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Abstract 

In this work, we report on the synthesis, characterization, and performance of LiGaP2O7 

(LGP), a novel material and new to the scientific & engineering community. LiGaP2O7 materials 

were was synthesized using the conventional high-temperature, solid-state ceramic reaction. 

Calcination was done in three steps at the temperatures of 300 °C, 500 °C, and 650 °C for 8 h each 

to ensure a single phase. Utilizing this, different green pellets were sintered at 800 °C for varying 

times of 3 h, 6 h, 12 h, and 24 h. The structure, phase, and morphology were analyzed using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM). Furthermore, structural refinement 

was done utilizing the Rietveld method. The crystallite size decreased, grain size increased, and 

the volume of the unit cell decreased due to increasing sintering time. The dielectric properties of 

LGP samples were measured as a function of temperature and frequency. The modified Debye's 

equation and Cole-Cole plot were used, which indicated multiple ions were responsible for 

dielectric relaxation. The dielectric constant decreases as a function of increasing frequency, 

indicating a lack of polarization sources contribution and increases as a function of increasing 

temperature, indicating thermal activation of charge carriers. The study of the type of conduction 

mechanism using AC conductivity indicated at hoping type conduction.  

The LGP films were deposited by pulsed-laser deposition (PLD) using a target (sintered at 

800 °C for 12 h). The substrate temperature (Ts) was varied from 25 to 700 °C to. The PLD LGP 

films were nanocrystalline at ≥500 °C. Spectroscopic ellipsometry analyses indicate a decrease in 

film thickness and refractive index with Ts. Moreover, the extinction coefficient suggested 

luminance at a specific frequency. Second-harmonic generation (SHG) measurements were made 

to measure the nonlinear optical properties. The results indicated the dependency of SHG signal 

on the structure and morphology of LGP films. The structure-property correlation is established. 
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Chapter 1: Introduction 

Phosphorus (P) is one of the most common elements in our environment and is essential to 

all life. Phosphate is an anion derived from phosphoric acid. Phosphate [PO4]3-, pyrophosphate, or 

diphosphates [P2O7]4−, polyphosphate [HPO3]n, metaphosphate [POn
3] are just a few of its wide 

variations. 

 

Figure 1.1: (Left) Structural formula of diphosphate (Kemikungen from Wikipedia). (Right) 3D 

diphosphate. Red balls represent oxygen, and orange-yellow represents phosphorus. 
(Benjah-bmm27 from Wikipedia) 

 

From their discovery in the late 1800s, phosphate based materials continue to be 

extensively studied all over the world due to their fascinating physical properties and potential 

technological applications, some of which are luminescence, ionic conductors, ferroelectric, and 

solid-state laser materials [1–8]. Calcium phosphate bioceramics have good biocompatibility, 

osseointegration, and osteoconduction. Hence they are widely used in the field of bone 

regeneration, both in orthopedics and in dentistry [9]. Porous nanomaterials consisting of 

interconnected micropores, mesopores, and macropores are possible due to metals phosphates  

[10]. Research in cobalt phosphate and nickel phosphate have shown them to be suitable materials 

for high-performance supercapacitors [11]. Lead hydrogen phosphate, a type of hydrogen-bonded 

ferroelectric material, is a reference to understand photon ordering in hydrogen-bonded 

ferroelectric materials [12]. Research has shown positive results in glassy zirconium phosphates 
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as super protonic conductors [13], a variety of new copper phosphates materials as ionic or mixed 

conductors [14]. 

Pyrophosphate or diphosphates [P2O7]4− (a molecule containing two phosphorous atoms in 

a P-O-P arrangement) is one of the main interests of researchers worldwide. Due to the excellent 

optical properties of diphosphates, materials such as NaScP2O7 [15], KErP2O7 [16], KYP2O7 

[17,18], AgLaP2O7 [19], and SrMgP2O7 doped with rare earth materials [20], AgYP2O7 [21] and 

MYP2O7 (M=Rb,Cs) [17] are just a few that have been extensively researched. 

For use in an extreme environment, phosphates have been studied in-depth and have shown 

promising results. Most importantly, phosphate materials enable the operation and utilization 

under extreme environments of very high temperatures and deep ultraviolet (UV) conditions. For 

instance, (ZrO)2P2O7 has stable existence to temperatures around 1600 °C and is characterized by 

a very low linear thermal expansion coefficient [22]. Similarly, for high-temperature sensors, 

gallium phosphate (GaPO4) is a new promising piezoelectric crystal material. It has a crystal 

structure like quartz but a much higher thermal stability. It can be used in the temperature ranges 

up to 900 °C [23]. On the other hand, many of the diphosphate based solid state materials continue 

to the attractive choice for optical and electronic devices operating in the extreme regions of 

infrared (IR) and deep UV regions of the electromagnetic spectrum. 

In the late 20th century, increasing demand for energy storage due to technological 

advancements led to a significant amount of research and development of lithium-based battery 

electrolytes and electrodes. Its high electrode potential with low atomic mass made it the ideal 

material. Furthermore, with the development of electric vehicles,  Li-ion batteries possessed the 

power and energy densities necessary for its application [24]. One of the most promising 
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candidates for high-energy-density energy storage devices is lithium metal batteries. However, 

they are not practically used due to low cycling efficiency and severe safety concerns [25]. 

Nevertheless, given time for research and development, these shortcomings could be 

overcome. Moreover, with the energy demand not reducing soon, better and efficient materials are 

sought after with, one such focus being lithium phosphates. 

The motivation to the present work, which is integrating the excellent properties of Li-

based phosphates into a well-known wide band gap electronic material, is derived from the 

following considerations. For a long time, silicon-based power electronic devices have had a vast 

presence, but with a multitude of application requirements, but now they alone are hard to satisfy 

them all. Gallium oxide (Ga2O3), is a typical ultra-wide bandgap semiconductor and has shown 

promise where high-power and high-voltage devices are required [26]. Moreover, the most stable 

phase of gallium oxide is β‐Ga2O3 [27]. Furthermore, it can be used for the application of solar-

blind UV photodetectors [28,29], transparent field-effect transistor[30], and even Schottky barrier 

diode [31]. Therefore, the present work is an attempt to design and develop materials, where the 

advantages of widen band gap electronic material and excellent structural and optical properties 

of phosphates can be combined. 

1.1 MOTIVATION AND RESEARCH OBJECTIVES 

Based on our group's previous research on the Li-insertion/extraction processes in 

LiFePO4/FePO4, where the results invalidated the previous models used and suggested a new 

model [32], and the work on  LiFe1.5P2O7 centered around positive electrode application in Li-ion 

battery [33], lithium phosphates were shown to be a new promising avenue of research. This is 

owing to their electrical properties and potential in a battery application. LiVP2O7 [34], LiFeP2O7, 

and LiScP2O7 [35] were some of the lithium phosphates materials explored by other researchers 
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for a similar application. Moreover, in our research group's previous work, Ga based compounds 

[36] also showed excellent electric and optical properties, which could be tuned as required. This 

is the motivation of our present work on LiGaP2O7 (LGP).  

LGP is a new material that has not yet been explored except for one work that reported on 

its potential as a UV nonlinear-optical crystal [37]. In fact, when our research group initiated the 

work few years ago, there were no reports in the literature. The purpose of the present work is to 

study its synthesis, structure, electrical and dielectric properties, conduction mechanism, thin film 

deposition, and optical properties. This is all in pursuit of optimizing the material with high 

structural quality and desired properties for enhanced performance in optical and electronic 

devices.  

The specific objectives are as follows: 

1) Ceramic synthesis. 

2) Structural characterization focusing on the effect of sintering condition. 

3) Evaluating dielectric properties and conduction mechanism.  

4) Fabrication of LGP thin films by pulsed laser deposition. 

5) Structural and morphological analysis of the thin film as a function of 

substrate temperature. 

6) Exploring the optical properties of LGP thin film. 
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Chapter 2: Literature Review 

 

Lithium diphosphate ceramics LiMP2O7 (M: transition metal)  are extensively looked at 

for their potential in battery applications due to their physical properties. Some of these battery 

applications include medical devices, electric vehicles, laptops, and cellphones. One of the 

physical properties that is most important is the high mobility of lithium ions, which promotes the 

insertion/extraction reactions [32,36,38]. Materials having a P2O7 framework make excellent solid 

electrolytes and electrodes materials in rechargeable batteries [39,40] as they undergo frameworks 

where tunnels are accessible for mobile cations such as alkali (Na +, Li+) ions [40–42]. The 

appearance of the symmetric and antisymmetric P-O-P stretching vibration is specific to 

diphosphates and can be termed as its specific spectral fingerprints [43].In the past few years, the 

electrical properties of  lithium diphosphates such as LiFeP2O7 and LiCrP2O7 have been reported  

[44,45]. Diphosphates such as LiFeP2O7 and LiScP2O7 show similar ionic conductivity as they are 

isostructural. Moreover, they show low lithium-ion conductivity despite having had a framework 

with sufficiently wide tunnels (bottlenecks of 3.96 Å ) for lithium-ion transport along the c-axis 

[35]. 

Lithium-gallium based pyrophosphate (referred to LGP throughout this thesis) is a 

noncentrosymmetric pyrophosphate which crystallizes in the monoclinic space group P21. 

Noncentrosymmetric is an important feature of piezoelectric material [46]. The  lattice parameters 

of LGP are a = 4.7593(10) Å, b = 7.9586(16) Å, c = 6.8940(14) Å, β = 109.06(3) ° and Z = 2 with 

a bandgap of 4.56eV.It is an isomorphic compound of LiFeP2O7  (bandgap of 2.58 eV) and 

LiCrP2O7 (bandgap of 1.6 eV). LGP has no d-d electronic transition due to which it exhibits a wide 
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bandgap of 4.56 eV when compared to LiMP2O7 [37]. For comparison, monoclinic β-Ga2O3 has 

an ultrawide bandgap of ~ 4.8 eV [27]. 

The asymmetric LGP has seven unique O atoms, two unique P atoms, one unique Ga atom, 

and one unique Li atom. A [P2O7] dimer is formed by sharing the corner oxygen of two basic [PO4] 

blocks, as shown in Figure 2.1. A [GaO6] octahedra are formed from the Ga atom and six oxygen 

atoms where three Ga-O bonds are longer than the others and are linked to the [P2O7] dimer via 

corner-sharing. The Li atom is coordinated to four O atoms to constitute a [LiO4] tetrahedron. 

However, the O–Li–O intersection angles are far from that of the regular [LiO4] tetrahedron. 

Moreover, all the bonded O atoms are on the same side of the Li atom and exhibit a typical "see-

saw"-type configuration, as shown in Figure 2.2. Hence, the LiO4 tetrahedron is seriously distorted 

[37]. 

 

Figure 2.1: [P2O7] dimer in LGP where green is phosphorus and orange is oxygen (Supporting 
information from [37])  
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Figure 2.2: [LiO4] tetrahedron in LGP where grey is lithium and orange is oxygen (Supporting 

information from [37])  

 

 
Figure 2.3: Blue represents Ga, green represents P, orange represents O and grey represents Li. 

(a) Projection of LiGaP2O7 in the [100] direction. (Lilac tetrahedra represent the 
PO4 and light-green octahedra represent the GaO6 groups.)  (b) 2D zigzag 

[GaP2O11] layers in the ab plane. (From [37])  
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Chapter 3: Experimental Methods 

3.1 SOLID-STATE SYNTHESIS REACTION 

A solid-state synthesis reaction utilizes solid reagents to obtain polycrystalline 

materials.[47] LGP has been synthesized using a conventional solid-state reaction based on 

stoichiometric calculations. The solid-state reaction can be written as follows: 

Li2CO3 + Ga2O3 + 4NH4H2PO4 —> 2LiGaP2O7 + 4NH3 (g)+ 6H2O (g) + CO2 (g)                (1) 

The precursors used, Li2CO3 (99.99%), NH4H2PO4 (99.99%), and Ga2O3 (≥99.99%), were 

obtained from Sigma-Aldrich. An agate mortar was used to mix and pulverize the precursors with 

the help of acetone as a wetting medium for 2 h to ensure homogeneity. The mixture was 

transferred into crucibles for calcination in a muffle furnace. For the removal of volatile 

compounds (i.e., of NH3, H2O, and CO2), calcination was done in three steps at the temperatures 

of 300 °C, 500 °C and 650 °C for 8 h each. The sample was ground in an agate mortar in -between 

each step to ensure uniformity and assist the process. 

For pelletization, 10 % polyvinyl alcohol (PVA) was added as a binding medium to the 

ground calcinated powder. This powder was placed in a die and an MTI compact hydraulic pellet 

press for 5 mins under a load of 1.5 tons. The green pellet was 8 mm in diameter and approximately 

1 mm in thickness. Different green pellets were sintered at 800 °C for different times of 3 h, 6 h, 

12 h, and 24 h. For the sintering process, the ramp-up rate was 5 °C/min. Moreover, to ensure 

complete removal of the binding medium, the temperature was held at 500 °C for 30 mins. 
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Figure 3.1: Solid State Reaction. 
 

3.2 PULSED LASER DEPOSITION (PLD) 

The LGP films were deposited using PLD. PLD is a physical vapor deposition (PVD) 

technique. It uses a high-power pulsed laser beam which is focused inside a vacuum chamber to 

strike the target of the material that is to be deposited. Vaporized material from the target forms a 

plasma plume that is deposited on a substrate as a thin film. These depositions are usually done in 

the presence of a background gas or vacuum. [48] COMPex Pro, an excimer laser from 

COHERENT, was used in our setup. The term excimer refers to an excited dimer (diatomic 

molecule formed by the union of two atoms). The molecules used contain noble gases, which under 

normal circumstances, do not form a compound. However, they have an excited state where they 

are temporarily bonded as they have no stable ground state. In the case of a krypton fluoride 

excimer laser, a pulsed electrical charge excites the molecule, which results in the formation of a 

metastable excited state KrF*. After a short time, it disassociates according to the following 

reaction 

Precursors materials

Solid-state synthesis

Calcination at 300 °C -- 500 °C – 650 °C for 8 h    

Pelletization

Sintering at 800 °C for 3 h, 6 h,  12 h and 24 h 
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                                               KrF* —> Kr + F + hν                                                        (2) 

where hν represents the photon of wavelength 249 nm. [49] 

 

 
Figure 3.2: Schematic diagram of the PLD chamber setup (Tedsanders from Wikipedia).  

 

The LGP films were grown in a stainless steel high-vacuum chamber, and its schematic 

representation is shown in Figure 3.2. The chamber was pumped down to a base pressure of 7.2 

E-3 mTorr (high vacuum) and then filled up by oxygen to maintain a constant working pressure 

of 50 mTorr. Throughout the experiment, the laser was pulsed at a repetition rate of 5 Hz for 2000 

pulses with a pulse energy of  220 mJ. The ceramic target was prepared in the exact procedure as 

pellets with the sintering conduction being 800 °C for 12 h. However, the die used for the target 

was of 25 mm diameter, and the resulting thickness was 7 mm. The films were deposited onto Si 

(100) wafers.  
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Table 3.1: Substrate temperature of thin films fabricated 

 

 

 
 

3.3 X-RAY DIFFRACTION (XRD) 

For characterizing crystalline materials, XRD is one of the most powerful non-destructive 

technique (NDT) available. It provides information such as structures, phases, preferred crystal 

orientations, average grain size, and crystallinity. A monochromatic beam of X-rays is scattered at 

specific angles from each set of lattice planes, which results in constructive interference and 

produces XRD peaks. Thus, atomic positions determine the peak intensities. Hence, XRD is unique 

and can enable quick phase identification utilizing a standard database.[50] However, in the case 

of thin films, this technique is susceptible to substrate interference. Hence grazing incidence x-ray 

diffraction (GIXRD) was used, which has a small angle of incidence on the sample surface. 

 Bragg's law relates these diffraction patterns with the crystalline plane as  

                                                     nλ = 2dsinθ                                                                (3) 

where n is an integer, λ is the wavelength of the incident radiation, d is the inter-planar atomic 

distance, and θ is the angle of diffraction. 
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Figure 3.3: Schematic diagram to explain Bragg’s law (Hydrargyrum from Wikipedia) 

 

A Rigaku Benchtop powder XRD-Mini Flex II equipped with Cu Kα radiations (λ= 

1.54056 Å) was used to measure the powder LGP samples. Measurements were taken at room 

temperature in the 2θ range of 10° to 80° (step size of 0.02°) with a scan rate of 1°/min. High-

resolution XRD scans were performed with a scan rate of 0.116°/min for Rietveld refinement. For 

thin films, Rigaku Smartlab equipped with Cu Kα radiations (λ= 1.54056 Å) was used for theta/2-

theta measurements at room temperature in the 2θ range of 10° to 80° (step size of 0.01°) with a 

scan rate of 1°/min.   

 
3.4 SCANNING ELECTRON MICROSCOPY (SEM) 

Scanning electron microscopy (SEM) is an indispensable tool for the characterization of 

materials from nanometer to micrometer scale [51]. A focused beam of electrons scans the surface 
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on the sample to produce an image. Information about the surface topography and composition of 

the sample is present in the various signals resulting from the electrons interacting with atoms in 

the sample. The electron source used in the SEM can be a tungsten filament, LaB6,  Schottky 

emitter, or a tungsten field-emission tip. Furthermore, these are typically smaller compared to 

transmission electron microscopy (TEM) as the maximum accelerating voltage (typically 30 kV) 

is lower. 

 

 
Figure 3.4: Schematic representation of SEM (Steff, ARTE and MarcoTolo from Wikipedia).  

 

Due to the interaction of the electron probe with the sample surface, the various signals 

produced include characteristic X-rays (generated by excitation of inner shell electrons), 

cathodoluminescence (excitation in the range of visible light that is associated with valency 

electron excitation), backscattered electrons (elastically scattered out of the surface) and secondary 

electrons (inelastically scattered ejected from the surface of the target).  Secondary electrons are 

low in energy but high in number and are emitted from a region that is highly localized at the point 
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of impact of the probe. Therefore, they are readily detected and can form an image. Its potential 

resolution is limited primarily by the diameter of the focused probe at the sample surface.[51] 

A Hitachi S-4800 (field-emission scanning electron microscopy) SEM was used to look at 

the surface morphology of the pellets. The SEM sample was prepared by sputter coating a thin 

layer of gold in an Argon (Ar) atmosphere using an SPI sputter coating module to avoid charging 

problems. The images were taken using the electron beam energy set at 5 kV. As for the thin film 

measurements, a FEI Magellan 400 SEM was used. The source in this SEM is a  Schottky thermal 

emission source. Images were taken using an electron beam energy of 5 kV. 

 
3.5 DIELECTRIC MEASUREMENTS 

Dielectric properties of material include dielectric constant and dissipation factor. The 

dielectric constant is usually used to describe the dielectric characterization of a material and is 

one of the critical parameters to consider for a capacitor material. The higher the dielectric constant 

and dissipation factor, the more energy is absorbed from an electric field [52]. 

 

Figure 3.5: Schematic representation of 4 terminal method [53]. 

 

Hioki IM3536 LCR meter was employed for dielectric property measurements. Accuracy 

of the readings was ensured by performing circuit corrections and collecting data after the warmup 
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period of the equipment. Furthermore, 4 terminal method was used to measure data, the schematic 

shown in Figure 3.5. The LGP sample was prepared by fine polishing and coating with a thin layer 

of silver (Ag) paint on both sides of the pellet. The sample was baked at 90 °C for 2 h. The pellet 

served as a dielectric and the silver paint as the metal electrodes in a capacitor. The capacitance,  

dielectric loss (tan δ), and inductance data were taken over a frequency range of 1 kHz to 1 MHz 

up to 500 °C from room temperature.  

 

3.6 ELLIPSOMETRY 

 
Figure 3.6: Schematic setup of ellipsometry experiment (Buntgarn and Stannered from 

Wikipedia). 

 
Ellipsometry is an indirect optical technique as information about the properties of a sample 

is obtained through modeling analysis. [54] The utilization of this technique measures the relative 

change in amplitude and phase for the linearly polarized monochrome incident light as it is 

obliquely reflected from the sample surface.  
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 A SE-2000 spectroscopy ellipsometer from SEMI lab was used to measure the optical 

properties of the LGP thin film. Measurements were taken in the range of 350-1200 nm wavelength 

at incident angles of 65º, 70º, and 75º, near the Brewster's angle of silicon. The data analysis was 

performed using SEA software package from SEMI lab.  

3.7 SECOND HARMONIC GENERATION (SHG) MICROSCOPY 

 SHG microscopy is a nonlinear imaging technique. It is a two-photon coherent nonlinear 

optical process that arises from polar molecules ordered in noncentrosymmetric assemblies [55]. 

It is based on a nonlinear optical effect known as second-harmonic. In this process, two photons 

with the same frequency interact with a nonlinear material and generate a new photon with twice 

the energy of the initial photons. This is equivalent to the new photon having twice the frequency 

and half the wavelength compared to the initial photon. Hence, it is also called frequency doubling.  

This technique is extensively used in the visualization of cells and tissues.  

 A two-photon microscope developed and built earlier by the UTEP Photonics Laboratory 

[56–58] was used to probe the nonlinear optical properties of LGP thin films. Second-harmonic 

generation (SHG) microscopy images were captured for the analysis of SHG power and SHG 

polarization scans. The laser source used had a wavelength of  950 nm (Mai Tai HP, Spectra-

Physics), while the samples were focused on a 60x water-immersed objective (Olympus 

LUMPlanFL N 60x/1.00 W) and the blue channel (417–477 nm) was used for analysis. Each image 

produced was a result of a combination of f ifty frames. Image were analyzed on ImageJ and the 

data was plotted on OriginPro 8.5. An adhesive tape was used to hold each sample on a glass slide 

with coverslip for imaging.  

Power scans were performed by varying laser power manually using optical attenuator and 

were metered before entering the instrument for imaging. Power was increased in +5 mW 
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increments from 1 mW until it was sufficient to saturate the blue channel. The 700°C sample was 

imaged until power of 165 mW (34 images) , room temperature sample until 180 mW (37 images), 

and 500°C sample until 120 mW (25 images).  

A half-wave plate (HWP) filter was employed for polarization scans. It was introduced into 

the path of the beam path, which polarized incident light linearly. The HWP was manually rotated 

at increments of +5° from 0°–180° ( 37 images) in a 0°–360° polarized light. Power used for the 

700°C and RT samples was 150 mW, while the 500°C was 90 mW. 
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Chapter 4: Results and Discussion  

4.1 STRUCTURE AND MORPHOLOGY OF LGP CERAMICS 

The XRD data of LGP ceramics are shown in Fig. 4.1. The XRD data of 300 °C calcinated 

sample indicates the presence of unreacted secondary phases (marked by a black star in Figure 4.1, 

and thus, calcination was repeated at a higher temperature of 500 °C. Although the XRD of the 

500 °C calcinated sample shows a decrease in the quantity of unreacted secondary phase, it is still 

present in significant amounts (marked by a red star in Figure 4.1. After the third step of calcination 

at 650 °C, XRD obtained matches XRD from the literature [37]. The peaks were successfully 

indexed in monoclinic system with P21 space group. 

 
Figure 4.1: X-ray diffraction patterns of sample calcined at different temperatures.  
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To further understand the effect of sintering time on the structure and phase stability of 

LGP ceramics, XRD analysis of the ceramics was performed as a function of sintering time. The 

data are presented in Figure 4.2. The XRD patterns collected from sintered samples indicates a 

peak shift to the left with an increase in sintering time, and this suggests change in lattice 

parameters. It is visible in the expanded view in Figure 4.2.  

 

 

Figure 4.2: XRD patterns of sample calcined at different times.  
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The crystallite size of the LGP samples was estimated using the Debye Scherrer equation 

[59]: 

                                                                 D =
Kλ

β cosθ
                                                                     (4) 

where D is the average crystallite size of the sample,  K is shape factor (0.9),  λ is the wavelength 

of X-ray source (1.54056 Å [Cu Kα]), β is full width at half maximum  (FWHM) and θ is angle 

corresponding to β. The seven most intense peaks (17.56°, 22.65°, 22.89°, 26.23°,  27.46°, 

29.67851°, and 30.14°) were fitted using the Gaussian function to obtain the FWHM and its 

corresponding 2θ values. Gaussian function gave the best fit for all XRDs. The crystallite size 

variation is as presented in Table 4.1.  

Table 4.1: Crystallite size of LGP samples  

 

LGP Sample  Crystallite size (nm) 

800 °C, 3 h 48.6138 

800 °C, 6 h 51.8912 

800 °C, 12 h 52.5967 

800 °C, 24 h 48.6737 

 

The crystallite size increases when sintering time increases from 3 h to 12 h. Moreover, the 

change in size from 3 h to 6 h is substantially greater than from 6 h to 12 h. However, there is a 

decrease in crystallite size when sintering time is increased to 24 h. This suggests the prevention 

of crystal growth with an increase in temperature. 
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Figure 4.3: Scanning Electron Microscope images of samples sintered at 800 °C with varying 
sintering time. 

 
The increase in grain size is visually evident from the SEM images with the increasing  of 

sintering time. Furthermore, there is a distinct change in the 24 h sintered sample, this could be 

due to the volatile nature of Li based compounds.  To quantify grain size, we utilize the intercept 

method to calculate grain size. The equation utilized was: 

                                 Average grain size =
Line Length

No.of Intercepts 
                                    (5) 

To ensure accurate values multiple SEM images from different parts of the pellet was used 

for every sintering time on ImageJ. Furthermore, porosity was also calculated utilizing these 

images. The increase in sintering time decreases the porosity of the sample while also increasing 

the average particle size. 
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Table 4.2: Average particle size and porosity of samples  

 

LGP Sample Porosity (%) Average Particle Size (μm) 

800°C 3 h 3.815 1.7194 

800 °C 6 h 2.131 3.879 

800 °C 12 h 0.441 4.084 

800 °C 24 h 0.176 6.994 

   

 

4.2 RIETVELD STRUCTURAL REFINEMENT 

Rietveld method is a refinement technique and not a structure solution method. Therefore, 

it requires a good starting model. The goal of this method is to minimize the residual function 

using a nonlinear least-squares algorithm and thus refine the structure.  

                             WSS = ∑ wi(Ii
exp

− Ii
cal)2

i , wi =
1

I
i
exp                                                (6) 

 

The model utilized was from the literature [37]. XRD data ensures that there was no 

secondary phase. The refinement was undertaken considering the monoclinic crystal symmetry 

with P21 space group. For refined experimental diffraction patterns, pseudo-Voigt peak shape 

function was used. The obtained goodness of fits is also shown in Figure 4.5, and the refined unit 

cell parameters are presented in Table 4.3. Refined cell parameters indicate a small decrement in 

unit cell volume associated with the increase in sintering time of the LGP sample. 
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Figure 4.4: Rietveld structural refinement of XRD patterns for LGP samples sintered at 800 °C 
for 3 h and 6 h.  

 

 

Figure 4.5: Rietveld structural refinement of XRD patterns for LGP samples sintered at 800 °C 
for 12 h and 24 h.  
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Table 4.3: Refined unit cell parameter and volume of unit cells  
 

LGP a (Å) b (Å) c (Å) β (°) Volume (Å3) 

Literature 4.7593 7.9586 6.8940 109.06 246.81 

800°C 3 h 4.7632 7.95859 6.88341 109.0043 246.7161 

800°C 6 h 4.76318 7.95921 6.88278 109.00897 246.7047 

800°C 12 h 4.76266 7.95737 6.88192 109.0133 246.5835 

800°C 24 h 4.76198 7.95809 6.88129 108.99638 246.5731 

 

4.3 DIELECTRIC PROPERTY ANALYSIS 

The sintered LGP sample was exposed to a frequency sweep from 1kHz to 1MHz at every 

10 °C from room temperature to 500 °C. The capacitance (C), dielectric dissipation (tan δ) and 

inductance (Z) were recorded. For energy applications, capacitance is an essential factor. 

Geometry and dielectric constant determine the capacitance of the material. 

                                                                      C =
ε′ε0A

t
                                                                  (7) 

where ε′ is the real part of the dielectric constant, ε0 is the dielectric constant of free space 

(8.85x10-12 F/m), A is the area of capacitor plate, and t is the thickness of the pellet.  

The dielectric dissipation of the material is defined as 

                                                                      tan δ =  
ε″

ε′ 
                                                              (8) 

where, ε″is the imaginary part of the dielectric constant.  
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Figure 4.6: Frequency dependence of the real part of dielectric constant (ε') at different 
temperatures for LGP sample sintered at 3 h, 6 h, 12 h, and 24 h.  
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Figure 4.7: Frequency dependence of the imaginary part of dielectric constant (ε″) at different 
temperatures for LGP sample sintered at 3 h, 6 h, 12 h, and 24 h. 

 
 Figure 4.6 and Figure 4.7 indicates that, at a given temperature, the dielectric constant 

decreases with increasing frequency and reaching an almost constant value at higher frequencies. 

This typical behavior of dielectric constant with frequency and can be explained by considering 

various polarization sources and associated mechanisms [60]. At lower frequencies, due to the 

contributions from various polarizations such as interface,  space charge (where potential barriers 

lead to charge accumulation), and ionic charges leads to larger dielectric constant. At higher 

frequencies, electric dipoles fail to orient themselves due to the fast variation of applied electric 

field and current, thus lagging and resulting in low dielectric values [61]. In the lower frequency 

range, electric dispersion is attributed to interfacial polarization as the electronic an d atomic 

polarizations remain for the majority unchanged [62]. This behavior can be explained by Maxwell–

Wagner theory of interfacial polarization [63], following Koops phenomenological theory [64,65].   
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Figure 4.8: Frequency dependence dielectric loss at different temperatures for LGP sample 
sintered at 3 h, 6 h, 12 h, and 24 h. The phase difference between the applied 

electric field and the induced current is D or δ [66]. 
 
The dielectric dissipation values decrease with increasing frequency (Figure 4.8) at higher 

temperatures. However, at a lower temperature, it remains nearly constant throughout the entire 

frequency sweep. 

LGP has multiple ion species present, and thus it would be necessary to observe the 

dispersion behavior using the Debye function [67,68]. In this real part of the dielectric at a given 

angular frequency (ε' (ω)) is defined by the following relation:  

                                                         ε′(ω) = ε∞ +
(ε′0−ε′∞)

[1+ (ωτ)2 (1−α)]
                                                (9) 
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where ε′0 is the real part of the dielectric at low frequency (1kHz for us), ε′
∞ is the real part of the 

dielectric at high frequency (1MHz for us), ω is the angular frequency (=2πf), τ is the Debye 

average relaxation time, α is the spreading factor for actual relaxation time about the mean value 

and ε∞ is the complex dielectric at high frequency (1MHz for us). 

In order to obtain τ and α the Cole-Cole plot was employed [67]. In this, Equation 4.5 was 

utilized with a slight modification of using the real part of the dielectric at high frequency rather 

than the complex dielectric at high frequency (modified Debye's function) to obtain the following 

equation:  

                                     y = ln (|
(ε′

0−ε′)

(ε′−ε′
∞)

|) = 2(1 − α)ln ω + 2(1 − α)ln τ                           (10) 
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Figure 4.9: Variation of ln (|
(ε′

0−ε′)

(ε′−ε′
∞)

|) with angular frequency for LGP sample sintered at 3 h, 6 

h, 12 h, and 24 h. 

 
A linear fit was employed to obtain the slope and intercept (Figure 4.9), and based on 

Equation 6, α and τ values were calculated. Utilizing the α and τ obtained, ε'(w) was calculated 

and plotted (Figure 4.10). 

Table 4.4: Spreading factor and relaxation time determined using Cole-Cole plots 

 

LGP Sample Spreading Factor, α Relaxation Time, τ (μs) 

800 °C, 3 h 0.59585 36.42 

800 °C, 6 h 0.61100  27.10 

800 °C, 12 h 0.50376  11.60 

800 °C, 24 h 0.44400 33.70 

 

 



 
 

30 

3 4 5 6

0

100

200

300

400
3 h

ɛ
'

log f

 Experimental

 Calculated

 

3 4 5 6

0

200

400

600
6 h

ɛ
'

log f

 Experimental

 Calculated

 

3 4 5 6
0

20

40

60

80
12 h

ɛ
'

log f

 Experimental

 Calculated

 

3 4 5 6

0

200

400

600

800
24 h

ɛ
'

log f

 Experimental 

 Calculated

 

 

Figure 4.10: Variation of the real part of the dielectric constant and real part of dielectric 

constant fitted to modified Debye's equation with frequency for LGP sample 
sintered at 3 h, 6 h, 12 h, and 24 h. 

 

Figure 4.10 shows that the experimental and calculated values are consistent, especially at 

higher frequencies. Thus, proving the validity of modified Debye's equation and the possibility 

that multiple ions contribute to the dielectric relaxation process [61]. Furthermore, we notice that 

the rate of decrease of the dielectric at lower frequencies is much higher compared to higher 

frequency. It is likely caused by polarization of interface and grain boundaries or intrinsic factors 
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like ionic, electronic, and space charge polarization. Thus, this behavior can be explained due to 

various polarization sources [60].  

0 100 200 300 400 500

0

200

400

600

800

1000

1200

1400

1600

ε
'

Temp (°C)

 1000 Hz

 10000 Hz

 100000 Hz

 1000000 Hz

3 h

 

0 200 400 600

0

2000

4000

Temp (°C)

ε
'

6 h 1000 Hz

 10000 Hz

 100000 Hz

 1000000 Hz

 

0 200 400 600

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200
12 h

ε
'

Temp (°C)

 1000 Hz

 10000 Hz

 100000 Hz

 1000000 Hz

 1000 Hz

 10000 Hz

 100000 Hz

 1000000 Hz

0 200 400 600

0

2000

4000

ε
'

Temp  (°C)

24 h 1000 Hz

 10000 Hz

 100000 Hz

 1000000 Hz

 

Figure 4.11: Temperature dependence of the real part of dielectric constant at different 
frequencies for LGP sample sintered at 3 h, 6 h, 12 h, and 24 h. 
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Figure 4.12: Temperature dependence of the imaginary part of the dielectric constant at different 

frequencies for LGP sample sintered at 3 h, 6 h, 12 h, and 24 h.  
 

The temperature dependence of dielectric constant has been studied to further understand 

the properties of the LGP samples and their dielectric relaxation processes/behavior. The dielectric 

constant and loss have been plotted against temperature at 1 kHz, 10 kHz, 100 kHz, and 1 MHz. 

From Figure 4.11 and Figure 4.12, we see that dielectric constant remains the same until around 

250 °C to 300 °C and then increases as temperature increases. This behavior is more clearly seen 

at lower frequencies (1 kHz and 10 kHz) compared to the higher frequencies (1 MHz).  

Furthermore, the LGP sample sintered at 800 °C for 3  h, shows dielectric relaxation around 420 

°C for both 1 kHz and 10 kHz. However, relaxation is absent from the other samples in our range 

of measurements.  

 The increase of dielectric constants at higher temperatures is a result of thermal energy 

increasing mobility of charge carriers and boosted the hopping rate of charge carriers. The 

dielectric constants at lower frequency are larger than the higher frequency as there is less lagging 

between applied electric field and current and various polarization sources, resulting in higher 

values.  As temperature increases, the effect of space charge polarization increased, which explains 
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the increase in dielectric dissipation shown in Figure 4.13. Furthermore, there is a sharp decrease 

in dielectric dissipation around 430 °C for samples sintered at 800  °C for 6 h, 12 h, and 24 h. 
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Figure 4.13: Temperature dependence of dielectric loss at different frequencies for LGP sample 
sintered at 3 h, 6 h, 12 h, and 24 h.  
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4.4 CONDUCTIVITY 

A prominent factor that reveals reliable information about the transport phenomenon in 

materials is AC electrical conductivity. Moreover, AC measurements are also helpful in 

identifying the nature of this conduction mechanism [45]. 

From Figure 4.14, AC conductivity increases linearly with an increase in frequency. This 

behavior is a feature of hopping type mechanism for electric conduction [69]. To further 

investigate this, we look at the activation energies at different frequencies.  
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Figure 4.14: Frequency dependence on conductivity for LGP sample sintered at 3 h, 6 h, 12 h, 
and 24 h. 
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Figure 4.15: DC conductivity dependence on the inverse of absolute temperature at different 
frequencies for LGP sample sintered at 3 h, 6 h, 12 h, and 24 h. 

 
The DC conductivity's dependence on the temperature at 1 kHz, 10 kHz, 100 kHz, and 1 

MHz is plotted for all the samples of LGP. We can see that DC conductivity increases with an 

increase in temperature from Figure 4.15, and thus it shows that LGP's charge transportation 

properties are thermally activated. To get a better understanding, we look at the activation energy 

(Ea), which is calculated using the Arrhenius equation [70].  

                                                                    σac = σ0e
−Ea
kT                                                            (11) 

where k is Boltzmann constant (= 0.00008617 eV/K). 
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Table 4.5: Activation energy of LGP samples 

 

LGP Sample Activation energy 

at 1 kHz 

Activation 

energy at 10 kHz 

Activation energy 

at 100 kHz 

Activation energy at 

1 MHz 

800 °C, 3 h 0.83214 eV 0.78646 eV 0.76445 eV 0.61621 eV 

800 °C, 6 h 0.71100 eV 0.67822 eV 0.62964 eV 
 

0.51687 eV 
 

800 °C, 12 h 0.87707 eV 0.86699 eV 0.83591 eV 
 

0.57126 eV 
 

800 °C, 24 h 0.47463 eV 

  

0.45587 eV 

 

0.45182 eV 

 

0.43487 eV 

 

The sample sintered for 24 h has the lowest activation energy compared to the rest. 

Furthermore, the values indicate that the increase in frequency decreases the activation energy of 

the LGP sample. It could be attributed to the fact that electronic jump between localized states is 

improved by the applied field frequency, which results in increased conductivity.  

 

4.5 STRUCTURE AND MORPHOLOGY OF LGP THIN FILMS 

The XRD data of LGP films are shown in Figure 4.16. The substrates used for the 

deposition of thin films was silicon (100) wafers. Before deposition, the wafers were sonicated to 

ensure their cleanness. The XRD of thin films indicated amorphous nature for deposition 

temperatures under 500 °C. However, above 500 °C substrate temperature, the samples are 

polycrystalline. The 700 °C substrate temperature sample accurately matches the LGP XRD  from 

the literature.  
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Figure 4.16: XRD of a thin film for varying substrate pressure. 

 

The difference between 500 °C, 550 °C, 600 °C, 650 °C and 700 °C substrate temperature 

samples is the relative intensity of peak at 20.75°. This peak is highlighted with a red oval in Figure 

4.16. The relative intensity is nonexistent or close to zero at 500 °C and slowly begins to increase 

as the substrate temperature increases. Thus, increasing substrate temperature increases the 

crystallinity of the sample. From XRD, the crystallite sizes were estimated using Scherrer’s 

equation. The variation in the crystallite size of LGP films is as presented in Table 4.6.  
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Table 4.6: Crystallite size of LGP thin films 

 

LGP Sample The crystallite size 

(nm) 

500 °C 22.0763023 

550 °C 21.34222454 

600 °C 22.5946647 

650 °C 19.9558645 

700 °C 21.62465361 

 

 There is little variation of the crystallite sizes except for 650 °C. This could be the result 

of the unusual XRD measurement observed below the 2θ of 14°. There were no similarities in 

literature and hence is more likely an artifact. 

 

The SEM data of LGP films are shown in Figures 4.17 to 4.29. From the SEM images, it 

is evident that there is a lack of grain growth, indicating the amorphous nature of thin film on the 

substrate. This agrees with XRD of sample deposited on the substrate at RT. The XRD pattern of 

the thin film where LGP was deposited on the substrate from 500 °C indicated crystallinity. From 

the corresponding SEM images, grain growth is visible as seen in Figure 4.18. The grain growth 

is most prominent in the SEM images of the 700 °C (Figure 4.19) polycrystalline sample. Based 

on the SEM images, the mean grain size was measured to be around 250 nm to 500 nm.  
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Figure 4.17: SEM images of thin film deposited at RT 
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.

 

 
Figure 4.18: SEM images of thin film deposited at 500 °C to 650 °C. 
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Figure 4.19: SEM images of thin film deposited at 700 °C. 

 

4.6 SPECTROSCOPIC ELLIPSOMETRY 

The optical quantities measured are ellipsometry angles Psi (Ѱ) and Delta (Δ). They are 

related to the optical and structural properties of the sample as Δ is the difference in phase shift 

and Ѱ is the component of amplitude ratio. They are defined as  

                                                        Δ = δp − δs                                                              (12) 

                                                                   tan Ѱ =
|rp|

|rs|
                                                              (13) 

                                                              ρ =
rp

rs
= tan Ѱ e−iΔ                                                      (14) 

where the complex Fresnel's reflection coefficients for light polarized perpendicular and parallel 

to the plane of incidence is denoted by rho (ρ).  
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The spectral dependencies of Ψ and Δ can be utilized with relevant models to determine 

film thickness as well as the refractive index (n) and extinction coefficients (k).[54] The values 

would be determined based on the best fit between the simulated and measured spectra. Mean-

squared error (MSE) would be minimized by utilizing the fitting of the Levenberg-Marquardt 

regression algorithm. 

                                 MSE =  
1

2N−M
∑ [{

(Ψexp−Ψcalc)

σ
Ψi

exp }

2

+ {
(Δexp−Δcalc)

σ
Δi

exp }

2

]n
i=1                            (15) 

 
where  Ψexp, Ψcalc, Δexp, and Δcalc represent the measured and calculated ellipsometry functions, 

while N indicates the number of Ψ, Δ pairs, M represents the number of fitted parameters in the 

model and σ accounts for standard deviations in the experimental data [71].  

 

Figure 4.20: Optical model used for SE data analysis (by Nanthakishore Makeswaran, CMR, 
UTEP ) 

 
Deriving useful physical information from the ellipsometry measurements involves 

utilizing an optical model of the sample. The model should consider the multiple layers with their 

corresponding optical properties. Additionally, interfaces between layers act as optical boundaries 
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where light can be refracted or reflected as described by the Fresnel relations. The optical model 

we used us shown in Figure 4.20. 

There is little published literature for LGP in terms of its optical properties to act as a guide. 

Hence, a variety of models were tested to fit the physical data and explain the optical properties of 

the thin films. Ultimately the Cauchy dispersion model (used for non-metallic materials such as 

dielectrics and semiconductors) yielded the best results.  The Cauchy equation for n as a function 

of wavelength λ is as follows: 

                                                        n(λ) = A + B
λ2⁄ + C

λ4⁄                                                     (16) 

 
where A, B, and C stand for the Cauchy coefficients specific to the material with A being the 

constant that dominates n (λ) for long wavelengths, while B and C control curvature the most in 

the mid-visible spectrum and shorter wavelengths respectively.   

 

The model can also be used to derive the k by: 

                                                       k(λ) = d + e
λ2⁄ + f

λ4⁄                                                       (17) 

 
where d, e, and f represent material specific constants [72].   

The simulated values, as determined by the Cauchy dispersion model, showed close 

agreement to the experimental data, as can be seen in the curves for individual temperatures shown 

in the Appendix.   
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Figure 4.21: Variation of the thickness of the thin film 
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Figure 4.22: n values across deposition temperatures. 
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Figure 4.23: k values across deposition temperatures. 

 
The SE analysis yielded the thickness of the samples utilizing the Cauchy dispersion 

model. The thickness of the sample decreases with an increase in substrate temperature and an 

increase in crystallinity, as indicated in figure 4.21. The dispersion profiles for the refractive index 

(n) can be seen in figure 4.22.  Across all temperatures, there is an increase at shorter wavelengths, 

which corresponds to the fundamental absorption of energy across the bandgap. Moreover, it 

should be noted that there is a clear trend of decreasing absorption with higher temperatures.   

On the other hand, the behavior of extinction coefficient (k) across the various samples is 

more erratic, as seen in Figure 4.23.  At low to mid wavelengths, k values are generally at or close 
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to zero, indicating low optical losses due to absorption with sharp increases at higher and very low 

wavelengths caused with fundamental absorption across the bandgap.  The most unexpected, 

however, was the presence of areas of negative k values. It indicates the possibility of 

luminescence triggered through excitation of specific wavelengths.   

4.7  SECOND HARMONIC GENERATION (SHG) 

The images obtained from the power scan helped in identifying the regions on the thin film 

with a strong SHG signal. The mean intensities (arbitrary units 0–255)  of these regions were 

calculated and plotted against laser power (mW) on a logarithmic scale (Figure 4.24). A linear fit 

was used to obtain a slope of 1.46, 1.32, and 1.49 from the 700 °C, RT, and 500 °C samples, 

respectively.  

From the polarization scans, a graph was plotted with mean intensities (arbitrary units) on 

the radial axis and light polarization (degrees) on the angular axis (Figure 4.25). These plots show 

distinct dipolar shape with some quadrupolar character. This indicates a clear dependence of SHG 

activity with the polarization of incident light.  

 

Figure 4.24: Log-log plots of SHG intensity vs. laser power in LGP samples A) 700°C, B) Room 

temperature and C) 500°C 
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Figure 4.25: Polar plots of SHG intensity (radial axis) vs. polarization of incident laser (angular 

axis) in different regions of MOD-LGPO 700°C (A, B), room temperature (C, D), 
and 500°C (E, F) 
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Figure 4.26: Micrographs of SHG activity (seen as white) in MOD-LGPO samples A) 700°C,  B) 

Room temperature, and C) 500°C.  

 
The micrographs extracted from the blue channel are shown in Figure 4.26, with the white 

representing SHG activity. The most interesting observation from these is the SHG signal in the 

RT sample, which is amorphous. This indicates the presence of nanocrystalline particles embedded 

in the amorphous matrix, corroborated by the single crystalline peaks present in the XRD.   
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Chapter 5: Conclusions and Future Work 

5.1 CONCLUSIONS 

LiGaP2O7, a novel material having monoclinic symmetry with P21 space group, was 

synthesized using a conventional solid-state, high-temperature chemical synthesis reaction. The 

phase purity of this material was obtained after calcinating at 650 °C for 8 h. The effect of sintering 

time (3 h, 6 h, 12 h, and 24 h) while keeping the temperature fixed at 800 °C indicated a trend. The 

XRD indicated a change in lattice parameters, and Rietveld refinement shows a trend of decreasing 

unit cell volume. The grain size measured using SEM images showed an increase with sintering 

time. From the SEM images, we also note a decrease in porosity with an increase in sintering time. 

Furthermore, refinement concluded that there was a  decrease in unit cell volume with an increase 

in sintering time. 

 Impedance spectroscopy measurements were taken over a frequency range (1 kHz to 1 

MHz) with increasing temperature (30 °C to 500 °C). The dielectric constant decreases with an 

increase in frequency. Moreover, dielectric constant increases with an increase in temperature after 

~200 °C. The modified Debye's equation shows that the experimental and calculated values of  

dielectric constant are in good agreement and suggests the possibility that multiple ions contribute 

to the dielectric relaxation process. The conductivity of the sample increases with an increase in 

frequency, suggesting the hopping type conduction mechanism. Utilizing the Arrhenius equation, 

the activation energy calculated, which showed a decreasing trend with increasing frequency and 

sintering time.  

The XRD of the PLD LGP thin films indicate amorphous nature for samples deposited at 

lower temperatures. The onset of crystallization was found at 500 °C. The XRD of 700 °C 

polycrystalline thin film was in good agreement with literature and utilizing SEM images, and we 
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estimate the size to be around 250 nm to 500 nm. The Cauchy dispersion model was used to obtain 

the optical parameters using SE. The thickness of the thin film’s deceases with an increase in 

substrate temperatures and increasing crystallinity. Furthermore, the absorption was decreased 

with increasing substrate temperature. The excitation coefficient measurement suggested the 

possibility of luminescence under a specific wavelength.  SHG imagining shows dependence on 

intensity to the polarization of the incident beam. The presence of SHG activity indicates 

nanocrystalline present in the amorphous matrix.  

This study explores the novel optical and electronic materials for utilization under extreme 

environments. It also demonstrates the ability to engineer the Li-Ga based pyrophosphate’s 

properties to meet application requirements.  

 

5.2 FUTURE WORK 

Based on the results of the present work, the following avenues can be taken for future research: 

1) LGP ceramic showed promise for battery application.  

2) The mechanism for thin film growth on other substrates is not explored.  

3) Single crystal of LGP has shown good phase matching behavior, and thus, an 

application that requires frequency conversion should be explored. 

4) The effect of annealing on microstructure has not been explored. 

5) The electrical and mechanical properties of thin films could be explored.  

 



 
 

51 

Appendix 

SE FITTING 
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