
amplifier with a driving unit. This system offers hysteresis measurements from 0.1 Hz to
1000 Hz bandwidth depending on the excitation voltage in virtual ground mode.

The leakage current measurement is performed by applying a special step-shaped
voltage waveform to the sample and measuring the current response by the virtual ground

amplifier.
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Fig. 2.16. TF 1000 Analyzer of aixACCT GMBH, Germany for leakage current
measurement.

The current reading is averaged in the region from 70% to 90% of the step time,
giving a precise value for the leakage current. To minimize the ferroelectric contribution
to the leakage current, the duration of each step was set to 5s, as shown in fig. 2.17, which

was large enough to eliminate the effect of ferroelectric switching [25,26].
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Fig. 2.17. Wave form for leakage current measurements [Hysteresis software version

2.4.0.0 user manual, aixACCT GMBH, Germany].

2.7 Device fabrication

The processing steps that were used fabricating test device structures in this work
are 1. Cleaning the films, 2. Photoresist coating on films, 3. UV- Exposure, 4.
Development, 5. Deposition of gold 6. Lift-off. All the process steps in the present work
are performed in the cleanroom. The explanation of various processing steps are given

below.

2.7.1 Test structure fabrication

The schematic of the process of the device fabrication on ferroelectric thin films is
shown in fig. 2.18. Both the devices, Circular Patch Capacitor (CPC) and Interdigital
Capacitor (IDC), are fabricated using the processes mentioned above. The bottom layer
metal is deposited by RF sputtering. PLD is used to deposit ferroelectric layers, and a

subsequent photolithography process is carried for patterning. After device structure
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fabrication by the lift-off process, the test device structures are ready for the microwave

characterization.
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Fig. 2.18. Schematic of the device fabrication process used to fabricate test structures

with ferroelectric thin films.

2.7.2 Circular Patch Capacitor (CPC) fabrication

The schematic (cross-section and top view) of the varactor design is as shown in
fig. 2.19. It has the configuration Au/BST/Pt/Si. The circular patch capacitor (CPC) has
been chosen to design the MIM (metal-insulator-metal) structure because of its simplicity
in fabrication and characterization. It is used for the microwave dielectric property
measurements of BST thin films. Parallel plate capacitors with the circular patch (CPC)
electrodes were fabricated on platinized silicon substrates and gold (Au) as the top
electrode. Lift-off process is used to pattern the top electrode consisting of a central circular

patch surrounded by a concentric ground plane. The schematic cross-section and a
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microphotograph of the CPC structure fabricated are shown in fig. 2.20. The capacitance
C of this capacitor is measured between the inner circular patch and the outer circular ring
using a GSG (Ground Signal Ground) 250-micron pitch probe and a probe station

connected to the Agilent E8361C Vector Network Analyzer [27-29].

S/ b
Pt ( )

(a)
Si

Fig. 2.19. (a) Schematic of the cross section of a Circular Patch Capacitor (CPC) test
structure for microwave measurement of BST thin film on PY/Si,
top electrode: Cr-Au; (b) Top view of the CPC test structure: Centre (80pum)
and outer circle (300um).

In order to perform the microwave characterization, before starting the measurement, a
standard substrate (CS -5) was used to perform the on-wafer calibration using the open,
short and load structures present in the calibration substrate. Then, the scattering parameter
of the one port device (S11) is measured for a specified frequency range, which has already
been calibrated. The measured S11 is transformed into impedance for the test structure,

ZT [31] by using the equation below.

= R4+ X (2.3)

Zr =17 =
T 01 s,

where, Zo =50 Ohm is the characteristic impedance. The capacitance and loss tangent of

the device under test (DUT) can be derived by using,

1 R
C=—— tand=—
wX X
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The microwave dielectric properties were calculated using the following equations.

£ =— (2.4)

ili ~ & Crax —Chi
Relative Tunablllty:gmaX Enin (or) maxC min

max

(2.5)

max

Here, A and d are the capacitor area and film thickness respectively of the capacitor

under test [30-32].

This structure that has been chosen as the bottom electrode does not need to be
patterned, and the etching of BST is not required to expose the bottom electrode for
probing. The outer circular patch establishes virtual grounding with the bottom electrode

when the dc bias is applied as the area of the patch is large.

2.7.3 Interdigitated capacitor (IDC) fabrication

The IDC structure, which was deposited on BST thin films and used for microwave
dielectric measurements, are shown in fig. 2.20. The bottom electrode is not compulsory
for this structure, which requires a higher voltage and shows comparatively lower
tunability. The tunability at microwave frequency is investigated using Agilent E8361C
Network Analyzer and using a programmable voltage source. Voltage is applied to the
IDC test structure through the coplanar waveguide probe. Measured S-parameters are used

to calculate the capacitance of IDC using the following formula [33-36].

o Im[S ]
- 7.£.2, (1+Re[S,1)" +Im[S, T

(2.6)

Where Z, is the characteristic impedance and f is frequency.
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Fig. 2.20. (a) Schematic of IDC structure (b) FESEM image of fabricated IDC.

2.8 Microwave Dielectric property measurements of BST thin films

The S-Parameter measurements of fabricated CPC and IDC employing the BST
films to be characterized were done using a probe station using an Agilent E8361C Vector
Network Analyzer, as shown in fig. 2.21. The devices were probed by Ground-Signal-
Ground (GSG) configuration through the 3.5 mm coaxial cables, and the DC bias voltages
were applied using Bias Tees. The Bias Tee is used to protect the network analyzer from
the high applied voltages. The DC bias was applied to the electrodes (radial stubs) and the
bias lines using DC probes using a programmable voltage source. A full two-port
calibration was performed using the GGB standard substrate (CS10) over 0.5 GHz to 4
GHz. Two types of two-port calibrations, namely i) SOLT and ii) TRL are used based on

the device type and frequency of operation [37-38].
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Fig. 2.21. On wafer probing measurement setup with probe station, VNA and DC voltage

source.

2.8.1 SOLT Calibration

The short-open-load-thru is the most popular calibration method because of high
precision co-axial standards (shorts-open-loads-thru) and they are easy to build. The SOLT
calibration is based on a well-known standard because all the standards ae defined along
the same plane of reference as shown in fig. 2.22b. This standard allows to find out the 12
types of errors as shown in fig. 2.22a. The accuracy of SOLT calibration significantly relies
on the quality of the standard. Even a small deviation of standards can lead to large error.

Furthermore, characterizing SOLT standards at frequencies beyond 20 GHz is laborious.
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Fig.2.22. (a) One port vector calibration for port-1 and port-2 (b) Microstrip
SOLT standards. Dotted line denotes the reference plane [39].

2.8.2 TRL Calibration

The Thru-Reflect-Line (TRL) calibration is based on the transmission line and
simple to understand and easy to fabricate standards. A short length of the transmission
line will act as a “Thru’ and the midpoint of thru will set the electrical reference plane
shown in fig. 2.23. The ‘Reflect’ can be either an ‘Open’ or a ‘Short’. The OPEN operates
over a wider bandwidth than the Short. The characteristic impedance of the ‘Line’ will act

as the reference impedance of the RF system.
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3.1 Introduction

One of the applications for which thin films of ferroelectrics in their paraelectric
state are being researched is for the development of improved tunable devices in the
microwave frequency range such as phase shifters, tunable filters, oscillators, delay lines
etc. This constant focus on ferroelectric thin films is due to the peculiar combination of
piezoelectric and dielectric properties [1-7] in them. The high dielectric permittivity with
low loss at microwave frequencies make BaosSrosTiOs one of the highly studied
ferroelectric material. In addition, it has Curie temperature (Tc) just below the room
temperature. The high tuning speed of about ~10 ns and effective power handling
properties of Barium Strontium Titanate films makes it ideal for varactors in tunable
matching networks development [8-15].

The development of cost-effective and miniaturized lightweight communication
devices (mobile phones, portable radar etc.) is hindered by the need for multi-bandwidth
operation with reduced size. The solution to this problem is to use frequency tunable
devices so that a single device can be made to operate at multiple frequencies. The progress
in achieving this is creditable, and numerous reviews are available on the different aspects
of tunable devices [16, 17].

As discussed earlier the following properties of Barium Strontium Titanate (BaxSr1-x) TiO3

(BST) makes it to the top, as it got

1. Field dependent dielectric permittivity.
2. Low dielectric loss at microwave (MW) frequency range.
3. Ba/Sr ratio induced change in (a) Dielectric constant and (b) Curie temperature.
Furthermore, for the films the properties can alter with the deposition method,
substrates being used and deposition parameters even within the deposition method. The

structure related properties like grain size, structure, orientation and strain can alter with
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the deposition parameters and hence the properties as mentioned above. There are reports
regarding the variation of dielectric constant with thickness [18, 19]. Therefore, it becomes
highly informative to investigate the properties of BST films at different deposition
conditions for purposes of optimization and to correlate measurable properties with

deposition conditions.

This chapter discusses the deposition of Barium Strontium Titanate (BaosSrosTiO3)
thin films by pulsed laser deposition. The substrate used was MgO (100) and the deposition
is carried out at a constant temperature of 750°C and the working pressure is in the range
of 1x10- 1x10* mbar. The oxygen partial pressure is a crucial parameter controlling the
formation of crystalline phase especially the crystallite size. The IDC structures were
fabricated on the films to measure the dielectric properties at microwave frequencies. It is
found that films deposited at low oxygen pressure and high laser fluence show maximum
tunability of 16.5% at 1GHz frequency. Thus, this finding helps to explore the correlation
between crystal structure and dielectric properties at microwave frequencies. Hence, in this
chapter we discuss qualitatively how the conditions of 1x10* mbar pressure and 2 J/cm?

fluence gives better tunability values.
3.2. Deposition conditions

The structure and lattice parameters of the substrate play a vital role in the growth
of the desired material film. In this study, the lattice parameter of cubic MgO (100) is
4.216A. The deposition parameters are the temperature of 750°C and the films were in-
situ annealed for 30 min after deposition in the presence of oxygen. The list of deposition
conditions including oxygen working pressure and laser fluence are summarized in the

table below.
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Table 3.1. Nomenclature and deposition conditions of BST thin film samples deposited

at constant temperature and variable pressure and laser fluence.

BaosSrosTiOz  Temperature Base Oxygen No. of Fluence
Thin films (°C)/deposition  Pressure working pulses/ (Ilcm?)
Sample Codes duration in hour (mbar) pressure Time(hour)

(mbar)
MBST5-001  750/1.30 5x10® 1x10% 20000/1.06 1.4
MBST5-002  750/1.30 5x10® 1x1072 20000/1.06 1.4
MBST5-003  750/1.30 5x10® 1x107 20000/1.06 1.4
MBST5-004  750/1.30 5x10°® 1x10% 20000/1.06 1.4
MBST5-005  750/1.30 5x10°® 1x10% 20000/1.06 2

3.3 Measurement of structural, microstructural and microwave

dielectric properties

3.3.1. X-ray diffraction (XRD) Studies

X-ray diffraction of the films deposited at above conditions (MBST5-001, MBST5-
002, MBST5-003, MBST5-004 and MBST5-005) are given in fig.3.1. The structure and
space group of these films are confirmed after comparing with JCPDS file # 39-1395 and
is identified as cubic with pm3m space group. The films are polycrystalline in nature with

strong reflection along (111) plane.

The XRD patterns corresponding to the samples deposited at higher working
pressure do not show any prominent peaks and are therefore partially crystalline in nature
and 1x10** mbar deposited films are polycrystalline in nature, when the fluence increased
to 2 J/cm? the film growth is observed along (111) direction. In the range of 1x103-1x10°
* mbar the films shown (110) oriented growth but for the films grown at laser fluence of 2
Jlem? the peak has shifted from (110) to (111) which is unique. It is clear that the direction

of crystal growth has changed with increased fluence, and the possible cause of it is
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explained below. The higher degree of crystallinity and crystallographic orientation at
lower oxygen working pressure might be due to the stoichiometric transfer of target
elements to the substrate as the collisions between the atomic species decreases at this
lower oxygen working pressure and higher laser fluence. Also, this set of conditions must
enhance the adatom mobility to enable them to occupy minimum energy positions of the
growing crystal. This kind of energy minimization growth is observed in case of gold and
aluminum. At lower vacuum adatoms can migrate in the surface for sufficiently larger
distance to occupy lowest possible energy states and this leads to film having crystalline
parameter close to cubic phase W. J. Kim [2]. Interestingly the (111) direction grown film
have more tunability of 16.5% compared to the other films. Since (100) oriented films are
known to be more tunable but is not observed here, the higher tunability in (111) films is
an indication of better crystallinity in these films. Similar findings are also reported by
Sung Eon Moon et al [24]. At lower oxygen working pressure stoichiometric transfer from
target to substrate may take place, whereas this stoichiometric transfer reduces at higher
working pressure due to the collision of oxygen ions in the plasma with the ions in transit.
Hence, one can expect more tunability for these films (MBST5-005). From the observation
of diffraction peaks in fig. 3.1, clearly evident that the compressive strain is relaxed with
increase in oxygen working pressure. i.e., the lattice parameter and the unit cell volume is
increased with decrease in oxygen working pressure and it is shown in fig. 3.1 (ii). Thus,
the low oxygen working pressure and high laser fluence conditions are optimized to
develop the unstrained films. Therefore, the unstrained films may be responsible for the

higher tunability of the films.
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Fig.3.1. (i) XRD pattern of BST5 films on MgO substrates. (ii) depicts the variation of

lattice parameter and unit cell volume with oxygen working pressure.

3.3.2 Calculation of Orientation Factor (OF)

The orientation factor and structure ratio values are obtained for MBST5-003, 004
and 005 films from the X-ray diffraction patterns whereas the other two films are only
partially crystalline, therefore their orientation factor is difficult to calculate. The preferred
orientation of each of the films were calculated, which also expresses the texture behavior

of films [25-27]. The orientation factor is given by

21
E = (P—Po) here, p= (abc/ ......... (3.1)
(1_ PO) 2 I(h|(|)

F is defined in connection to a reference plane (a b c) where a, b and ¢ denote the Miller
indices. The texture of films is defined as the ratio between the intensity of a family of
planes oriented along a particular direction to that of sum of intensities of all reflections
[25]. Where Py is the texture of the target material. In the present case we have the

diffraction pattern in 20° - 60° range for both target and for the above deposited films.
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Table 3.2: The values of average crystallite size, texture ratio, orientation factor and

tunability (%) for BST5 films

Average Texture Orientation Tunabilit

crystallite Ratio Factor(F) (%) y
Sample code  size(nm) £3nm  (P/Po) °
MBST5-003 28.65 1.619 0.101 7.5
MBST5-004 30.15 1.866 0.122 8.8
MBST5-005 31.28 2.584 0.295 16.5

3.3.3 Microstructural studies by FESEM

The microstructures of MBST5-001 to MBST5-005 are given in fig.3.2. It is clearly
evident that the oxygen working pressure has changed the microstructure of the films
drastically. In particular the grain size is increased with the reduction of oxygen working
pressure. The avg. grain size of films at a magnification of 200 nm are plotted for each
film as histograms and inserted as insets in fig. 3.2. The avg. grain size of 70, 110, 140,
170 and 220 nm is obtained for MBST5-001, 002, 003, 004 and 005 films respectively.

The films have uniform surface morphology. Thus, it is clear that these conditions are

suitable for the nucleation process.
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Fig.3.2: The FESEM images of BST5 films grown on MgO substrates (a) MBST5-001
(b) 002, (c) 003, (d) 004 and (e) 005 and (f) The cross-sectional image of
MBST5-005.
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3.4 Dielectric studies at microwave frequencies
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Fig.3.3 Variation of capacitance with frequency for MBST5-003, 004 and 005 films for
IDC structures derived from data measured by VNA (vector network analyzer) at
two different voltages namely 0 V and 75 V.

The high dielectric constant of films can change in the range 300-700 with the
composition ratio, with lower losses at microwave frequencies. The paraelectric phase
makes it more suitable for frequency agile devices [28]. The external DC bias dependent
permittivity leads to tunability and is defined as

C(0)-C(E)

Tunability (%) = )

=x100

Where C(0) is dielectric capacitance at DC bias of zero and C(E) is the dielectric
capacitance at DC bias of E. It quantifies the change in permittivity with bias field. For

BSTH5 films, gold IDC structures were fabricated as top electrodes so that their tunability
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can be measured by applying a DC electric field. The obtained S parameters were used in

the calculation of capacitance using the following formula [29].

.. Im[S_]
7.2, (1+Re[S,])’ +Im[S,T

Where f is frequency and Z, is the characteristic impedance.

The capacitance and tunability of BST5 film on MgO substrate at bias voltage of
0V and 75V are given in fig. 3.3. The maximum tunability of 16.5% at 1GHz is obtained
with an IDC structure with bias voltage of 75V for MBST5-005 film. (i.e. the film grown
at low oxygen working pressure and high laser fluence of 2J/cm?). The partially crystalline
films (MBST5-001 and 002) data is not given in table 3.2 and have shown the lowest
tunability of 1-2% only. The vital point to note here is that the capacitance measured do
not show frequency dispersion, which is more suitable for device applications. This is the
consequence of the crystalline nature of the films and therefore one can claim that highly
crystalline and crystallographic orientation acquired film may exhibit better dielectric
tunability. U. Ellerkmann et al. [30, 31] studied the film thickness effect on dielectric
properties. The findings suggest that there is interconnection between thickness and
microwave dielectric properties. It is visible in Table 3.2 that increased crystallite size of
the film leads to better tunability. The films MBST5-001 and MBST5-002 show lower

tunability values and they are poorly crystalline also.

Eventhough MgO offers itself as a tensile substrate above certain critical thickness
(50 nm), BST films are reported to show compressive misfit strain because of cumulative
effect of thermal stress and misfit tensile stress relaxation as it is cooled after film
deposition [32]. Seung Eon Moon [24] investigated the dielectric properties of epitaxially

grown BST thin films and found a strong depence on orientation of substrate and film.
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Hence the difference in capacitance observed in our case could be attributed to this
anisotropic nature of BST thin film oriented in different directions. Our observation is
aligned with W.J Kim [2] whose studies on tetragonally distorted BST thin films have
shown a monotonic increase in dielectric properties and quality factor for films deposited
in oxygen pressure of 50 mTorr to 1000 mTorr. At low oxygen pressure, substantial
number of oxygen vacancies are present, and this increased number of vacancies leads to

formation of defect dipole and ionic polarizability and hence the increased polarizability
3.5. Conclusions

In conclusion, BST5 thin films were deposited on (100) MgO substrates using well
known PLD technique at different oxygen working pressures. The deposited films were
found to vary from semi crystalline to completely crystalline states. With increasing
oxygen partial pressure, the film’s lattice parameter and unit cell volume decreased. The
average crystallite size, texture ratio and orientation factor were extracted from XRD
patterns. The tunability of the films with fabricated IDC test structures at microwave
frequencies have been measured by applying dc voltage (0-75 V). The (111) direction-
oriented films showed a maximum of 16.5% of tunability at 1GHz frequency, while the
films that were grown in other directions showed very low tunability values. The (111)
oriented growth is obtained for the deposition conditions of 2 J/cm? laser fluence and lower
oxygen working pressure of 1x10* mbar. Since T¢ of BST5 is near to room temperature,
the interface (substrate-film) will induce strain in the film at room temperature and this
strain may play a crucial role in pseudo cubic phase formation. It is also concluded that the
films with more tunability have higher orientation factor values. The films with higher
orientation factor might have formed large number of aligned distorted octahedra and this
can lead to enhanced macroscopic polarization in the films. Thus, the tunability of films

are correlated with microstructural and structural aspects of the films.
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4.1. Introduction

BST material is under continuous exploration for the past 3 decades, and it is due
to the application of this material in devices like electro-optic modulators, and tunable
microwave devices [1-8]. BST is known for its high tunability, high dielectric constant and
low loss in the microwave frequencies [9-16]. Several thin film depositions techniques are
used for the development of BST thin films [16-21]. There are several reports which claim
that the properties of these materials are affected by oxygen vacancies, grain size, and
thickness of the film, etc.[22-25]. The RF sputtering and chemical vapour
deposition (CVD) techniques are well known for developing large area thin films, as the
large area films got good application potential. However, the films grown by RF sputtering
have disadvantages due to its low deposition rate and poor oxygen stoichiometry while
CVD uses hazardous organic gases as precursors. [26-31]. The pulsed laser deposition
(PLD) technique is an alternative to overcome these difficulties as the laser target
interaction transfers the same stoichiometry of target to the substrate [30-31]. However,
the stoichiometric transfer of target elements to the substrate is only possible after the
complete optimization of deposition parameters such as target substrate distance, laser
fluence, oxygen working pressure, etc. [32-35]. The optimization of these parameters
results in the development of strained films, which results in changes in morphology,

optical and dielectric properties of the films [36-39].

In particular, Wang.et.al reported for BST that varying oxygen pressure resulted in
a change in dielectric properties, and films that are deposited at 0.001 mbar oxygen
pressure have smoother surfaces and lesser O2 vacancy [40]. The main aim of this chapter
is to study the influence of laser fluence on the optical and microwave dielectric properties

of BST films. Here we considered the films of Bao.sSro4TiOs (BST6) compound for the
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investigations and studied the effect of deposition parameters on microstructure,

microwave dielectric and optical properties.

Thus, in this chapter, BST6 films were deposited by PLD at a constant working
pressure and changed the laser fluence. XRD confirms the Phase of BST6 films and the
strain is calculated using XRD patterns. The microstructure, strain and lattice parameter
calculations were cross checked by HRTEM. The Tauc plot is used for the calculation of
bandgap from transmission spectra in the range of 190-2500 nm. The films with good
microstructural and optical properties used for the microwave dielectric property

measurements by circular patch capacitor (CPC) method.
4.2 Experimental details

The PLD system has a KrF laser of wavelength 248 nm and a pulse duration of 20
ns with rep rate 5 Hz. The Bao.sSro.4TiOs (BST6) films were deposited by this PLD system
in a spherical chamber. The chamber is evacuated to a base pressure of 5x10° mbar and
then filled with Oz to a working pressure of 8x10° mbar in order to overcome the O
deficiency in the material. A 5 cm distance was maintained between the target and
substrate. The total process of deposition and annealing was carried out at 700°C

temperature in the presence of O, for 1lhour.
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Table 4.1. The deposition conditions used for Bao.sSro.4TiO3 thin films on a fused silica

substrate with an oxygen working pressure of 8x10- mbar. 10,000 pulses of

laser shots are used with fluences as given in the table.

Bao.eSro.4TiOz thin film Sample Codes

Fluence (J/cm?)

(a) BST6-01
(b) BST6-02
(c) BST6-03
(d) BST6-04
(€) BST6-05

1
1.2
14
1.8
2

The Laser fluence was optimized for good microstructure and optical properties on

platinum-coated fused silica substrates. On the optimized films, Circular Patch Capacitors

(CPC) were fabricated for microwave measurements using an on-wafer probe station with

a Ground-Signal-Ground probe of 250 um pitch using an Agilent E8361C Vector Network

Analyzer (VNA).

4.3 Results and discussions

4.3.1 X-Ray diffraction analysis

The XRD patterns of BST6 films deposited on fused silica substrates, at different

laser fluence values are shown in fig. 4.1. By matching with the standard JCPDS card no

(file # 34-0411), the phase formation is confirmed to the cubic phase with a space group

of Pm3m. The XRD pattern in fig. 4.1 reveals the polycrystalline nature of the films.
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Fig.4.1. (a) XRD patterns and (b) lattice parameter and unit cell volume of the BST6

films deposited at various laser fluences.

From the XRD patterns, it is clear that as the laser fluence during deposition

increases, the crystalline nature of films are increased. The minimum laser energy is

required to create plasma of target material, which in turn deposited to the substrate to

make thin films. The high energy guarantee excess energy transfer to the target material.

With an increase in laser influence, more energy is incident on the target material. With

more energy available on the target for the incident ions will result in the increase in kinetic

energy of adatoms which will lead to better crystallization. Also, the films have developed

a strain in them, which increases with laser fluence and it is evident from the shift of XRD

to lower angles and hence increased lattice parameters and unit cell volume. With

increasing laser fluence, the lattice parameter value reached a value corresponding to that

of unstrained films.
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The crystallite size, strain and diffracted angle are related by the following equation in

Williamson-Hall method.

Bcosh =

0.944

DH

+ 4esind.

where Dwn = avg crystallite size, e = strain in the crystal and B is the full width at half

maxima.The crystallite size obtained by above equation by ploting BcosO vs 4esinf as

shown in fig. 4.2..
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Fig. 4.2. W-H plots of BST6 films grown at different laser fluence.
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The crystallite size is calculated by Williamson-Hall method as shown in fig. 4.2.
The variation of crystallite size and strain with laser fluence are plotted in fig. 4.3. The
crystallite size has increased from 30 nm 59 nm as the laser fluence increases from 1 J/cm?

to 2 J/cm?.
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Fig. 4.3. (a) Crystallite size and (b) Strain of BST6 films deposited at different laser

fluence.

4.3.2 Microstructure

The morphological and microstructural studies of these films were carried out by
FESEM. As the laser fluence used for deposition increases, the grain formation can be
observed. From fig. 4.4, it is clear that up to 1.2 J/cm? fluence, the surface morphology is
smooth, and as the fluence reached to 1.8 J/cm?, it shows the grain formation and finally,
for the fluence of 2 J/cm?, it clearly shows the agglomerated cluster formation. Thus, the
high fluence condition during deposition is supporting the grain growth and nucleation
process. The grain size is obtained 70 nm and 130 nm for the films deposited at 1.8 J/cm?

and 2 J/cm? laser fluence as shown in fig. 4.4.
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Fig.4.4. Microstructure of different BST6 films grown at different laser fluence.

4.3.3 Structural studies by Transmission Electron Microscopy (TEM)

The TEM studies are also carried out for these films. In fig. 4.5(a)(i-v), the bright-field
images of samples are shown. It is clearly seen that the crystallite size increased as the
fluence of laser during deposition increases, however the crystallites are of irregular shape.
Fig 4.5(b) shows the HRTEM images of the films. For all samples(i-v), the HRTEM

images gives (110) oriented crystallites and the d spacing is in the range of 2.72- 2.79A.
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Fig. 4.5. TEM images of BST6 films grown at different laser fluence(a) Bright field
images (b) HRTEM and (c) Selected area diffraction (SAED) patterns.
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The crystallite size obtained from W-H plots are compared with that obtaibned using
the TEM data. The crystallite values obtained by both methods are given in Table 4.2 and

they are in close agreement.

Table 4.2. Crystallite size from XRD and from WH plot along with strain for films
deposited at different laser fluence.

Laser Crystallite size | Crystallite size Strain
Sample code Fluence XRD (nm) TEM (nm) X102

(Jlcm?) 3nm +3 nm
(a) BST6-01 1 30 31 2.58
(b) BST6-02 1.2 35 34 2.98
(c) BST6-03 14 47 44 3.55
(d) BST6-04 1.8 48 48 37
(€) BST6-05 2 58 57 4.13

4.4 Optical properties
4.4.1 UV-Visible Spectroscopy - Bandgap studies

The transmission spectra of films deposited at various fluence are shown in fig.
4.6(a). Figure 4.6(b) shows the Tuac’s plots for all these films. The band gap values of
these films have decreased from 4.45 eV -3.62 eV with increase in laser fluence during

deposition and fringes have changed drastically in the transmission spectra.
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Fig.4.6. (a) Optical transmission and (b) (aAv)?vs hv plots of BST6 films.
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The Tauc’s relation is,
1
ahd = A(h9 — Ej ) (4.1)

where hd is the photon energy, A is a constant, 9 is the frequency and « is absorption

coefficient. Thus,

_in(p)

“=

(4.2)

where T is transmittance and d is the thickness of film.
The ho Vs (ahd)?is plotted in fig. 4.6(b) and fitted by eq (4.1)

The variation of bandgap energy with laser fluence is given in fig. 4.7. The high
fluence grown films are crystalline and they shows sharp rise in absorption, whereas the
partially crystalline films do not. The partially crystalline films have states in-between

band gap and hence there is no sharp rise.

The band gap of the films decreases from 4.45eV to 3.62 eV as the laser fluence increases
from 1 J/cm? to 2 J/cm? respectively [46-50]. Thus, the bandgap values indirectly hints that
the crystallization is taking place. For insulator band gap is more than 3 eV and here films
deposited at lower laser fluence are not fully crystalized and may have amorphous regions.
This is due to the states associated with numerous non stoichiometric phases in the partially

crystalline films.
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Fig. 4.7. Optical band gap values of BST6 films deposited at different laser fluence.
4.4.2 Raman spectroscopy

Raman spectroscopy is one of the best techniques to study ceramic materials even
in their thin films. It comes under the inelastic scattering process. The vibrational modes
will be Raman active when they affect the polarizability of the dipoles. The Raman spectra

of the above films are taken at ambient and are given in fig. 4.8.
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Fig.4.8. Raman spectrum of BST6 films showing improving crystallinity with increase in
laser fluence during deposition.
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The substrates used for film deposition are Raman inactive and amorphous.
Therefore, they do not give any additional contribution to the Raman modes of BST6 films
[51,52]. Phonon modes are observed at 260-300, 480-575 and 800-805 cm™ for the films
deposited with 1, 1.2 & 1.4 J/lcm? laser fluence, while the films that are deposited with

laser fluence of 1.8 & 2 J/cm? have dominant modes.

The increase in Raman mode intensity with an increase in laser fluence during
deposition, clearly supports that crystallization of films happens at higher laser fluence. It
is also observed that the Raman modes shift to lower frequency and it indicates the

presence of increased strain in the films with increasing laser fluence [53-57].
4.5 Microwave Dielectric properties

The BST6 ferroelectric thin films are deposited on the Pt-coated fused silica by
pulsed laser deposition at the optimized conditions. A Circular Patch Capacitor (CPC) is
fabricated on the films for microwave dielectric property measurements. The Au top
electrode of 150 nm thickness was patterned by photolithography [58-61]. An Agilent
E8361C Network Analyzer with a probe station is used to carry out the microwave
measurements on the fabricated CPC structure. The dc bias applied is changed, and the S-
parameters are measured over 0.5 - 4 GHz frequency range. The variation of capacitance

and dielectric constant from V= 0to V = 35 V volts are shown in fig. 4.9 (b)-(c).

The measured results showed that the films deposited at optimized condition of
2 Jiem? laser fluence exhibit good Microwave Dielectric properties. The thickness of the
metal electrode of the CPC has been low compared to that of skin depth, and therefore the

loss values obtained are higher which a combination of both material and metallic losses.
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Fig.4.9. Microwave Dielectric properties of 2 J/cm? laser fluence grown BST6 thin films.
(@) Schematic top and cross-sectional view of CPC test structure made on BST6
films. (b and c¢) Capacitance and dielectric loss (tand) variation with frequency.

In the figure plotted above resonance peaks starts appearing once a DC bias is
applied across the capacitor. This resonance peak is due to the dc field induced
piezoelectric effect caused by electrostriction in BST6. With increase in dc bias field the
intensity of the resonance also increases. In case of the paraelectric BST6, unlike a
piezoelectric material, there is no spontaneous polarization (Ps= 0) and the polarization is
due to the applied dc field. Since the DC field applied is much stronger than the AC field,
the polarization due to DC field is much greater than that of AC field i.e. Poc>>Pac and

the strain and induced polarization relation [62] is given as below:
S = QPpc?+(2QPnpc) Pac, Q is electrostriction coefficient.

This relation is characterized by the DC bias dependent effective piezoelectric coefficient

Opc=2QPpc. Hence the polarized paraelectric BST6 when under the AC field acts like a
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piezoelectric material converting the electrical oscillations into acoustic wave. Hence
paraelectric thin films like BST6 can be used in designing acoustic wave resonators and

filters which have additional functionality of being switchable and tunable [62].

Tunability is the characteristic property that gives a change in dielectric constant

when the voltage is applied across the film.

It is defined as below

CO-CE), 199

Tunability (%) = )

(4.3)

where C(E) and C(0) are the dielectric capacitance values at non-zero and zero dc
electric bias field respectively. By the above formula, a tunability of 56% is obtained at 1
GHz frequency for the BST6 films deposited at 2 J/cm? fluence. The dielectric constant of

film is around 284 at 1 GHz frequency.
4.6 Conclusions

In summary, a systematic study on the effect of laser fluence (or) laser energy
density on structural, microstructural and optical properties of polycrystalline BST6
ferroelectric thin films deposited by Pulsed Laser on fused silica substrates are
systematically studied. In particular, the microstructural studies have confirmed that
the films are composed of nano-sized grains. The structural and Raman studies indicate
that the films are of single phase in nature and also the strain values obtained by
Williamson—Hall method are in agreement for XRD and TEM studies. The optical
properties like bandgap is calculated by the Tauc plot using transmission spectra and it
is well correlated with structural and micro structural properties of BST6 thin films.
The microwave tunability of well crystallized BST6 thin films is found to be 56% at 1

GHz.
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Chapter-5

Crystallization of BST thin films using
laser irradiation at 300°C
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5.1 Introduction

Laser annealing is a well explored technique for silicon technology, since 1980. In
those years exploration was to grow low-temperature, poly-silicon species for thin film
transistor-liquid crystal displays [1-2] which are commercially used in present day flat
screen monitors. Recently, this technique is applied on oxide ferroelectric (FE) thin film
material systems as well. Many research groups from all over the world are investigating
the suitability of laser annealing for this application as it got the potential to integrate them
with Si technology by lowering the average process temperature. Their investigation focus
on identifying different ferroelectric materials suitable for bringing different functionalities
into silicon. This includes various application fields like memory devices, tunable
microwave devices and microelectromechanical systems (MEMS) etc. Laser annealing of
various types of ferroelctric thin films such as PZT, PLZT, BZN, LMO, ZnO, BST are

reported by research groups from around the world [3-20].

Specifically, S.T. McKinstry’s group from Penn State, USA, are involved in
studying low temperature crystallization of PZT and PLZT ferroelctric thin films
employing laser irradiation. In general, ferroelectric thin films, which are crystallized at
high temperatures (~700°C) have best functional properties, but limited device
compatibility even in Si (integration to polymer and flexible substrates is excluded) [21,
22]. The integration of ferroelectric thin films onto polymers or on integrated circuits
requires lower crystallization temperature (ideally near room temperature). Therefore, this
IS a process to integrate new functionalities in Si and possibly onto polymers which in turn
might be able to bring out new sensors at lower cost [23]. One such prominent ferroelectric
material that has been used extensively is Barium Strontium Titanate (BST). BST thin
films are processed at higher temperatures of about 700°C. Integrating the BST thin film

devices with the system-on-chip (SoC) opens up a whole new level of system capabilities.
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The main bottleneck of integrating BST with SoC is that the process temperature of BST

is too high. Hence it is worth exploring low-temperature processing of BST [24-26].

This chapter reports the optimization process for obtaining laser crystallization of
amorphous thin-film of BaosSrosTiO3 (BST5) by using KrF excimer laser of 248 nm. The
ceramic target of BST5 is used for deposition of BST5 thin films by using pulsed laser
deposition technique on fused silica (FS) substrates and are found to be amorphous in
nature, when the deposition temperature is 300°C. Laser annealing processes are conducted
at 300°C temperature with different optimizing parameters like number of laser pulses,
energy density, and pulse repetition rate on the samples deposited at 300°C. To confirm
crystallization of BST5 thin films after applying laser pulses, the phase, microstructural,
vibrational and optical response are acquired and analysed. The experimental
characterization techniques like X-ray diffraction, Field Emission Scanning Electron
Microscope, Raman, UV-Vis-NIR spectroscopy, and transmission electron microscopy
respectively are used. The results are compared with conventionally deposited BST thin

films deposited at 700°C.

5.2. Experimental
5.2.1 Deposition of BST5 thin films

The BSTH5 thin films are deposited at 300°C and 700°C respectively on amorphous
fused silica substrate by pulsed laser deposition (PLD) system. KrF Excimer laser of wave
length 248 nm (Coherent-Compex Pro 102 F) with 5 Hz repetition rate is used. The
deposition process of BST5 films are carried out in a spherical chamber (Excel
Instruments, India). The chamber is evacuated to 5x10° mbar using turbo pump backed
by mechanical pump. The chamber pressure is brought to 8x10 mbar by introducing

oxygen for deposition of thin films. The distance between the target and substrate is
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maintained at 5 cm. The depositions are carried out at constant oxygen working pressure
and laser fluence of 2 J/cm?. After deposition, the BST5 thin films are in-situ annealed for
30 min. in the presence of oxygen. Table 5.1 shows the deposition conditions of BST5
films. The thickness of 600 nm is chosen for the case of laser annealing, because in the
conventional BST5 thin films it was found that films thinner than this value is prone to

shorting under dc biasing conditions.

Table 5.1: Deposition conditions of BagsSrosTiO3 films

Samples Oxygen | Substrate | Repetition | Thickness | No.of | Laser
code pressure | Temp. Rate (nm) 6 counts | fluence
(mbar) (°C) (Hz) nm (Ilem?)
From
FESEM
BST5-300 | 8x103 300 5 600 10000 |2
BST5-700 | 8x103 700 5 600 10000 |2

5.2.2 Laser annealing of BaosSrosTiO3 thin films

The laser annealing conditions of BaosSrosTiOs thin films that are used for studying
the annealing process by varying different parameters like number of pulses, energy
density and repetition rate. The laser annealing of these films is carried out by KrF Excimer
laser of 248 nm wavelength. The deposition and laser annealing processes of BagsSrosTiOs3
films are carried out in two different spherical chambers (Excel Instruments, India), one
for deposition with focused laser beam and the other with an expanded beam for laser

annealing.

Laser annealing is carried out inside the annealing chamber at 300°C temperature
(Figure 2.9). The amorphous BST5 thin films are positioned well on a clean metallic
surface. Excimer lasers with KrF gas is used, which delivers excitation wavelength of 248
nm. The pulse length is estimated to be 20 ns (at 248 nm) by using a Gaussian fit of the
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pulse shape. The average area of irradiation of the film at a typical energy density of 60
mJ/cm? is about 1 cm?. The laser energy values are measured using energy meter (tolerance
of about £5%). The pressure conditions for the chamber are kept similar to that of the

deposition process.

5.3. Results and discussions

5.3.1 Effect of pulse counts

For optimization of laser annealing process to get a crystallized thin film, the first
parameter considered is the pulse count. Table 5.2 gives the sample names and conditions
with different laser pulse counts. Each of these samples are investigated and summarized

in the following section.

Table 5.2: Laser annealing conditions of BaosSro5TiO3 thin films

BaosSrosTiOz thin | No. of | Deposition/ | Deposition/ | Rate of Energy
films Laser | Annealing | Annealing | repetition | density
Samples code pulses | temperature | pressure of pulses | (mJ/cm?)
(°C) (mbar) (HZ)

(@) LA 300 FS -50 50 300 8x103 5 60
(b) LA 300 FS -250 | 250 300 8x102 5 60
(c) LA 300 FS -500 | 500 300 8x10°® 5 60
(d) LA 300 FS -1000 | 1000 | 300 8x10°® 5 60
(e) LA 300 FS -2000 | 2000 | 300 8x102 5 60
(f) LA 300 FS -3000 | 3000 | 300 8x10°® 5 60

I. Phase and structural analysis

The structural properties and phase of the films were studied by Grazing Incidence
X-ray diffraction (GI-XRD-Bruker D8 Discover) at 40 kV and 30 mA with a Cu Ka
radiation source of wavelength ~1.5406 A. The XRD pattern of BST5 films on amorphous
fused silica deposited at 700°C and 300°C temperature with constant fluence and oxygen
working pressure are shown in fig. 5.1(a). The as-deposited films on FS substrates
deposited at 300°C are designated as ADF 300FS and the same deposited at 700°C are

designated as ADF 700 FS.
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X-ray diffraction patterns of the BST5 films after laser irradiation with 50, 250,
500, 1000, 2000 and 3000 pulses each of 60 mJ/cm? energy density, are shown in fig.
5.1(b). This result indicates signs of crystallization appearing at around 250 pulses, and as
the pulse count increases the intensity of the XRD peaks also increases. The XRD pattern
of the laser annealed BST5 films with increasing no. of laser pulses shows an increase in
crystallinity and a corresponding increase in the peak intensity of reflection from different
crystal planes. Similar structural results with laser annealing of ferroelectric films is
reported elsewhere [14,15,27-29]. Also, the diffraction peaks of the BST5 films get shifted
to lower diffraction angles with increasing no. of laser pulses, which indicates an increase

in lattice parameter and unit cell volume [30,31].

The variation of crystallite size with laser pulses is calculated using the Debye
Scherrer method as shown in Table.5.3. It is clear that the crystallite size increases with
no. of laser pulses from 250 to 2000 and decreases for 3000 pulses. Based on these
observations presented in Table 5.3, it is confirmed that the use of 2000 no. of pulses is

favorable for crystallization of films than other cases.
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Fig. 5.1. X-ray diffraction pattern of BST5 thin films (a) Deposited at 700°C and 300°C
(b) Films on FS substrates deposited and laser annealed at 300°C with 50, 250,
500, 1000, 2000 and 3000 number of annealing pulses.
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Table.5.3: Crystallite size and Grain size values of BST5 thin films grown on FS and
laser annealed at 300C with different number of laser pulses.

(BST5) Counts . Grain size
Thin film (or) Crystallite | (,;m) from
Samples code | No. of Laser | Size (D-S) FESEM
pulses (nm) £2 nm
@ 50 - -
®) 250 19.2 0.51
©) 500 24.61 0.55
(d) 1000 26 0.79
@) 2000 271 101
) 3000 23.08 0.48

Il. TEM Analysis

The TEM studies for ADF 300 FS and ADF 700 FS are carried out and the results
are shown in fig. 5.2. It can readily be seen that the former remains amorphous while the
latter gets crystallized into a polycrystalline film. ADF 300FS are laser annealed with laser
pulses of 60 mJ/cm? energy density using 50, 250, 500, 1000, 2000 and 3000 pulses at
300°C (LA 300FS -50 to LA 300FS- 3000 respectively) and their bright field TEM images
are given in fig. 5.3(i)a-(vi)a. It is clearly seen that the crystallization started from 250
pulses, and the crystallite size increased as the number of laser pulses increases. Also these
evolved crystallites are of irregular shape embedded in a background of amorphous matrix.
Fig. 5.3 (i)c—(vi)c shows the HRTEM images of the films, the HRTEM images are with

(110) lattice fringes of BST crystal and the d-spacing is in the range of 2.72-2.79A.
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(i) ADF 300 FS

Fig. 5.2. The images in columns (a) (b) and (c) shows the TEM Bright field, selected area
Diffraction (SAED) and HRTEM patterns of BST5 thin films respectively.
(i)ADF 300 FS (ii) ADF 700 FS.

From the SAED pattern it confirms the polycrystalline nature for laser irradiated
films, which are annealed with 250 to 3000 pulses. These spot diffraction patterns are
originating from many small grown nanocrystals as source of diffraction (Fig 5.3 (i)c—
(vi)c). The recorded SAED pattern ring diameter matches well with standard JCPDS card
no (file # 39-1395) supporting localized BST5 structural growth at all no. of laser pulses
applied in the present study. Similar TEM microstructural evolution of ferroelectric films,
under conventional and laser annealing cases are reported elsewhere [27,28,32-34]. The
crystal structure examined by HRTEM and SAED measurements shows that the LA300FS-
250 films consist of nano-size crystallites with dimensions of about 7-12 nm. However,
LA300 FS-2000 films give densely packed crystallites as can be seen from the HRTEM

shown in fig. 5.3 (v)-c.

107



()50 pulses

210)e——ror

(200) ’
100)—————

N
(110)— S =

11y S

P § ) Jee——
(210)e—
(200) ——
A10)———

11)——— T

(@2 § § R —

210)0—m——

(110)—

(111)es [ oo

10— L

(100)e—— =

um)-———' c

200)
(|||)._I__ -

Fig. 5.3. (i)-(vi) TEM images of BST5 films laser annealed with different laser pulses
(a) Bright field images (b) Selected area diffraction (SAED) patterns and
(c) HRTEM.
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I11. Microstructure properties

The morphology and surface microstructure of the BSTS films are observed by
FESEM. The microstructure and cross-sectional SEM of the as-deposited BST thin films
deposited at 300°C (ADF 300 FS) and films deposited at 700°C (ADF 700 FS) are shown
in the fig. 5.4. ADF 300 FS films are microstructurally smooth, thereby indicating their
amorphous nature. Fig. 5.5 gives the FESEM images of the LA 300FS -50 to LA 300FS-
3000 films that are laser annealed at 300°C with a laser energy density of 60 mJ/cm? with
50, 250, 500, 1000, 2000 and 3000 number of pulses respectively. At no. of laser pulses of
50, the films are smooth surfaced. As the no. of laser pulses increased to 250, the FESEM

images of BST5 film shows evolution of fine grains.

These observed fine granular structures suggest the crystalline phase evolution,
when irradiated (Fig. 5.5) with 250 shots of laser pulses and higher. As shown in the
micrographs, grains were formed uniformly in the BST thin films which were irradiated
with 250, 500, 1000, 2000 and 3000 number of pulses. The grains have further grown with

increasing number of laser annealing pulses as seen by other workers [14,16,35].
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Fig.5.4. FESEM images (a, c) and Cross-sectional SEM (b, d) of ADF 300 FS and ADF

700 FS.

Finally, when the laser pulses reach 2000, FESEM image of the films exhibits
different grains with varying sizes as shows in fig. 5.5 histogram. The appearance of
well-defined grains at 2000 pulses shows the onset of a favorable condition for
nucleation and grain growth in these films. The microstructure of the ADF 700 FS and
the Laser annealed film deposited at 300°C with 2000 pulses (LA 300 FS-2000) show
that both are dense films with clear grains (smooth surfaced). The surface morphology
of LA 300 FS-2000 is smoother with least void and cracks in between clusters, thereby
qualitatively better for electrical measurements [36], possibly with better breakdown

strength.
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IV. Optical properties:
A. Raman studies

The Raman spectra of the BaosSrosTiOs (BST5) thin films are recorded at room
temperature (RT). BST5 laser annealed samples LA 300FS -50 to LA 300FS- 3000 are
plotted in fig. 5.6. The fused silica amorphous substrates are Raman inactive based on their
crystal symmetry, therefore will have no contribution to the film Raman signals. The
observed phonon modes are located at around 260-300, 480-515 and 800-805 cm™
respectively. These are for BST5 thin films annealed with no. of laser pulses of 50, 250,
500, 1000, 2000 and 3000. However, the observed dominant phonon modes are in the
range of 180-186, 260-282,520-535 and 720-740 cm™ for the BST5 conventionally
crystallized films [37-43]. Clearly a blue shift of phonon modes occurs for laser annealed
films, suggesting evolution of crystallinity and the state of strained crystallites constricted
by amorphous matrix around. From the comparison of these observed Raman modes of
BSTH5 thin films after laser annealing with increased laser pulses; it can be inferred that the
observed Raman modes for films annealed with lower number of laser pulses are relatively
less intense than that of the films annealed with higher number of laser pulses. That is, as
the number of annealing laser pulses increases, the phonon mode intensity increases. These
observations of Raman spectra suggest that at 2000 pulses, laser annealed films exhibited

better crystallinity than that for both higher and lower number of annealing pulses.
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Fig.5.6. Raman spectra of BST5 thin films annealed with different no. of laser pulses in
comparison with in-situ crystallized films and as deposited films.

B. Band gap studies

The measured transmission spectra for laser annealed films in the wavelength range
of 190-2500 nm are shown in fig. 5.7 (a). These films are transparent in the visible and
near-infrared regions. All these films have sharp absorption edge around 300 nm, and
which is used to determine the optical band gap [44-46]. A substantial change in the
interference fringes of transmission spectra can be seen with increased no. of annealing

laser pulses.

The optical band gap is calculated by using the Tauc’s relation.
1
ahd = A(hY — E;)? 5.1
Where A is a constant, hd is the photon energy, ¥ is the frequency and the absorption
coefficient a is given as,

@

2
p] 5

a
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Where, d is the thickness of the film, and T is transmittance.

The (ah9)? Vs hd is plotted (Fig.5.7 (b)) and fitted using equation (5.1). The
calculated band gap values for films that are laser annealed with different no. of pulses are
shown in Table. 5.4. From the Tauc plot (Fig. 5.7 (b)), it is clear that the band gap of the
films decreases from 4.58eV to 3.86 eV with no. of laser pulses increasing from 50 to 2000
respectively. Thereafter for 3000 pulses a reverse trend is observed. The decreased band
gap is a well-known consequence of crystallization of thin films [31,47]. It could be noticed
that annealing with 2000 pulses show bandgap value approaches close to that of
conventionally crystallized BST5 films. Hence it is considered as optimal. The band gap
of thin film depends on various factors like crystallite size, grains size, lattice parameters
and lattice strain and film thickness [52]. Here we obtained crack free large grain high
quality thin film for 2000 pulses. If we further increased no. of pulses because of higher
thermal stress the films undergoes display visible cracks and forming smaller grains size
as shown in fig. 5.5(g). This leads to the observed decrease in bandgap above 2000 pulses

[31,47].

Table.5.4: Bandgap values of BST5 thin films annealed with different number of laser

pulses.
BST5 thin films | No. of Laser pulses Band gap
Samples code (eV)
+0.02

ADF 300 FS As deposited at 300°C | 4.58
LA 300 FS -50 50 4.53
LA 300 FS-250 250 4.46
LA 300 FS-500 500 3.96
LA 300 FS-1000 | 1000 3.91
LA 300 FS-2000 | 2000 3.86
LA 300 FS-3000 | 3000 3.93
ADF 700 FS As deposited at 700°C | 3.54
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5.3.2. Laser annealing: Effect of pulse repetition rate
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Fig. 5.8. Effect of pulse repetition rate on laser annealed films (i) XRD pattern for films

annealed at 5 and 10Hz. (ii) Corresponding optical spectra (a) Transmission
spectra (b) Plots of (ahv)? vs. hv.

Table 5.5: Effect of pulse repetition rate during laser annealing.

Rep. | Energy Deposition/ | No of | Film Band Crystallite

Rate | density | Annealing | pulses | Thickness | gap+ size

(Hz) | (mJ/cm?) | temperature (nm) 0.02eV | £2nm
°C)

5 60 300 2000 | 600 3.86 27.1

10 60 300 2000 | 600 3.82 28

As per the above laser annealing results (see Table-5.3& 5.4) with varying number
of laser pulses used for annealing, it is observed that 2000 pulses will yield the optimized

crystallization. Thereby, now the 2000 pulses and 60 mJ/cm? energy density are kept
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constant. Next the effect of variation in pulse repetition rate (i.e. 5Hz and 10 Hz) is
investigated. Fig.5.8 (i) shows the XRD pattern of laser annealed BST5 films with these
repetition rates. From the XRD patterns, it is observed that intensity of XRD peaks
increases with increase in pulse repetition rate, i.e. for the case of 10 Hz the crystallite size
increases (Table 5.5). UV-VIS-NIR optical band gap for films grown with at 5Hz and 10
Hz repetition rate are computed using the data from fig. 5.8 (ii) to see its effect on band
gap. Tauc’s relation (Equation 5.1 &5.2) is used for this purpose. Band gap values for films
grown at 5Hz and 10 Hz repetition rate are 3.86 and 3.82 eV respectively (Table 5.5).
Clearly, band gap narrowing is observed for 10 Hz repetition rate. Bharadwaja et al.
reported similar results on the phase pure perovskite PLZT thin films which are laser
annealed at a repetition rate of 10 Hz supporting band gap narrowing with crystallization
[9].

The laser induced crystallization of the BST thin films have slightly improved
when the pulse repetition rate is increased from 5 Hz (B.G.~3.86) to 10 Hz (B.G.~3.82).
The decrease in bandgap value is not significant which shows that the laser pulses with
still higher rep rate should be used, however, higher rep rate is not possible due to the
limitation of the system. To proper anneal the thin films, high rep rate is useful since the
material is heated continuously and the surface temperature must be getting maintained as
heat can diffuse only to the substrate side. When low rep rate is used, the film is heated
with first pulse and temperature and pressure generated could get lowed by the time the

next pulse come after a long gap. This will limit the full vertical LIC of BST thin films.
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5.3.3 Laser annealing: Effect of laser energy density

Results of the optimization of no. of laser pulses and repetition rate on laser
annealing of BST films is tabulated in Table-5.3, 5.4 & 5.5. The optimum conditions are
identified as 2000 pulses and 10 Hz pulse repetition rate. After fixing these parameters, the
effect of laser energy densities is explored by annealing the BST5 films at 60 mJ/cm? and
66 mJ/cm?. Fig 5.9 (i) show the XRD pattern after laser annealing process. The XRD peaks
intensity increases and bandgap decreases with increasing laser energy density, along with
increase in crystallinity. Table 5.6 summarizes bandgap and crystallite dimension of BST5
films deposited on fused silica and laser annealed. The measured transmission spectra of
the laser annealed films in the wavelength range of 190-2500 nm are shown in fig. 5.9(ii).
The band gap of the films decreases from 3.82 eV to 3.78 eV with increase in energy
density of the annealing beam and bandgap values approach that of the conventional BST5
thin films. These results demonstrate the potential of excimer laser for crystallization of

amorphous ferroelectric BST films.
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Fig.5.9. Effect of Laser energy density on laser annealed films (i) The XRD pattern

(i) (a) Transmission spectra (b) Plots of (a/4v)? vs. hv.

Table 5.6: Effect of energy density of annealing laser beam

Energy Rep. | Deposition/ | No of | Film Band gap | Crystallite
density rate | Annealing | pulses | Thickness (eV) size (nm) £
(mdicm?) | (Hz) | temperature (nm) £6 nm | £0.02 eV | 2 nm

(°C)
60 10 300 2000 | 600 3.82 27.89
66 10 300 2000 | 600 3.78 29

The laser energy required for the crystallization process is important as in laser
ablation. For example, the best electrical properties for PLZT thin films were obtained by
exposing them to an excimer laser irradiation of 200 mJ/cm? energy density [9]. In pulsed

laser annealing, crystallization starts on the surface of the film due to the heating induced
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by absorption of the laser light, and the shock waves generated. Lower energy is not
sufficient for the lattice mending process and high energy can ablate the film and hence

Energy Density is to be optimized for the LIC process.

5.4. Microwave characterization

The Microwave measurement techniques employed demand the growth of films on a
conducting surface. Hence the BST films were grown by the same optimized protocol but
on Platinum Coated Silicon (PS). Dielectric properties of BaosSro5TiO3 (BST5) thin films
in the microwave frequency range are measured for the as-deposited film (ADF 300 PS),
as-deposited film (ADF 700 PS) and optimized laser annealed (LA 300 PS) films. The
active ferroelectric thin layer, i.e. BST5 of thickness around 600 nm was deposited on the
Platinized Silicon (111) substrate using the pulsed laser deposition (PLD) system operated
at the optimized laser fluence of 2 J/cm?. Au of 150 nm thickness is deposited using RF

sputtering and is patterned by photolithography to be used as the top electrode [31,48-50].
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Fig.5.10. Capacitance, dielectric constant & dielectric loss parameters of BagsSrosTiO3

(BSTS5) thin-films of (i) ADF 300 PS (i) ADF 700 PS and (iii) LA 300 PS on

platinized silicon substrates.

Microwave measurements of the fabricated Circular Patch Capacitor (CPC) are done

using an on-wafer probe station and an Agilent E8361C network analyzer. The S-

parameters (S11) are measured for a range of frequencies, and by applying different DC

bias voltages. The capacitance of BST5 thin films have been plotted from the frequency

range of 0.5 - 4 GHz with, and without biasing as shown in fig. 5.10. [31,48-50]. The

BaosSrosTiO3 thin films have very high dielectric permittivity, and its dependence on

external DC bias provides an additional well-known feature extraction, called tunability.

The mathematical relation is stated below as:
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C(0)-C(E)

Tunability (%) =
y (%) )

x100 (5.3)

Where C (0), and C (E) are the dielectric capacitance values at zero and non-zero DC
electric bias field respectively. Using equation (5.3) for the ADF 700 PS film, the extracted
microwave tunability obtained is 54 % at a frequency of 1 GHz. Similarly, the dielectric

constant of the film is 301 at 1 GHz without DC bias (Fig 5.10(ii)).

For low temperature deposited BST films (300°C) no tunability response is obtained
(Fig. 5.10(1)). Tunability is a feature characteristic of the crystalline order in a ferroelectric.
These films are eventually subjected to laser annealing for crystallization. The microwave
dielectric properties of laser annealed BST films are shown in fig. 5.10(iii). In fact, laser
annealed BST films also does not show any tunability in microwave frequency range. To
further understand this non-tunability nature of the crystallized laser annealed films, TEM

cross-section for depth of crystallization is investigated in the next section.

Queralto et. al. [18] has crystallized BST8 thin films with a KrF excimer laser in
the oxygen ambient at fluences ranging from 50 to 75 mJ/cm?. However, 160 nm thick
films, shows the crystallization only up to 70 nm depth. The rest of the film remained
amorphous due to the large temperature difference between the film surface and substrate
interface due to low thermal conductivity of the amorphous BST and also owing to the
nature of the lattice mending process initiated by the pressure wave created by the process.
In the present work from the cross-sectional TEM images of BST5 thin films as shown in
fig.5.11, it is confirmed that crystallization occurs only up to a limited depth of 120 nm out
of 600 nm film thickness. The uncrystallized amorphous layer dominates the dielectric

properties of BST films as field is applied across the whole 600 nm thickness.
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5.5. Cross-sectional TEM

The laser annealed BSTH5 thin films are investigated for crystallinity by employing
cross-sectional TEM analysis. Intended sample portions are thinned for electron
transparency. During the cross-sectional TEM sample preparation, apparatus like Gatan
623-disc grinder and emery paper (silicon carbide grinding paper) are used for polishing.
After sample (film sandwiched between substrates) polished up to 40 um thick and this
sample are ion milled for obtaining electron transparent regions using precision ion

polishing system or PIPS (Model 691, Gatan) [51].

. ',
(200 fom—tm—s v 34 (110)
= < P T
(110) - . =
(100) 4 =

Fig.5.11. Cross-sectional TEM Images of BST5 thin films on fused silica substrates.

The cross-sectional TEM images acquired for optimized LA 300 FS are shown in
fig.5.11. The electron transparent wedge-shaped section of 120 nm laser annealed section
for crystallization probing in TEM bright field mode is shown in fig 5.11(a). A contrast in
brightness can be seen from the wedge edge to FS substrate. To distinguish the beneath

amorphous BST5 region from the surface crystallized section SAED mode is employed.
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As seen in fig 5.11(d), the amorphous portion of BST5 cannot be completely discarded.
TEM BF image of fig.5.11(b) and corresponding TEM SAED shown in fig.5.11(c)
supports the amorphous nature of BST5 in as deposited state. Observation of spot pattern
(i.e., Fig. 5.11(e)) and HRTEM lattice fringes are in support of crystallization obtained by
laser annealing as seen in fig. 5.11(e), and (f) respectively. We can see that the
crystallization has resulted in islands of crystallites which are not contiguous. This explains
the lack of microwave tunability that is observed. Further optimization is required to

achieve microwave tunability in these films.

Optimized parameters for laser annealing tabulated

Table 5.7. The list of optimized parameters for laser annealing

Substrate temperature during film 300°C
deposition
Substrate temperature during laser 300°C
annealing
Energy density (mJ/cm?) 66
Counts(or) No. of Laser pulses 2000
Rep.Rate (Hz) 10
Film thickness (nm) 120
Oxygen pressure (mbar) 8% 103
(During deposition/ annealing)

The Table 5.7 lists the optimized parameters for laser annealing of BST thin films
deposited by PLD. Based on the conclusions extracted from XRD (crystallization), UV-

VIS-NIR (band gap narrowing), and FESEM (clustering leading to grains).
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5.6. Conclusions

This chapter is an illustration of laser annealing studies of BaosSrosTiO3 (BSTS)
employing optimized PLD deposition at 300°C. As-deposited BST5 films are amorphous.
Whereas crystallization of these films, with optimized laser annealing parameters (KrF
Excimer laser of wave length 248 nm operated at 10 Hz, 2000 pulses, laser energy density
delivered at 66 mJ/cm?) is confirmed by XRD. In fact, crystallite size is observed to
increase with the increase in number of pulses (i.e. from 250 to 2000), and is adjudged to
be coalescence of nano crystallites. The nano crystallites coalescence leading to larger
granular grains evolution is supported by FESEM observations. Moreover, the UV Vis
NIR optical spectroscopy investigation results are also in concurrence. A significant band

gap narrowing with crystallization is another supporting affirmation.

Cross-sectional TEM investigations are carried out to evaluate the crystallization
of optimized BST5 films. These microstructural detailing suggest that up to a thickness of
about 120 nm, the film is crystallized with the use of current optimized laser annealing
parameters. Based on this, as presented in Chapter-6, a layer-by-layer deposition and
subsequent annealing after each deposition was done to obtain the microwave device
quality films of 600 nm thick BST5. Clearly these layer-by-layer deposited and laser
crystallized films at 300°C will be of extensive use extending from polymer to ceramic

substrates, than its conventionally prepared counterparts deposited at 700°C.
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Chapter 6

Full depth crystallization of BST with

laser annealing of layers at 300°C
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6.1. Introduction

Heating with laser can be localized to the surface layer, which reduces the film-
substrate interfacial interaction that happens generally at a higher temperature, which could
result in a better film substrate interface. This can also result in crystallized films over
substrates that cannot withstand higher temperatures. The BaosSro4TiOs thin films have
been crystallized partially at 300°C by Kang et al. [1-3] using excimer laser annealing
(ELA) exhibiting a single perovskite phase and high dielectric constant of 143 at a
frequency of 1MHz the low dielectric loss of 0.028 and low leakage current density of 0.9
mA/cm?. There are several issues involved with the laser annealing of BST and other
ferroelectric thin films. The process of Laser annealing is affected by the film thickness.
Lu et al. [4] crystallized a 600 nm PZT thin films up to 120 nm thickness by using a KrF

excimer laser (Fig. 6.1).

0.5um

Fig. 6.1. Partial crystallization of PZT thin films (PZT 44/56 of ~600 nm, crystallized upto
~120 nm using Kr-F laser) (Lu et. al. [4]).

Haldar et al. [5] used a Kr-F excimer laser to crystallize BST thin films (thickness
~95 nm), which were deposited by a chemical solution deposition. Queralto et al. [3], fully

crystallized 40 nm thick films of BST/LNO/SiO2/Si with a Kr-F excimer laser (50 to 75
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mJd/cm?, substrate temperature ~500°C). However, 160 nm thick films, shows the
crystallization only up to 70 nm after 12,000 pulses. The bottom portion of the film near
to the substrate is amorphous in nature as the substrate is at RT and there is heat gradient
from top surface due to the low thermal conductivity of amorphous BST [3]. Fig. 6.1

suggest that laser annealed thin films are partially crystalline. The diagrammatic

representation of the partially crystalline films is shown in fig. 6.2.

1222221

Amorphous BST

Amorphous BST
Substrate Substrate

Fig. 6.2. Schematic of partial crystallization of BST thin films.

6.1.1 Laser annealing: Full Depth crystallization

Laser annealing offers top-down crystallization due to high temperature at the

surface. Nucleation from the substrate can be achieved by

e Selecting a suitable substrate with lattice matching or

e Using a seed layer or

e Heating a substrate to a sufficient temperature which can provide the nucleation
energy at the substrate-film interface.

Full depth crystallization of the thin films can be achieved by

(1) Increasing the dwell time of the laser pulses by extended-pulse laser annealing (Pulse

width of Kr-F excimer laser pulses was extended from 25 to 374 ns) by Lai et al [6].
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(2) In situ annealing, in which two laser sources can be used, one for the ablation and

second for the laser annealing [7].

In the present chapter we have demonstrated a way to crystallize BaosSrosTiOs3
(BSTH5) thin films at lower temperatures using excimer laser annealing technique by KrF-
248 nm. The BST5 thin films were crystallized layer-by-layer after deposition and
subsequent laser annealing at 300°C. In this process 600 nm BST5 film was crystallized in
which each layer consisting of 120 nm was deposited and subsequently crystallized by
laser annealing with optimized laser fluence of 66 mJ/cm?. The temperature of 300°C was
kept constant for both the deposition and annealing processes. The phase formation and
full vertical crystallization of BST5 thin films were confirmed by XRD patterns, Raman,
UV-Vis-NIR, and cross-sectional TEM. The bandgap values show a systematic decrease
after each laser annealing step. These, layer-by-layer deposited and laser annealed BST5
thin films showed a microwave tunability of 34% at 1GHz by circular patch capacitor
method, which is close to the tunability shown by conventionally deposited BST5 films (at
700°C) and therefore it can be used for fabricating ferroelectric thin film based tunable

devices like microwave varactors and resonators at low temperatures.

6.2. Experimental details

6.2.1 Deposition and Laser Annealing of BaosSrosTiOs thin films

The BST5 films were deposited on amorphous fused silica and platinized silicon
Pt/Si (111) substrates by a pulsed laser deposition (PLD) system. The initial vacuum of
5x10° mbar is created by backing and Turbo pump in the chamber. The film deposition

temperature was maintained at 300°C.
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Table 6.1: The conditions of films grown by layer-by-layer deposition and subsequent
annealing process at the same temperature (300°C).

BSTS Deposition conditions Annealing conditions
::Ir:s 'I;emp. SZ& EnergZy No. of 'I;emp E:Ft)é Energy2 No. of
(°C) (H2) (Jlcm?) | pulses | (°C) (H2) (mJ/cm?) | pulses
1- layer | 300 5 2 2000 300 10 66 2000
2- layer | 300 5 2 2000 300 10 66 2000
3-layer | 300 5 2 2000 300 10 66 2000
4-layer | 300 5 2 2000 300 10 66 2000
5-layer | 300 5 2 2000 300 10 66 2000

In the presence of oxygen, in-situ annealing was carried out for 30 min after deposition.

The thickness of the BST5 thin films for each layer is around 120 nm. Deposition and

Laser annealing of BST5 thin films have been done in the presence of oxygen working

pressure of 8x10 mbar.

Table 6.2: Sample codes used in this chapter.

Sample code Description of sample

BST5 Barium Strontium Titanate (BaosSrosTiO3)

ADF 300 FS As deposited films at 300°C on fused silica

ADF 700 FS As deposited films at 700°C on fused silica

ADF 300 PS As deposited films at 300°C on platinized silicon

ADF 700 PS As deposited films at 700°C on platinized silicon

LLD 300 FS Layer-by-layer deposited and laser annealed. Both at 300°C.
Substrate fused silica

LLD 300 PS Layer-by-layer deposited and laser annealed. Both at 300°C on
platinized silicon

ADF 300 PCS | As deposited films at 300°C on platinum coated silicon

ADF 700 PCS | As deposited films at 700°C on platinum coated silicon

LLD 300 PCS | Layer-by-layer deposited and laser annealed. Both at 300°C on
platinum coated silicon
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6.3. Phase and structural properties
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Fig. 6.3. XRD patterns of BST5 thin films (i): (a) ADF 300 FS (b) ADF 700 FS,

6.3(ii): (a) LLD 300 FS and (b) LLD 300 PS 6.3(iii): XRD of each layer deposited

on fused silica substrate.

The structural and phase studies of these films were carried out by X-ray
diffraction (GI-XRD-Bruker D8 Discover). The fig. 6.3 (i) and (ii) shows XRD pattern of
ADF 300 FS, ADF 700 FS as well as LLD 300 FS. The XRD of BST5 thin films ADF
700 FS exhibit polycrystalline nature and films of ADF 300 FS shows amorphous nature,
as shown in fig. 6.3 (i). The fig. 6.3 (ii) shows LLD 300 FS and LLD 300 PS. The XRD
pattern of ADF 700 FS, as well as LLD 300 FS are identical to that of standard data with
JCPDS card no (file # 39-1395) of a cubic structure. Fig 6.3 (iii) shows the XRD pattern

of each layer on a fused silica substrate, and after the deposition of each layer followed
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by a laser annealing process, the XRD peaks have strengthened with increased intensity,
and bandgap got steadily lowered which supports the increase in crystallinity. Therefore,

it is clear that the films of LLD 300 FS are crystallized.

6.4 TEM Analysis
The preliminary observation of Bright Field images of (ADF 300 FS), (ADF 700

FS) and (LLD 300 FS) are carried out using TEM. The TEM images (Figs. 6.4 (ii) (a)-(iii)
(a)) shows that the crystallites are irregular in shape. The HRTEM images were used to
calculate the d-spacing and respective planes are assigned to that. (Figs. 6.4 (ii) (c)-(iii)
(c)). Most of the crystallites are grown in (110) direction with d spacing in the range of
2.70-2.76A. The SAED patterns (Figs.6.4 (i)(b))-(iii)(b)) of films, here (ADF 300 FS)
show amorphous nature and (ADF 700 FS) and (LLD 300 FS) shows the polycrystalline
nature of films. The ring diameters in SAED patterns are used to calculate the d spacing
and they are matched with respective standard JCPDS file (file # 39-1395) supporting
localized BST5 crystalline growth in the films that are (LLD 300 FS). Similar TEM
microstructural evolution of ferroelectric films, under conventional and laser annealing are
reported in literature [8-11]. The bright field images of (LLD 300 FS) shows grain
formation. The crystal structure of the samples was examined by HRTEM and SAED
measurements. It shows that the LLD 300 FS films consists of nano-size grains with

boundaries of average size of about 7-10 nm.
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(i) ADF 300 FS

Fig. 6.4. The images in columns (a) (b) and (c) shows the TEM Bright field, selected area
diffraction (SAED) and HRTEM patterns of BST5 thin films respectively.
(i) ADF 300 FS (ii) ADF 700 FS and (iii) LLD 300 FS.

Cross-Sectional TEM
The cross-sectional TEM images of as-deposited films at 700°C (ADF 700 PCS)

and multilayered laser annealed BST5 thin films prepared at 300°C (LLD 300 PCS) on
platinum coated silicon substrates are shown in fig. 6.5. The preliminary observation in
cross-sectional TEM Bright Field Images of ADF 700 PCS in fig. 6.5 (a, b) and LLD 300
PCS are shown in fig.6.5 (e, d). TEM BF images demonstrate conventional columnar

crystallization. SAED pattern acquired from the region reconfirms the same as shown in
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(Figs.6.5 (c)) and (f)). The SAED pattern also demonstrates individual layers of
crystallization and confirms the polycrystalline nature of both films ADF 700 PCS and
LLD 300 PCS films. The measured d- spacing values from SAED patterns matches with

the d-spacing values in JCPDS card file (file # 39-1395) confirming the BST5 crystal

structure of the films that are (LLD 300 FS) [8-11].

ADF 700 PCS (a) 4(b)

(211)o——
(210)————

(110)

(111)
(220)

(100)
al @0
Q@11) +——
(110) .
— T

(1)

10 1/nm = |

Fig.6.5. Shows cross-sectional TEM Images of BST5 thin films as-deposited
(ADF 700 PCS) and multilayered deposited and laser annealed at 300°C
(LLD 300 PCS) on platinum coated silicon substrates.
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6.5 Microstructure Properties

(i) Deposited at 300°C
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Fig.6.6. FESEM images of BST5 thin films in different magnifications (i) As deposited
at 300°C (ADF 300 FS) (ii) As deposited at 700°C (ADF 700 FS) and

(iii) Layer-by-layer deposited and annealed both at 300°C (LLD 300 FS) on
fused silica.

The microstructure of the samples are observed by FESEM. As deposited BST5
films are microstructurally smooth, thereby indicative of amorphous nature, are shown in
fig. 6.6(i) at different magnification. Layered films confirm that each grain is an
agglomeration of small clusters. We focus our studies on these smaller grains
microstructurally evolved in BST5 films (Fig.6.6). The grain clusters are crystallized and
are irregular in shape, as observed in the FESEM micrographs shown in figs.6.6 (ii)-(iii).
Similar microstructural evolution of ferroelectric films, like the present case study of
BST5, are reported elsewhere [1, 5, 12-14]. The grain growth histograms are also another

indication suggesting crystallization.

The microstructure of the ADF 700 FS and LLD 300 FS BST5 thin films were

examined by FESEM images (Fig. 6.6) and they show dense films with clear grains
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(smooth surfaced), which are suitable for the measurements of electrical properties. Large
clusters (=0.47 um) were found; in the high temperature processed films, while laser
annealed thin films have larger clusters of irregular shapes. These cluster dimensions of
both ADF 700 FS and LLD 300 FS BST5 thin films were shown in histograms (Fig.6.6).
Both these films are microstructurally alike in appearance (existence of nanometric grain),
but only slightly different in terms of clustering. LLD 300 FS surface morphology is
smoother with least void and cracks in between clusters, thereby qualitatively better for

electrical measurements.

6.6. Optical properties
6.6.1 Raman analysis

Raman spectroscopy is known for its non-destructive structural characterization of
various materials. Fig. 6.7 shows the Raman spectra recorded at room temperature for
conventional 700°C deposited BST5 thin films. Plenty of literature highlighting the Raman

phonon modes of the cubic BST5 phase, can be found elsewhere [15-21].

800

=N
=

e
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—=— ADF 300 FS

—— ADF 700 FS
—a— LLD 300 FS-5L

Intensity (Arb. units)
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S
\

200 400 600 5 800 1000

Raman shift (cm )
Fig. 6.7. Raman spectra of the BST5 thin films of ADF 300 FS, ADF 700 FS, and LLD
300 FS.
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Raman spectra of layer-by-layer deposited and laser annealed at 300°C (LLD 300
FS) films are shown in fig. 6.7. The layered films show Raman modes at 186cm™, 266 cm’
1,530 cm™ and 736 cm™ identical to that of ADF 700 FS films. Therefore, it was confirmed
that LLD 300 FS films have become crystalline at 300°C in the cubic phase. The observed
peaks (modes) at 182-186, 260-266, 525-530 and 730-736 cm™ are corresponding to
E(TOz), A1(TOz2), A1(TO3) and A1(LO3) phonon modes, respectively [22]. It is interesting
to note in fig. 6.7 that most of the Raman modes shifted towards lower wavenumber, in

ADF 700 FS, which could be related to a distortion in the octahedral [23].
6.6.2 Bandgap studies

The optical transmission spectra are measured in 190-2500 nm wavelength range
for the PLD deposited films and are shown in fig. 6.8. From the transmission spectra it is
clear that the films are transparent in the near-infrared and visible regions. The bandgap
values were obtained from the Tauc plot for high absorptive region with sharp absorption
around 300 nm for all films. It is observed that the transmission spectra edge of the BST5
films undergoes a stage-wise change to higher wavelength (red-shift) for each layer of laser

crystallization. The computed bandgap values in table 6.3 are by Tauc relation [24-26].
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(b) LLD 300 FS and (c) ADF 700 FS.

The bandgap values for BST5 thin films, which are laser annealed layer-by-layer,
are listed in Table 6.3. The bandgap of the films decreases from 4.65 eV to 3.56 eV after
layer-by-layer deposition and subsequent laser annealing, which also supports the
crystallization of BST5 thin films at 300°C [24-26].

The highlight of this UV-Vis-NIR spectroscopic observation is that band-gap value of
each layer after crystallization is steadily approaching the bandgap value of the ADF 700
FS film. This shows that the optimized process parameters used by us for crystallization

are good enough to realize crystallization.
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As crystallization occurs, the grain growth will take place whereas in the initial
stages of crystallization, they will be in small size, and therefore it is evident that the
smaller size particles show a higher bandgap, and it decreases as the particle size increases.

Table 6.3: Band gap values of layer-by-layer deposited and subsequent laser annealed
BST5 thin films.

S.No | Sample codes Band gap (eV)
1 ADF 300 FS 4.65

2 1-Layerl 3.85

3 2-Layer 3.75

4 3-Layer 3.7

5 4-Layer 3.62

6 5-Layer 3.56

7 ADF 700 FS 3.54

6.7. Microwave dielectric properties

Figure. 6.9 shows the schematic (cross-section and top view) of the varactor
designed using the deposited films. It has the stacking configuration Au/BST/Pt/Si. A
Circular Patch Capacitor (CPC) is fabricated on the films for microwave dielectric property
measurements. The Au top electrode of 150 nm thickness was patterned employing

photolithography.

Cross-Sectional view Top view

| | | \ |
Cr/Au
BST
Pt
- Silicon

Fig. 6.9. Schematic (cross-section and top view) of the varactor using the BST5 film as

the dielectric layer.
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Fig.6.10. Capacitance, dielectric constant & dielectric loss of BagsSrosTiOs (BST5) thin-
films of ADF 300 PS and ADF 700 PS on platinized silicon substrates.

Microwave dielectric properties of ADF 300 PS and ADF 700 PS BST5 thin films
with the optimized deposition fluence of 2 J/cm? are shown in fig. 6.10. The BST5
ferroelectric thin film of thickness 600 nm, was deposited on platinized silicon (111)
substrate by pulsed laser deposition (PLD) technique. A top electrode of gold with 150 nm
thickness was deposited by RF sputtering and patterned using photolithography [27-30].

Microwave measurements in the frequency range of 0.5 GHz - 4 GHz using a vector
network analyzer (Agilent E8361C network analyzer) and on-wafer probing setup are
carried out for the layer-by-layer deposited and annealed films. The capacitance, dielectric
constant and dielectric loss variation with frequency for these films are shown in fig.

6.11(a-c). The necessary biasing is provided by using a bias tee.
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Fig.6.11. (a-c) Capacitance, dielectric constant & dielectric loss of BST5 thin films of
LLD 300 PS.

The BSTS5 thin films have higher values of dielectric permittivity and their strong
dependence on external DC electric field bias provides an additional feature called
tunability defined as:

C(0) -C(E)

0 x100 (6.1)

Tunability (%) =

where C (0) and C(E) are the dielectric capacitance values at zero and non-zero dc electric
bias field respectively. Using equation (6.1), the microwave tunability is calculated at a
frequency of 1GHz and is given in Table 6.4 for films deposited on platinized silicon

substrates. The microwave tunability, dielectric constant and dielectric loss of 700°C
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deposited film, 300°C deposited film (without annealing) and layer-by-layer deposited and

laser annealed films are tabulated in Table 6.4.

Table 6.4 gives the microwave dielectric constant and loss tangent as well as tunability
measured for different BST5 thin films. Conventionally deposited BST5 thin films at
700°C (ADF 700 PS) gives a tunability of 54% but no tunability response is observed in
BSTH5 films deposited at 300°C (ADF 300 PS). The microwave tunability of layer-by-layer
deposited films that are laser annealed at 300°C (LLD 300 PS) gives tunability of 34%,
which is close to the conventionally deposited films grown at 700°C. From the above
observation, it can be seen that LLD 300 PS can be used for fabricating ferroelectric thin
film based tunable microwave devices like varactors and resonators at low temperatures,

thereby making the processes compatible with polymers in flexible Electronics.

Table 6.4: Comparison of microwave dielectric properties of following BST5 films:
ADF 300 PS, ADF 700 PS and LLD 300 PS.

BST5 thin film | Microwave tunability | Dielectric Dielectric
Sample codes (1 GH2) constant (er) | loss (tand)
(i) As-deposited No response 23 0.09
film at 300°C
(ADF 300 PS)
(i) As-deposited 54% 301 0.16
film at 700°C

(conventional)
(ADF 700 PS)
(i) Layer by layer 34% 118 0.06
deposited and laser
annealed at 300°C
(LLD 300 PS)

In the present study, laser annealing of amorphous BST thin films has resulted in
mixed microstructure, which results in the low dielectric loss with high permittivity and
moderate tunability. The microstructure is a mixture of amorphous and crystalline regions

as seen from the TEM micrographs. Therefore, we can expect influence from both the
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phases in the properties as well as the influence of one on the other. Tunability being a
ferroelectric property can be exhibited only by the crystalline phase. As the volume fraction
of the crystalline phase increases the tunability should increase. Indeed, the same trend is
being observed with no tunability for amorphous film and highest for in-situ thermally
crystallized films and intermediate for the LLD processed films. Similarly, lowest value of
dielectric constant is found with the amorphous films while the in-situ crystallized films
gave the highest values with LLD process yielding in between results. Loss values follows
asimilar trend with LLD process yielding an unusually low value which makes this process
very attractive for device applications. The intermediate result obtained for the LLD
process agrees with the TEM based observations that the laser annealing process yields a
partially crystalline process. Since crystallization is already observed, full crystallization
should be possible with appropriate process optimizations. However even the partially
crystalline samples exhibit microwave dielectric properties that are quite attractive for

tunable microwave device applications.

As mentioned, the microstructure also plays a crucial role in the dielectric properties of
these thin films. The FESEM surface observation of both ADF 700 PS and LLD 300 PS
films presented earlier, suggest nano-grains clustering. It is reported that in case of

paraelectric films an optimum cluster size, also affects their microwave tunability [31].
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6.8. Electrical Properties

6.8.1 Leakage current studies for BST thin films deposited at
high temperature

Understanding of leakage current behavior in thin films with the bias field is
essential for device applications. Leakage currents were measured by a ferroelectric test
module (TF1000 analyzer, aixACCT systems, Germany). The leakage current density (J)
vs. electric field (E) characteristics of the BST5 thin film is shown in fig. 6.12. Leakage
current study was carried out for the PLD-deposited BST5 thin films to understand how
far the DC bias field excited dc conductivity would affect the microwave characteristics
and operation of these films when used in tunable microwave device applications as well
as to see the onset of electrical breakdown in these films. Leakage current density increases

rapidly with a substantial increase in applied electric field (fig. 6.12) [1,5].

0.1 5

0.01 -

0.001 4

log J (UA/cm?)

1E-4 5

2300 200 -100 0 100 200 300
E (kV/em)

Fig. 6.12. The plot of leakage current density vs. electric field for the BST5 thin film
ADF 700 PS.
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The log (J) versus log (E) curve is shown in fig. 6.13 and based on the different
slopes it exhibits, curve is divided into three distinct regions (I, 11 and I11). In the region-I,
the slope of the curve is 1.24 and the electric field of ~70 kV/cm and the leakage current
follows the Ohmic law in this region. The slope value >2 in J-E curve indicates the
contribution from space charge under high electric field and can be explained by the theory
of space charge limited conduction (SCLC). The SCLC occurs when the injecting electron
density at the cathodic interface per given time is larger than the density of electrons
passing across from the cathode to anode. In region-1I (from 70 to 220 kV/cm), the slope
of the J-E curve has increased to 5.53 and further increase in electric field in region-I1l
(220-315 kV/cm) results in the slope value of ~10.69. This indicates that SCLC gradually

becomes dominant with increasing electric fields.

0.1+
0.01 + ]
0.001 4

10 100
log (E kV/cm)

Fig. 6.13. The plot of log J vs. log E for the BST5 thin films ADF 700 PS.
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6.8.2 Leakage current studies on laser annealed films

The J-E characteristics of the as deposited films (ADF 300 PS) is as shown in fig.
6.14 (i) (a) and Laser annealing (LLD 300 PS) BST5 thin films are shown in fig. 6.14 (ii)

(@) and (b). The increase in electric field leads to an increase of leakage current density

values.
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Fig. 6.14.(i) J vs. E of ADF 300 PS and (ii) (a) J vs. E (b) log J vs. E curve for
Layer-by-layer deposited and laser annealed BST5 thin films
(LLD 300 PS).

The fig. 6.15 shows the variation of log (J) with log (E). The SCLC theory is used
to explain the three different regions of the plots [1,5,34]. The slope of the curve was found
to be 1.18 to ~3, which shows that most of the conduction is only of Ohmic type. The
comparison between laser annealed thin films and high temperature deposited BST thin
films is given in Table 6.5. The laser annealed thin films show very low leakage current,

which is the attractive for device fabrication.
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Fig. 6.15. Log J vs. log E curve for BSTS5 thin films LLD 300 PS.

Table 6.5: Leakage current study for layer-by-layer laser annealed and high temperature

deposited BST5 crystalline thin films.

E Films deposited | Films deposited Layer by layer
(KV/cm) at 300°C at 700°C laser annealed
J [uA/em?] J [nA/em?] films (deposition
(ADF 300 PS) (ADF 700 PS) & annealing at
300°C)
J [nA/cm?] (LLD
300 PS)
100 1.03x10° 3.890x103 1.4x10"
200 2.7x10° 1.2820x10% 7.4x10!
300 4.9x10° 6.6860x10* 2.16x10?
310 5.2x10° 1.01570x10° 2.40x10?
400 8x10° Shorted 8.50x10?

(J-E plot of ADF 300 PS (amorphous film) is shown fig. 6.14 (i) (a)).

A comparison of the leakage current measurements data of the three samples (ADF 300
PS, LLD 300 PS, and ADF 700 PS respectively) investigated is tabulated in table 6.5.
Clearly, the processed LLD 300 PS is of 3 orders lower in magnitude of leakage current
than the amorphous (ADF 300 PS as shown fig. 6.14 (i) (a), and almost 2 orders lower than

conventional processed ADF 700 PS respectively. It is a crucial advancement as lower
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leakage current is an essential figure of merit for a tunable microwave device. This laser-
based process has opened a new way to overcome the age-old problem buffeting the oxide
films in similar applications. Tunable microwave devices apply a high electric field across
the film to achieve dielectric tuning. The same can excite a leakage current, which got all
the potential to destroy the device through Joule heating or to limit its life. In the
microwave dielectric loss exhibited by these films, (Fig.6.4) it was pointed out that the loss
values exhibited by the laser processed films are even lower than that of the amorphous
films. Now the leakage current reduction points to the cause of it as a reduction in leakage

current will reduce the charge carrier induced microwave loss mechanisms.

This observation got an enormous additional technological importance because a capacitor
plays the crucial role in CMOS devices and with shrinking device dimensions, it is the
leakage current of the capacitor that limits its operation. Efforts are going on to circumvent
this problem with different compositions including with dielectrics that give high dielectric
constant as they give same capacitance with larger film thickness. But they also gets
limited by their leakage current performance, with further miniaturization. This result
shows that there is an alternate way to solve the problem of leakage current by this kind of
a laser-based processing that results in a mixed matrix of crystalline and amorphous phases.
Since conduction in oxide thin films are dominated by the defect structure, a reduced
leakage current indicates a structure where defects are healed. The laser process that induce
lattice mending must have achieved defect compensation also. Also, the presence of an
amorphous phase in between crystallites must be blocking the charge carriers or

contributing to compensate the defects.
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6.9 High overtone bulk acoustic resonator (HBAR) response

The on-wafer probe station was used for the HBAR microwave measurements using
a 250 um pitched Ground-Signal-Ground probe and it is calibrated with standard open and
short loads. For different dc bias voltages, the S-parameter (S11) was measured for a range
of frequencies. From the measured Sii(reflection coefficient) the values of complex input
impedance are obtained and plotted with frequency (500 MHz - 3 GHz). These plots are
shown in fig. 6.16 and in fig. 6.17 with and without dc bias, for the BST5 as-deposited film
at 700°C (ADF 700 PCS) and layer-by-layer deposited and subsequent laser annealed films
on platinum coated silicon (LLD 300 PCS) films respectively. It is clear from these figures
that the LLD 300 PCS is responding to the bias applied and acts like a piezoelectric thin
film due to electrostriction as in the case of ADF 700 PCS. This induced piezoelectric
response (exhibited only in crystalline state) of the LLD 300 PCS film translates as
resonances in the frequency spectrum, and multiple resonance peaks occur due to creation
of standing waves inside the double side polished silicon substrate. For both the cases, if
the narrow band is taken into consideration i.e. Figure 6.16 (b and d) and 6.17 (b and d),
the acoustic velocity of the substrate can be calculated. It is interesting to note that for the
case of the HBAR, the spacing between adjacent resonant peak(Af) is dependent only on
the acoustic properties and thickness of the substrate; the spacing between resonant peaks
for both samples ADF 700 PCS and LLD 300 PCS (silicon substrate thickness, tsubstrate
~500 um) is found to be around 9.63 MHz and by using the relation V=2xtsubstrate XAf, the
acoustic velocity of the silicon substrate is calculated to be around 9400 m/s [27,33]. From
these results it is demonstrate that, laser annealing can be used for designing acoustic
resonators like; film bulk acoustic resonator, solidly mounted resonators etc. Secondly,
presented 300°C laser annealing induced crystallization can be extended to flexible

polymer substrates which had vast application in designing passive RF devices like filters

153



and even sensors of various types by giving

an added advantage of tunability and

flexibility.
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Fig.6.16 (a) Measured HBAR frequency spectrum for ADF 700 PCS with and without
biasing, S11, (c) Calculated electric impedance in broad band range of
500 MHz — 4 GHz. (b) and (d) HBAR response with and without dc bias in
the 2 GHz-2.1 GHz narrow band frequency range for S11 and electric

impedance respectively.
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Fig.6.17 (a), (c) Measured frequency spectrum of HBAR of LLD 300 PCS with and
without dc biasing, S1: and calculated electric impedance in broad band
range of 500 MHz-3 GHz respectively. Fig. (b), (d) HBAR response in Si:
and electric impedance with and without dc bias in narrow frequency
range of 2-2.1 GHz.

6.10 Conclusions

Laser annealing of BST5 thin films are carried out for PLD deposited thin films at
300°C temperature. It is observed that the films are amorphous at 300°C and films
deposited at 700°C are crystalline. The 300°C deposited amorphous films showed
crystalline phase formation after laser irradiation with KrF excimer laser of 248 nm at
300°C. The layer-by-layer deposition at 300°C with subsequent laser annealing with an

expanded beam of laser after each deposition showed vertical crystallization of about 600
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nm thick films as confirmed by XRD, Raman and UV-Vis-NIR studies. The systematic
decrease in the bandgap value after each layer of the laser annealing process shows the
continuity of the process. These layered films showed HBAR response and microwave
tunability of 34% at 1GHz, which is approaching the value given by conventionally
deposited films. Thus, the layer-by-layer deposition and subsequent laser annealing
method is found to be practical to yield tunability with a film processed at 300°C.
Therefore, this process is compatible to develop various microwave devices like varactors,
tunable filters and phase shifters and resonators on polymer substrates that can pave the

way to active polymer microwave electronics.
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7.1 Conclusions

In this chapter, a summary of the outcome of work done for this thesis is presented.
It includes the results obtained through phase analysis, structural and microstructural
studies, optical, electrical, and microwave dielectric characterizations of BST thin films.
The work's main objectives are 1) Reducing the crystallization temperature of BST thin
film and achieving a film with as high a tunability as possible using a laser annealing
technique. 2) To achieve the BST thin films' full vertical crystallization using layer-by-
layer deposition and laser annealing at 300°C. High quality thin films with high tunability
at microwave frequencies are required in tunable microwave devices such as tunable

filters, phase shifters and resonators.

Chapter-2 describes the experimental techniques that are used as part of
implementing the work of this thesis. It includes preparation techniques used for the
Barium Strontium Titanate (BST) ceramic target which is to be used for thin film
deposition. This chapter also describe the working principle and procedure of structural
characterization techniques used like XRD, Raman, and TEM as well as microstructural
studies from FESEM and TEM. It also describes other important techniques such as optical
bandgap studies by using UV/VIS/NIR spectrometer, and microwave dielectric property
studies using Vector Network Analyzer (VNA). The measurement procedures for electrical

and microwave dielectric properties are explained.

Thin films of Barium Strontium Titanate (BaosSro.5TiO3) were deposited using the
Pulsed Laser Deposition (PLD) technique on MgO (100) substrate at different working
pressures (Chapter-3). The deposition temperature of 750°C is kept constant and the
oxygen working pressure is varied from 1x107 to 1x10* mbar. The X-ray diffraction

pattern indicates that films deposited with higher oxygen working pressure are partially
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crystalline. Improved crystallinity is seen in the films that are deposited at lower oxygen
working pressure of 1x10* mbar. As the oxygen working pressure increases, the lattice
parameter and the unit cell volume of all films decreases. The crystallinity can be further
increased with a specific orientation by increasing the laser fluence from 1.4 J/cm? to 2
Jlem?. The above films® tunability are investigated using IDC test structures at the
microwave frequency by applying dc bias voltage (0-75 V). The maximum tunability at 1
GHz observed for the (111) film is 16.5%, whereas the remaining films exhibited low
tunability. The films showed a (111) orientation dominated growth for films deposited at
a lower working pressure of oxygen and a higher laser fluence. For these films, the
orientation factor is determined, and it is observed that higher film orientation factor show
greater tunability. These studies also allowed us to investigate the relation between

structure and microwave dielectric properties.

Chapter-4 discusses a systematic study of the effect of deposition laser energy
density (or) laser fluence on the structural, the microstructural and the optical properties of
polycrystalline Bao.sSro4TiO3 (BST6) ferroelectric thin films deposited using PLD on fused
silica substrates. The Barium Strontium Titanate BaoeSro4TiOs (BST6) thin films are
deposited by the PLD process at different laser fluences, maintaining a constant oxygen
pressure. X-ray diffraction analysis confirms the formation of single-phase cubic films and
the crystallite size calculated by using the Williamson-Hall method. The results show that
the crystallite size increases with increasing laser fluences. The thin-film microstructures
have been studied using HRTEM, and the results show the presence of (110) faceted planes
of BST6 with d spacing ~ 2.72-2.79 A. The BST®6 thin films' optical bandgap is calculated
by applying the Tauc relation-from the transmission spectra in the 190-2500 nm range.
Optical parameters such as bandgap are calculated from recorded optical transmission

spectra and correlated with structural and microstructural properties of BageSro4TiOs
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(BST6) thin films. The BST6 thin films grown at 2J/cm? showing the best microstructural
and optical properties were selected for the microwave dielectric measurements by
depositing a test circular patch capacitor on the film. It can be inferred that the laser fluence
is an essential parameter in tuning the dielectric/ferroelectric properties of the films under
optimized conditions. The microwave tunability and dielectric constant (e) of a well
crystallized BST6 thin film were found to be ~56% and ~284, respectively at 1GHz making

it suitable for applications in tunable microwave devices.

Chapter-5 discusses the optimization processes to obtain low-temperature
crystallization of amorphous thin-film of BaosSrosTiOs (BST5) using a KrF excimer laser
of 248 nm. The ceramic target of BST5 is used for the deposition of BST5 thin films by
using a pulsed laser deposition technique on fused silica (FS) substrates and is found to be
amorphous when the deposition temperature is 300°C. The laser annealing processes are
conducted at 300°C temperature with different optimizing parameters like the number of
laser pulses, the energy density, and the pulse repetition rate on the samples deposited at
300°C. After applying laser pulses, the phase confirmation, microstructural, vibrational,
and optical responses are acquired and analyzed. The XRD confirms these films'
crystallization, with optimized laser annealing parameters like 10Hz repetition rate, 2000
pulses and laser energy density of 66 mJ/cm?. The crystallite size increases with the
increase in the number of pulses (i.e. from 250 to 2000) and is adjudged to be coalescence
of nano crystallites. FESEM observations support the nano crystallites coalescence,
leading to larger granular grains evolution.

A significant bandgap narrowing with crystallization is another supporting
affirmation. Cross-sectional TEM investigations are carried out for optimized BST5 films.
The microstructural detailing suggests that up to a thickness of about 120 nm, the film is

crystallized with the use of optimized laser annealing parameters in this study. As
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presented in Chapter-6, a layer-by-layer deposition and subsequent annealing after each
deposition is done to obtain the microwave device quality films optimized for 600 nm thick
BSTS5. These layer by layer deposited and laser crystallized films at 300°C will be of
extensive use extending from polymer to ceramic substrates, when compared to its
conventionally prepared counterparts that are deposited at 700°C.

Chapter-6 discusses the crystallization of BST5 thin films at lower temperatures.
BST5 thin films are crystallized layer-by-layer after deposition and subsequent laser
annealing at 300°C using excimer laser of KrF-248 nm as the source for both deposition
and annealing. In this process, BST5 film of up to 600 nm thickness is crystallized in which
each individual cycle of deposition and annealing is with a layer of 120 nm thickness and
the laser annealing is done with 66 mJ/cm? of optimized laser fluence. The temperature of
300°C is kept constant for both the deposition and the annealing processes. The phase
formation and full vertical crystallization of BST5 thin films are confirmed by XRD
patterns, Raman spectroscopy, UV-Vis-NIR spectroscopy and cross-sectional TEM.

It is observed that the as deposited films deposited at 300°C are amorphous, and
films deposited at 700°C are crystalline. The 300°C deposited amorphous films showed
crystalline phase formation after laser irradiation with KrF excimer laser of 248 nm at
300°C. The layer-by-layer deposition at 300°C with subsequent laser annealing with an
expanded beam of the laser after each deposition showed vertical crystallization of about
600nm thick films. The systematic decrease in the bandgap value after each layer of the
laser annealing process shows the process's continuity. These layer-by-layer processed
films showed HBAR response and microwave tunability of 34% at 1GHz, which is
approaching the value given by conventionally processed films at 700°C. Thus, the layer-
by-layer deposition and subsequent laser annealing method is found to be practical to yield

tunability with a film processed at 300°C. From the leakage current measurements, it is
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clear that LA films have a lower leakage current when compared to conventional processed
films. It is a crucial achievement as lower leakage current is an essential figure of merit for
tunable microwave devices and for such films used in nanoelectronic CMOS circuit
fabrication. Therefore, this process is compatible with developing various microwave
devices like varactors, tunable filters, phase shifters and resonators on polymer substrates

that can pave the way to an active polymer microwave electronics.
7.2 Scope of future work

The work carried out in the present thesis has created more interest in carrying out
further research in related fields like ferroelectric, laser-matter interaction, and flexible

electronics.

1. Fabrication of device quality epitaxial Barium Strontium Titanate thin films for
better response and to use in tunable microwave devices at lower temperatures.
2. Use of laser annealing process to further reduce the substrate temperature from
300°C to room temperature for further opening up the scope of flexible and
wearable microwave electronics.
The field of laser annealing is still open since numbers of variables are too high such
as use of different lasers (Excimer & Nd-YAG) with different wavelengths (248 nm, 264
nm, 356 nm, 532 nm and 1064 nm) and having different laser related parameters (pulse
width, rep. rate, and laser energy density), substrate related parameters, etc. Therefore, this
study is only a beginning as all these factors needs to be considered before a best and

efficient process can be standardized for industry.
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