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Preface 

 
NLO Crystals  which exhibits Nonlinear Optical properties are becoming very important materials 
for LASERS and achieving the novel properties such as optical solution optical switching, optical 
modulation, frequenting shifting, optical data storage which are very useful and revolutionary 
properties for technological enhancement in area of communication and information technology 
quantum computation and research fields. These materials are creating great impact on research and 
industry and play major role in new technological development.  

There is need to create awareness about the NLO materials and their useful properties. This book is 
intended to provide most fundamental but new development of techniques of fabrication of NLO 
crystals as well as the characterizations in order to understand the mystery behind novel properties 
of the NLO crystals.  

This book will be useful for students and researchers to have sound idea about fabrication and 
crystal growth, as well as how the properties can be achieved by nonlinear optical material with the 
help of different composition, doping and crystal growing techniques.  The book covers 
characterization techniques and actual characterization of some samples which will be useful 
techniques of sample analysis. The book presents of NLO crystal growth techniques, NLO 
properties, covering role of amino acids in achieving NLO properties and highlights Glycine Amino 
Acid doped mixed KDP NLO crystal besides Disodium hydrogen phosphate (DSHP) along with 
their applications. Some techniques which explains characterizations such as NLO test, XRD, 
FITIR, UV visible spectrum analysis and TGA and DSC (Thermal Analysis) are included. 

 The book contains systematic description of crystal growth techniques, NLO properties, sample 
characterizations catering useful contents for understanding in the area of NLO materials and 
LASERS. We hope the present deliberation will be useful for those who want to know future scope 
for NLO materials and their applications. 

 We will be grateful for useful suggestions. 
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Today we are in the electronic, computer, and nano technology era. Today’s technology is rapidly changing 
and its reflection on mankind is splendid. The major contribution of technology development is mainly due 
to the development of crystal growth technology [1]. 

Crystal growth technology and epitaxy technology had developed along with the technological development 
in the 20th century. On the other hand the rapid advances in microelectronics, in communication 
technologies, in medical instrumentation, in energy and space technology were only possible after the 
remarkable progress in fabrication of large rather perfect crystals and of large-diameter epitaxial layers. 
High-efficiency white light-emitting diodes for energy-saving illumination and photovoltaic thermo-
photovoltaic devices for transforming solar and other radiation energy into electric power with high yield 
depend on significant advances in crystal growth and epitaxy technology. Also the dream of Laser-fusion 
energy and other novel technologies can only be realized after appropriate progress in the technology of 
crystal [2] 

In recent days all over the world crystal materials are used for a wide variety of applications in optical 
components for Lasers, semiconductors, electronics, optics Lasers and Telecommunications Industry. The 
research emphasis is targeted on those crystals that are the most important in current and future applications 
in Laser technology. These crystals are used in various quickly expanding fiber communications industry 
also. The Crystal growth was recognized as an organized subject for study and research in the late sixties. 
Scientific aspects of crystals are studied world over but high technology involved in growth of special 
crystals is not in the reach of underdeveloped countries. 

Today a few developed countries are seen concentrated on technologically important crystals. There are 
several appropriate infrastructures and competent human resources are involved in crystal growth 
technology. In past 25 years developed countries have invested extensively and started crystal growth 
industries in Taiwan, Korea, Bangkok, Malaysia, Singapore & Indonesia due to various political and 
economic reasons. In the coming years they are likely to come forward to setup crystal growth industries in 
India. Indigenous technical growth and development awaits endeavor in crystal growth area. 

1.1) Laser and Lasers system 
The word LASER is an acronym for Light Amplification by Stimulated Emission of Radiation. The 
features such as directionality, monochromaticity, high coherence and high intensity have made Lasers 
extremely useful in science and technology. [3-6] Lasers span the wavelength-range from the far-infrared (λ 
= 1000µm) to soft X-rays (λ = 3 nm) region. [7, 8] 

Lasers are basically produced by systems comprising four primary components. 

1. Active Medium or Lasing medium. 

2. Excitation System. (Pumping method) 

3. High reflectance mirrors. 

4. Partially transitive mirrors 

Lasing medium may be solid, liquid, gas or plasma. Different pumping techniques are adopted for various 
types of Lasers. 

Today Laser systems have exciting potential applications in realm of industry, communications and warfare 
medical scientific research purpose.  [7, 8] 

1.2) Significance of Laser 
The first working Laser was demonstrated in may 1960 by Theodore Maiman at Hughes Research 
Laboratories. Recently, Lasers have become a multibillion dollar industry. 

The most widespread use of laser is in optical storage devices such as compact disc and DVD players in 
which the laser (a few millimeters in size) scans the surface of the disc. Other common applications of lasers 
are bar code readers and laser pointers, laser printers etc. 

These Laser systems with fiber optics beam delivery for may be utilized material processing applications 
such  as cutting, welding, drilling in radioactive environment due to ease in tool handing flexibility non-
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contact nature, Longer tool life and cost saving and other application in ultra fast amplifier pumping, 
Nonlinear optics, Glass micromachining, Precision micromachining, Lidar, Scientific pumping etc.  
(Thales.Laser@ for  Thales groups.com, Japan). [5-9] 

The use of semiconductor Lasers as sources in Local-area networks (LANs) is also a growing field (high 
speed computer networks, satellite networks, avionic system). All homes will be interconnected with fiber 
optic cables for processing of video, audio, amplifier signals. 

The semiconductor laser is the needle or probe that reads the information from the compact disk, as a result 
of irradiating the small grooves in the disk, all disk technique for information storage and retrieval in 
computers. It is also used for high-speed printing free space communication, pump sources for other, solid-
state lasers, fiber amplifier, laser pointers and various medical applications. [10 - 11] 

The Nd: YAG Laser system is used in military application such as range finding, target designation and also 
medical surgery. The development of different high power Lasers in India, a sequence of their new 
applications in atomic energy. 

Laser material processing in Nuclear Industry laser have been employed for NDT, NFC (Nuclear Fuel 
Cycle), cleaning & dismantling applications, welding, cutting, marking etc. [12-13] 

Fempto second laser processing with advent of high power ultra-short pulsed Lasers several new applications 
are possible now. Among these is shaping of high energy materials, including explosives into desired shapes. 
Femto second laser pulses produce high intensities for a short duration resulting in ablation of material with 
little energy coupled to the material. [14- 17] 

To develop Laser for NASA’S Jet Propulsion Laboratory application (JPL) the laser source will be used to 
“cool” the Cesium atoms in a highly accurate atomic clock that will be carried by the space shuttle and 
placed on the International space station (ISS) as a part of experiment to test many of the predictions of 
Albert Einstein’s theory of Relativity. [17] 

Advanced Laser-Remote sensing systems uses space-borne instruments to measure atmospheric parameters 
like cloud cover, water vapour content, aerosol, optical depth, temperature etc. Laser remote sensing 
technique provides powerful tools for environmental monitoring and remote sensing of the atmosphere, 
oceans, lakes and rivers of earth planet. 

Raman LIDAR system is in tracking and measuring concentration of an air pollutant released into the 
atmosphere from an Industrial source. Specifically in the atmosphere research the space borne LIDAR will 
be useful for two main areas. (a) Environmental and climatologically research    (b) Operational 
meteorology. 

The LIDAR CALIPSO Launched by NASA (USA) on April 28th 2006 which is used for global measurement 
of aerosols and clouds (CALIPSO, Satellite).The LIDAR type Nd:YAG, diode pumped, Q-switched 
frequency doubled, wavelength 532 nm and 1064 nm, Energy /pulse 105-115 mJ, pulse repletion frequency 
20 Hz [18]. 

Compact tunable Lasers can help to investigate characterize and diagnose specific conditions including 
illnesses, pollutants or stresses in buildings, bridges and airplanes. Their ability to tune both accurately and 
quickly allows accurate snapshots in constantly changing environments. Lasers systems are useful in 
Biotechnology, Environmental and fiber sensing, Telecommunication, Spectroscopy, Metallurgy, and 
Meteorology.  Important applications for our scientific laser systems are atoms and ion trapping, utilizing 
lasers atoms, ions are trapped and cooled in ultra high vacuum. Trapped cold ions have thus become a modal 
system for future quantum computers [19-22]. 

In order to make compact Laser system for the applications the solid state and semiconductor Lasers are 
preferred. Since the advent of the solid state Laser it has evolved into three generations. 

1. Lamp pumped solid state lasers 

2. Diode pumped solid state lasers 

3. Diode pumped fiber lasers 
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These differ from each other mainly in material and pumping geometry. 

Generally Lasers are pumped by photon beam and semiconductor Lasers are pumped by electrical potential. 
For pumping the solid state lasers, the semiconductor lasers are widely used consequently synthesis of 
semiconductor laser material is receiving a lot of attention. 

The purity of the laser, its power and nature of output weather continuous wave (cw) or pulse wave as well 
as its wavelength is significant for certain purpose. The solid state laser and semiconductor laser play very 
important role in determination of purity, power, wavelength and nature of output (cw or pulse and its pulse 
rate). Laser source with considerable useful power is expensive. Hence producing another laser from existing 
laser becomes easy and economic. This can be achieved through using the nonlinear optical properties of the 
crystal. 

In the field of solid state lasers design and development of the crystals for lasing materials have received 
attention worldwide. The extension had been made easy by nonlinear optics which is a new branch of optical 
sciences. By using nonlinear crystals the intensified radiations with a wide spectrum of frequencies is 
generated. 

Today all electro-optical technologies of practical importance rely on at least one nonlinear optical effect. 
Nonlinear devices such as harmonic generators and parametric oscillators provide means of extending the 
frequency range of available (existing) laser sources. The Nonlinear optical crystals with superior perfection 
hence received a great attention. Therefore crystal growth of nonlinear optical materials and investigations 
into them have become possibly the most indispensable and efficacious disciplines in the field of material 
science and engineering. Laser source with considerable useful power with certain frequency is expensive 
producing another laser from existing laser becomes easy and economic. This can achieved through using 
nonlinear properties of crystal. The crystal structure and composition of the material under specific thermal 
condition produces laser having specific features. Therefore developing growing crystals for Lasers is 
emerging field today. 

1.3) Crystal Materials 
Without crystals there would be no Laser, no electronics Industry, no photonic Industry, no fiber-optic 
communications. 

Important crystal materials: - Laser crystals, Nonlinear crystals, Passive, Q-switch crystals, Electro-optic 
crystals, Acousto-optic crystals, Birefringent crystals, Optical crystals. For several important applications 
such as solid state lasers, nonlinear optical elements, transmitting windows, pyroelectric detector’s etc. the 
materials are required in the form of high quality single crystals. 

1.3.1)  Laser crystal materials 
The Nd: YAG crystals are widely used in all types of solid-state laser systems frequency doubled continuous 
wave, high energy, Q-switched and so forth. Most of the solid state lasers have low frequency range. The 
solid state laser with high frequency can be obtained through nonlinear crystal which can double and triple 
the frequency of existing Laser. Lasers of these kinds are produced by using the nonlinear optical crystal 
material such as KDP, KTP, DSHP, Lithium, triborate to obtain visible (532nm green) or ultra violet light. [5 
- 8, 20- 22]. 
Laser crystal has been incorporated with high NLO coefficient crystals to shift the frequency from near-
infrared to green, blue or even to UV. This incorporation to construct all frequency solid state lasers is an 
ideal laser tool that can cover the most widespread application of laser. [12- 14, 18] 
Laser source with considerable useful power is expensive. Hence producing another laser from existing laser 
becomes easy and economic. This can be achieved through using the non-linear property of crystal. 
1.3.2)   Nonlinear crystal materials 
The most of the non-centro symmetric crystal exhibit nonlinear optical properties. Various harmonics of the 
lasers or mixing of two different wavelengths can be produced using the NLO crystals. Nonlinear crystal 
material having capacity to generate high power, short wavelength and high thermal stability are extremely 
useful. 
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Non linear properties in optical region have been strikingly demonstrated by the harmonic generation of light 
observed for the first time by Franken and Coworkers in 1961. [23]. 

The NLO materials has the significant impact on electro-optic effect and also useful in the UV region. The 
NLO crystals find applications in frequency doubling, frequency mixing & electro-optic modulation [24-29].  
Nonlinear optics is very useful technology because it extends the usefulness of laser by increasing the 
number of wavelength available. As non linear optical phenomenon is a material phenomenon it entirely 
depends on the crystal property achieved through specific processing synthesis technique. SHG was first 
realized successfully in quartz. It was subsequently generated in many other crystals such as KDP [31], ADP 
[32], Barium titanate [33], and Lithium iodate [42]. The importance of SHG lies in the fact that it is one of 
the principal methods of effective conversion of Infrared radiation into Visible and Visible into Ultra Violet. 
[35-38] 

Recently the second order Nonlinear optical (NLO) materials capable of efficient frequency conversion of 
visible and ultra violet wavelength, especially those materials which can generate high efficient second 
harmonic blue-violet light by using laser diodes are of great interest for applications including 
telecommunications, optical computing, optical information processing, optical disk data storage, laser 
remote sensing, laser-driven fusion, color displays and medical diagnostics etc. [39- 41]. The NLO materials 
have received much attention due to their potential applications. Such as optical data storage, color displays 
optics communications, laser fusion etc. [42- 46]. The NLO materials area is of importance to the Army 
because they are required for wavelength conversion in some laser systems and in personnel eye protection. 
The materials must be very uniform, of very high purity, and the selection of useful materials currently is 
limited. The UK, France, and Russia have strong efforts in preparation and characterization of the NLO 
materials, and Japan and Israel have credible capabilities. China is also working intensively in this area. The 
Nonlinear optical materials are available in three type’s organic, inorganic, semi organic. As compare to 
Inorganic counter parts, organic NLO materials have large NLO coefficients and synthetic flexibility but in 
general they have very low cw radiation damage [47], a poor thermal stability [48] and low mechanical 
strength. 

1.4)  Research Objective 
The NLO materials capable of generating the Second Harmonic frequency play an important role in domain 
of optoelectronics, photonics Industry. It has vital applications in the areas such as optical modulation, 
optical logic generation and detection, optical switching etc. In recent years many modifications have been 
made in the development of the NLO materials (23-29). The harmonic generation becomes one of the 
important processes in Laser technology, particularly in the production of laser sources with different 
wavelengths. Because of its important role in Science and Technology we have undertaken the study of 
Growth and Characterization of the NLO crystals. The present investigation deals with the growth and 
characterization of various the NLO crystals with enhanced SHG efficiency. The SHG efficiency of 
potassium hydrogen phosphate (KDP) crystals and Di-sodium Hydrogen Phosphate (DSHP) can be 
improved by adding different optically active additives. In present investigation it is decided to grow 
nonlinear crystals such as Glycine doped KDP NLO Crystal, Glycine mixed KDP NLO Crystal, DSHP NLO 
Crystal, Glycine doped DSHP NLO Crystal, L-Tartaric acid NLO crystal and L-Tartaric acid doped DSHP 
NLO Crystals. The nonlinear crystals will be synthesized by low temperature solution growth technique. 

The grown crystals are characterized by using the following techniques. 

(i) Confirmation of the NLO property by using Nd:YAG Laser (i.e. Second harmonic generation (SHG) 
signals tests in sample), (ii) XRD, (iii) FTIR, (iv) UV-Visible-NIR spectroscopy i.e. the optical absorption 
and transmission of all grown crystal, (v) Thermo-gravimetric Analysis (TGA) i.e. the thermal behavior of 
all the grown crystals (vi) Differential Scanning Calorimetry (DSC) which revealed that all crystals grown 
possesses improved thermal stability. 

The goal of the present investigation is with intension to develop a national capability in this area spanning 
all its major aspects to meet needs ten years from now to fulfill India vision 2020. 
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2.1) Introduction 
The regular surface geometry and the shiny and often colorful appearance have made crystals from the 
mineral kingdom fascinating objects for everybody. Natural crystals have often been formed at relatively low 
temperatures by crystallization from solutions, sometimes in the course of hundreds and thousands of years. 
Now a day, crystals are produced artificially to satisfy the needs of science, technology and jewellary. The 
ability to grow high quality crystals has become an essential for the competitiveness of nations. Crystal 
growth specialists have been moved from the periphery to the center of the materials-based technology. An 
interdisciplinary crystal growth science has developed with scientific journals, conventions and societies, 
internal networks of crystal growth laboratories and material science centers have been formed. Crystal 
laboratories operate in large numbers to satisfy the needs of research and technology for high-quality, tailor-
made crystals of all kinds [1]. Parallel with the development of other sciences, the curiosity of mankind 
grown to understand more quantitatively the properties of crystals. The utility of crystals has been extended 
from the bounds of ornaments to several useful applications in optical, electrical and   opto-electronics 
devices, super-conducting devices, Optical data storage for developing technologies in telecommunications 
and signal processing [2,6]. The technology development is mainly due to the development of crystal growth 
technology. New developments in detectors and increase in computer power and graphics capabilities have 
contributed to the broad success of crystallography in the recent past. 

2.2) Crystal and Crystallography 
The word crystal comes from the Greek word “Krustallos” used to describe transparent crystals of quartz 
which was equivalent meaning ice or Frozen water. The name was probably given because it was mistakenly 
thought that these unusual “stones” were formed from water due to intense “cold”. The father of crystal 
fabrication technology is ‘A. Verneuil’ with his flame fusion growth method described by him in 1902. 

What is Crystal? 
A crystal can be defined as homogenous solid with definite chemical composition bounded by naturally 
formed plane faces having definite geometrical shape [7, 8] in which atoms or molecules are arranged 
in orderly repetitive array. 

To study of the structures and properties of crystals, you now know that X-ray diffraction is one of most 
important ways of discovering the arrangements of atoms within crystals or molecules. One of the reasons 
why so much research has been done in crystallography is that chemists, biologists and physicists have as 
intrinsic interest in discovering the secrets of nature. Another reason is that it is a part of science that has 
great economic importance. By understanding the way atoms pack together in a crystal we can design alloys 
and other materials to have specific properties. 

2.3) Classification of crystal 
1) Single crystals (Crystalline ) 

2) Poly crystals (Semi crystalline) 

2.3.1) Single crystals 
A piece of pure materials in which the orderly arrangement of atoms extends throughout is called a single 
crystal. A single crystal also called mono crystal, is a crystalline solid in which the crystal lattice of the 
edges of continuous and unbroken to the edges of sample, with no grain boundaries. The opposite of a 
single crystal sample is an amorphous structure where the atomic position is limited to short range order 
only. In between the two extremes there exist polycrystalline & Para crystalline phases materials, which are 
made-up of a number of smaller crystals known as crystallites. 

Because of a variety of entropic effects on the microstructure of solid, including the distorting effects of 
impurities and the mobility of crystallographic defects and  dislocations, single crystals of suitable size are  
rare in nature. Grain boundaries can have significant effects on the physical and electrical properties of a 
material; single crystals are of interest to industry and have important industrial application. The most 
notable of these is the use of single crystal silicon in the fabrication of semiconductors. On the quantum scale 
that microprocessors operate on the presence of grain boundaries would have a significant impact on the 
functionality of field effect transistors. 
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Materials in crystalline form have special optical and electrical properties. A typical feature of a single 
crystal is its anisotropy i.e. the difference in its physical properties in different directions. Single crystal 
possesses long range periodicity. It has higher density due to closed packing of atoms. It presents sharp 
diffraction pattern. It exhibits pin-pointed melting point. It has well-defined crystal structure and geometry. 
Single crystal quartz is employed in generating ultrasonic waves. 

2.3.2) Poly crystals 
A material consisting of many crystalline grown together in the form of an interlocking mass, oriented 
randomly and separated by well defined boundaries is said to be a polycrystalline material. A great majority 
of materials occurring in nature such as rock, sand metals salts etc. are of polycrystalline structure. However 
they can be grown as a single crystal, under suitable conditions.  Due to random distribution of crystallites, a 
polycrystalline material is isotropic i.e. its properties are same on an average in all directions. The chief 
advantages are the anisotropy, uniformity of composition and the absence of boundaries between individual 
grains which are inevitably present in polycrystalline materials. 

2.4) Significance of single crystal 
Single crystals are being used for the fabrication of many solid state devices. This meant that many new 
crystals have to be grown and fabricated in order to access their device properties. The ever increasing 
application of semi conductors based electronics creates an enormous demand for high quality semi 
conducting, ferroelectric, piezoelectric, oxide single crystals. 

The photonic device evolution we see today is due to the advent of compounds of semiconductors crystals 
like III-V (GaAs, InP, InSb, GaSb etc.) II-VI (ZnSe, CdTe, Zn: CdTe, HgCdTe etc) compounds. The major 
use of GaAs at present is in the area of microwave device, high speed digital integrated circuits and the 
substrate for epitaxial layer growth to fabricate photonic and electronic devices. With the recent 
advancement of mobile communication and digital telephony there has been increasing demand of semi-
conducting GaAs. Apart from the semiconductor crystals and oxide crystals, there are several other 
materials, which are technologically and strategically important [9-16]. 

Mono crystals of silicon & other semiconductors are important for manufacture of Integrated circuits. 
In device arena the technology of fabrication was 10³ transistors per chip during 1970 (desk calculator) and 
has matured to 108 transistors per chip during 1998.The ever-increasing demand for single crystals arising 
from electronic industry depicts the task for science and technology of crystal growth [17] 

Crystals are used in solid-state lasers, flat screen computer displays, and a wide variety of other devices [7] 

Monocrystal of metals especially super alloys are used for their special mechanical properties, Turbine 
blades of same gas turbines are made of single crystal cast super alloy. 

The ability to develop new advanced materials systems is greatly aided by access to “custom “single crystals. 
In response to this need the bulk crystal growth facility will permit growth of single crystals of wide range of 
materials such as refractory metals, intermetallics & ceramics from the meld at temperatures greater than 
3000 degrees Celsius. Research areas use the facility including, high temperature structural sensors and 
detector resistant materials. 

Mono crystals of Nd: YAG, Nd: YVO4, Nd: KGW, Sapphire and other materials are used for Laser & 
nonlinear optics Although Nd: YAG was invented in 1960 in last century, it has been and is still the most 
commonly used solid state crystal material. Nd: YAG crystals are widely used in all types of solid- state 
lasers systems such as frequency-doubled continuous wave, high-energy Q-switched, and so forth. Nd: KGW 
Neodymium doped Potassium-Gadolinium Tung-state crystals are low-threshold high effective laser medium 
exceptionally suitable for laser rangefinders. KGW single crystals can also be used for the fabrication of 
high-efficiency lasers with output energy. The single crystals exhibit a high optical quality and it has great 
value of the bulk strength for laser radiation. 

The growth of oxide crystals for use in the electronic industry has progressed significantly since the early 
1960s. Today, parts fabricated from oxide single crystals are used as the active component in laser systems 
(Nd: YAG, Ti: AL2O3, Cr: Al2O3 etc.) substrates for GaN, Silicon epitaxy (Al2O3), optical components 
(LiNbO3, LiTaO3) and substrates for magnetic bubble devices Gd3Ga5O12). 
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Lasers have wide applications in science and technology. The extension of laser utility to many scientific 
applications had been made easy by nonlinear optics- a new branch of optical sciences by which the 
intensified electromagnetic radiations with wide spectrum of frequencies are generated. It seems today, that 
nearly all electro optical technologies of practical importance rely on at least one nonlinear optical effect. 

The very first materials to be used and exploited for their nonlinear optical and electro optical properties 
were Potassium Dihydrogen Phosphate (KDP) and Ammonium Dihydrogen phosphate (ADP). They are still 
used widely in nonlinear optical devices and continue to popular as electro-optic materials, together with 
their isomorphs. 

Modern technology is based on single crystal of nonlinear optical, semiconductors, dielectric, ferroelectric, 
superconductors, acousto-optic and optoelectronics materials, hence much attention is paid on the growth of 
single crystals which is a vital and fundamental part of material science and engineering, as single crystals of 
suitable size and perfection are required for lasers, optical communication, detectors, integrated circuits and 
data storage technology [18-19]. The uniformity of single crystal allows transmission of electromagnetic 
waves without scattering, hence in the past few decades there is lot of development in science and 
technology especially in the field of electronics, fiber optics and lasers. As there  is a vast market for solid 
state devices in the field of computers, telecommunication and optical storage, frequency doubling, 
frequency mixing electro-optic modulation and optical communication and ferro-electric, efforts have been 
made in recent years on producing larger single crystals [20-25]. 

The Nonlinear optical crystals are very important for laser frequency conversion. The  KDP is  a suitable 
crystal for higher harmonic generation of huge laser systems for fusion experiments because it can be grown 
to larger sizes and also the KDP crystal has a high laser damage threshold. The KTP crystal is a useful 
nonlinear optical crystal to get efficient green light by the frequency doubling of Nd:   YAG laser. 

In recent years there has been considerable progress in the development of coherent UV sources based on 
nonlinear optical process in borate crystals. The success of these crystals can be attributed to the unique 
structural characteristics of boron-oxygen groups that confer these compounds with enhanced UV 
transparency, good nonlinearity and high resistance to laser damage. β-Barium Borate, Lithium Borate, 
Potassium beryllium boro-fluoride, Strontium beryllium borate, Cesium borate and Cesium lithium borate 
are promising for UV generation because of its wide band gap and adequate optical nonlinearity. YCa4O 
(BO3)3 (YCOB) and GdxY1-xCa4O (BO3)3 crystals are suitable for second and third harmonic generation of 
Nd: YAG laser radiation [17]. Various kinds of the NLO crystals have been developed because of possibility 
of extreme high optical nonlinearity [26-29]. The demand for the nonlinear optical crystals with superior 
perfection and higher second harmonic generation (SHG) efficiency is rising day by day due to the quantum 
jump in the design of nonlinear optical devices with higher performance. Therefore, crystal growth of the 
nonlinear optical materials has become indispensable and efficacious disciplines in the field of material 
science and engineering. In recent years there has been a growing interest in the organic materials for the 
nonlinear optical (NLO) applications because of their high potential, used in a device such as second 
harmonic generators, electro-optic modulators etc. [30-31]. 

The NLO materials play an important role in the field of fiber optic communications and optical signal 
processing. Applications such as laser based imaging, communication; remote sensing and counter measure 
system require improved nonlinear optical materials to accomplish such conversions. A strong need 
continues to exist for lower cost, more efficient, higher average power materials for optical parametric 
amplifier operation and second harmonic generation (SHG) throughout the blue near UV spectral regions. 
Another area of growing need is materials for birefringent, phase matched optical parametric oscillators 
(OPO) for the generation of broadly tunable mid-wave and long wave infrared radiation. In the literature it is 
found that the large nonlinear optical effects make the crystals attractive for applications in frequency 
conversions. Optoelectronics and nonlinear optics play a major role in photonics, which is emerging as a 
multidisciplinary new frontier area of science and technology [33-39]. 

2.5) Reason for Growing Single Crystal 
There are two principle reasons for growth of single crystal, 

1) Many physical properties of solid are obscured or complicated by the effects of grain boundaries. 
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2) The full range of tensor relations between applied physical cause and observed effect can be obtained 
only the full internal symmetry of the crystal structure is throughout the specimen 

2.6) Crystal growth 
Crystal growth is a first –order phase transition.  It is always associated with liberation of latent heat. The 
transfer of this heat from the solid-fluid interface region to the bulk of the solution is major concern during 
growth. Additionally the process of mass transfer and the convection modes adopted to achieve the desired 
mass transport rates present a difficult optimization problem during growth. These transport processes 
significantly affect the rate of the growing crystal, compositional homogeneity and the surface 
microstructure over the growing crystal faces. As a result the science of crystal growth is governed by the 
principles of physico-chemical hydrodynamics during fluid to solid phase transition, where as the technology 
of crystal growth involves designing and developing necessary apparatus and instrumentation for achieving 
the controlled phase transition to enable growth of single crystalline solids [40]. 

2.7) Crystal growth phenomena 
Crystallization is the natural or artificial process of formation of solid crystals from a uniform solution. It is 
the process of arranging atoms or molecules that are in a fluid or solution state into an ordered solid state. 
The crystallization process consists of two major’s events “Nucleation & Crystal growth”. The crystal start 
growing   process is called Nucleation. 

2.7.1)  Nucleation 
Nucleation is the onset of a phase transition in small region. The phase transition can be the formation of a 
crystal from liquid. Nucleation is the step where the solute molecules dispersed in the solvent start to gather 
into clusters, on the nanometer scale, that becomes stable under the current operating conditions. These 
stable clusters constitute the nuclei. However when the clusters are not stable they re-dissolve. Therefore the 
clusters need to reach a critical size in order to become stable nuclei such critical size is dictated by operating 
conditions (i.e. temperature & super saturation). It is stage of nucleation that the atoms arrange in a defined 
& periodic manner that defines the crystal structure. (i.e. term –refers to the relative arrangements of the 
atoms.) 

Nucleation is an important phenomenon in the crystal growth. The nucleation is the precursor of crystal 
growth in this solution growth technique. The nucleation may occur spontaneously or it may be induced 
artificially. These two cases for nucleation are called as homogeneous and heterogeneous nucleation. When 
the nucleation is generated in the vicinity of crystal present in the supersaturated system, it is referred to as 
secondary nucleation. The achievement of supersaturation is an essential criterion for crystal growth. 
Nucleation may occur at a seed crystal, but in the absence of seed crystals usually occurs at some particle of 
dust or at some imperfection in the surrounding vessel. 

Crystal grows by the ordered deposition of material from the fluid or solution state to a surface of the crystal. 
The probability of nucleation increases with increasing supersaturation. 

Growth of crystal can be considered to comprise three basic steps. 

a) Achievement of super saturation or super cooling 

b) Formation of crystal nuclei of microscope size 

c) Successive growth of crystals to yield distinct faces. 

All above steps may occur simultaneously at different regions of the crystallization unit.  However an ideal 
crystallization process consists of a strictly controlled stepwise program. Meirs and Issac (1987) conducted a 
detailed investigation on the relationship between super saturation and spontaneous nucleation [41]. 

The driving force for crystallization comes from the lowering of the Potential energy of atoms or molecules 
when they form bonds to each other. Supersaturation is the driving force of the crystallization. Hence rate of 
nucleation and growth is driven by the existing supersaturation in the solution. 

Supersaturations means the solution has to contain more solute entities (molecules or ions dissolved that it 
would contain under the equilibrium (saturated solution) Producing good quality crystals of a suitable size is 
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first and most important step in determining any crystal structure. The shapes of crystals depend on both the 
internal symmetry of the material and on the relative growth rate of the faces. 

In general the faces of the crystal that grow most rapidly are those to which the crystallizing particles are 
bound most securely. These rapidly growing faces are usually the smaller, less well developed faces. Thus 
the larger faces are usually associated with directions in the crystal where there are only weak inter 
molecular interactions. 

There are numerous ways to grow crystals. The choice of methods depends greatly upon the physical and 
chemical properties of the sample. For solution methods of crystallization, the solubility of the sample in 
various systems must be explored. If heating methods are selected for growing crystals; thermal stability and 
melting point of the sample should be determined. 

The techniques of crystal growth chosen will largely depend on the chemical properties of the compound of 
interest whether the compound is air sensitive, moisture sensitive (hygroscopic.). 

2.8) Crystal growth techniques 
Crystal growing is an art and there are as many variations to the basic crystal growing recipes as there are 
crystallographers. Crystal growth represents a controlled change of state or phase change, to the solid 
(condensed) state. This transition may occur from the vapor, liquid, or even the solid state itself. The 
objective of crystal growth is usually to obtain a single crystal defined as the macroscopic extension of 
regular repeated geometric network of atoms consisting of one or more elements, from a microscopic scale to 
a unit bulk single crystal. 

Single crystals are grown by many techniques. 
Single crystal may be grown by the transport of crystal constituents in the solid, liquid or vapor phase. On 
this basis, the crystal growth may be classified into three different categories as follows. 

Solid Growth                 Solid to solid phase transition 

Liquid Growth               Liquid to solid phase transition 

Vapor Growth                 Gas to solid phase transition 

2.8.1)  Solid Growth 
In this method of crystal growth the single crystals are grown by solid to solid phase transition. The solid 
state growth requires atomic diffusion in the given material. If a polycrystalline material is held at an 
elevated temperature, below the melting point for many hours, some grains may grow at the expense of their 
neighbors. To improve this method, strain annealing and zone heating techniques are used [42]. This method 
of crystal growth is limited only for those materials which are stable at the high temperature where 
appreciable diffusion can occur. The metal crystals are particularly grown by this method. However it is 
unlikely that any process which is carried out in the solid state can reproducibly result in crystals with the 
necessary high quality required for any applications. 

2.8.2)  Vapour Growth 
In vapour growth, the vapour obtained from solid phase at an appropriate temperature is subjected to 
condense at a lower temperature by utilizing the concept of vapour transport reaction.  In this method the 
suitable transporting agent is required which is a formidable problem in this technique. This method is 
commercially important due to the production of thin layers by chemical vapour deposition (CVD), where 
usually irreversible reactions are used to deposit materials epitaxially on a substrate. 

2.8.3) Liquid Growth 
The liquid growth involves the liquid to solid phase transitions. Many techniques of crystal growth come 
under the category of liquid growth method, particularly Melt growth, Gel growth and solution growth.The 
process of crystal growth essentially involves a change of phase where the molecules of the material 
undergoing the change of phase are gradually, uniformly and continuously losing their random character 
achieve the long range order. A number of techniques for the preparation of crystalline materials have been 
developed essentially to suit the requirements of different perfection for their intended applications. Crystal 
growth techniques have been divided into two categories Direct and Indirect techniques [43]. 
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The direct techniques are those that do not contain any components other than those of the desired crystal 
product. The phase, from which the crystal is growing, whether it is vapor, liquid, or solid, has the same 
overall major constituency (excluding trace impurities, whether added for doping purposes or inadvertently 
present) as the growing crystal. 

An indirect technique involves the use of either additional foreign components or excesses of constituent 
components that act as mineralizes, fluxes, solvents, or carries of the constituents. These indirect techniques 
include the growth of crystals that decompose on melting to form a liquid and another solid of different 
compositions; these are referred to as incongruently melting compounds 

2.9) Classification of crystal growth techniques 

Table-2.1 
Phase Source Direct Growth 

technique 
Source Indirect Growth 

technique 
Liquid Melt Directional 

solidification, 
Brigman-Stockbarger, 
Kyropulos technique 
Verneruil technique 
Zone melting 
technique 
Heat Exchanger 
method 
Skull melting 
Shaped crystal growth 

Flux-solution 
 
 
 
 
 
 
 
 
 
Reaction 

Slow cooling 
Temperature gradient 
tech. 
Top Seeded 
(Isothermal) 
Hydrothermal , Gel 
Any solvent aqueous, 
molten etc. 
 
 
Chemical 

Vapour 
 
 
 
(Epitaxy) 

Constituent 
Gas 
 
PVD, 
MBE, ALE 

Sublimation – 
condensation 

Compound 
Gas 

Reaction 
Condensation 
 
 
CVD, MOCVD 

Solid Solid Recrystallization Solid solution Exsolution Spinodal 
PVD-Physical vapor deposition; MBE-Molecular epitaxy; ALE-Atomic layer epitaxy; CVD-
Chemical vapor deposition; MOCVD- Metal-organic chemical vapor deposition. 
Ref: [43] - ALchE Symposium Series, Tortorial Lect. Electrochem.Eng.Technol, II 
79,143.American Institute of chemical Engineers. 

2.9.1) Utility factor for various techniques 
A survey of the methods of growth suggests that almost 80 % of the single crystals are grown from the melt 
compared with roughly 5 % from vapor, 5 % from low temperature solution, 5 % from high temperature 
solution, 3 % from the solid and only 2 % by hydrothermal methods [44-45] 

2.10) Crystal growth from the melt 
Melt growth is the process of crystallization by fusion and re-solidification of the pure material, 
crystallization from a melt on cooling the liquid below its freezing point. All materials can be grown in 
single crystal form from the melt provided they melt congruently without decomposition at the melting point 
and do not undergo any phase transformation between the melting point and room temperature. Depending 
on the thermal characteristics the important techniques available have summarized in Table 2.1. 

The major practical factors to be considered during growth of crystals from the melt are 

a. Volatility or dissociability 

b. Chemical Reactivity 

c. Melting point 

The materials which exhibit volatility of one or more of their components require special melt growth 
technique to prevent evaporation loss during growth. The chemical reactivity of material determines many 
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practical matters in the growth process. Many oxides and ceramics particularly high melting point materials 
require one of the noble metals as a crucible material. High melting point inevitably cause problems with 
high temperature gradients and these can bring severe convection problems. High temperature gradients can 
be responsible for thermal shock and stress in the materials, which can be severe problems in oxide materials 
[46-48]. 

In Bridgman technique the material is melted in a vertical cylindrical container, tapered conically with a 
point bottom. The container is lowered slowly from the hot zone of the furnace in to the cold zone. 
Crystallization begins in the tip and continues usually by growth from the first formed nucleus. This 
technique cannot be used for materials which decompose before melting. This technique is best suited for 
low melting point materials. 

In the Kyropoulos technique the seed crystal makes contact with the melt. The seed is kept cool by 
circulating water; it thus acts as heat sink for the melt. A small quantity of the melt solidifies around the 
seed, which is slowly lifted up by enabling more and more of the melt to solidify as a single crystal. 

In Czochralski technique, the material is taken in a crucible and is kept in a furnace. By controlling the 
furnace temperature, the material is melted. A seed crystal is lowered to touch the molten charge. When the 
temperature of the seed is maintained very low compared to the temperature of the melt, by suitable water 
cooling arrangement, the molten charge in contact with the seed will solidify on the seed. Then the seed is 
pulled with simultaneous rotation of the seed rod and the crucible in order to grow perfect single crystals. 

Liquid encapsulated Czochralski abbreviated as LEC technique makes it possible to grow single crystals of 
materials which consist of components that produce high vapor pressure at the melting point. This refined 
method of Czochralski technique is widely adopted to grow the III-V compound semi conductors. 

In the Zone melting technique the feed material is taken in the form of sintered rod and the seed is attached 
to one end. A small molten zone is maintained by surface tension in between the seed and the feed. The zone 
is slowly moved towards the feed. Single crystal is obtained over the seed. This method is applied to 
materials having large surface tension. 

In the case of vertical normal freezing, the solid melt interface is moved upwards from the cold bottom to the 
hot top so as to get better quality crystals. The method is more applicable in growing single crystals of 
materials with volatile constituents like GaAs. 

In the Verneuil technique, a fine dry powder of the material to be grown is shaken through the wire mesh 
and allowed to fall through the oxy-hydrogen flame. The powder melts and a film of liquid is formed on the 
top of the seed crystal. This freezes progressively as the seed crystal is slowly lowered. The art of the method 
is to balance the rate of charge feed and the rate of lowering of the seed to maintain a constant growth rate 
and diameter for use in jeweled bearings and Lasers. This technique was widely used for the growth of 
synthetic gems. 

2.11) Crystal growth from solution 
A solid crystal (essentially, the solute) can be retrieved from a liquid solution by either cooling slowly or 
thus changing the solubility relations or by evaporating a solvents that is volatile under the conditions of 
crystal growth. The solvent can range in composition of the desired crystal (an excess of one of its 
constituents) to a totally foreign material that dissolves the desired compound under certain conditions such 
as heating but allows it to solidify intact on cooling. For Important   techniques   of crystal growth from 
solution see Table 1.The solution growth, both from aqueous medium and the molten salt solutions, as well 
as the hydrothermal growth technique are suitable for special cases. 

2.11.1) Hydrothermal growth Technique 
Substances like calcite, quartz are considered to be insoluble in water. But at high temperature and pressure, 
these substances are soluble. This technique of crystal growth at high temperature and pressure is known as 
hydrothermal technique. Temperature are typically in the range 400 °C to 600 °C and the pressure involved 
is large (hundreds or thousands of atmospheres). 

Growth is usually carried out in steel auto claves with gold or silver linings. The concentration gradient 
required to produce growth is provided by a temperature difference between the nutrient and growth areas. 
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The requirement of high pressure presents practical difficulties and there are only a few crystals of good 
quality and large dimensions, grown by this technique. Quartz is the outstanding example of industrial 
hydrothermal crystallization. One serious disadvantage of this technique is the frequent incorporation of OH‾ 
ions into the crystals which makes them unsuitable for many applications. Quartz is the outstanding example 
of industrial hydrothermal crystallization. 

2.11.2)  Gel Growth 
Gel is the two component system of semi-solid rich in liquid and inert in nature. The material which 
decomposes before melting can be grown in this medium by counter diffusing two suitable reactants. 
Crystals with dimension of several millimeters can be grown in a period of three to four weeks. In this 
method crystals are grown at room temperature hence have fewer defects. 

2.11.3)  Growth by Electro-Crystallization 
The process of crystal growth from fused salt is analogous in many respects, except for requirements of 
electron transfer in deposition of metal. Fused salt electrolysis has been used to grow the crystals of oxides in 
reduced valence states. An important application of the electro-crystallization technique has been in the area 
of crystalline, low-dimensional molecular solids based on redox active molecular components. The electro-
crystallization process typically involves the electrochemical conversion of neutral, planar, conjugated pai-
donor or acceptor molecules into ionic species which precipitate at the working electrode upon association 
with a counter charged ion provided by the electrolyte. This is the method of choice for growing crystals of 
numerous charge transfer salts, especially molecular conductors and superconductors (Williams et al 1992) 

2.11.4)  Solution growth technique 
Out of all methods discussed above for growth of crystal, the solution growth method is widely used to grow 
the crystals. The principle of this method is based on the concept of solubility and supersaturation. At a given 
temperature a limited amount of substance dissolved in a particular solvent. This amount defines the 
solubility at that temperature. The solubility is function of the temperature of the solvent. In most cases, the 
solubility increases with temperature. If a saturated solution is prepared at a certain temperature and then 
cooled to a lower temperature it contains more salt than permitted by solubility at the lower temperature. The 
same thing happens if some of the solvent is allowed to evaporate. The solution is now in a supersaturated 
state. This is a metastable state and with the slightest induction, the extra salt precipitates. If a seed crystal is 
introduced into the solution, the substance precipitating from the solution will grow around the seed crystal 
forming a larger single crystal. In the absence of the seed even dust particle provide a nucleus for crystal 
growth. 

The mechanism of crystallizations from solution is governed in addition to other factor by the interaction of 
the ions or molecules of the solute and solvents, which is based on the solubility of substances on the 
thermodynamical parameters of the process, temperature, pressure and solvent concentration.  Solution 
growth is advantageous because due to the low temperatures involved, costly and complex growth 
apparatuses are usually avoided. 

2.11.4.1)  Solution, Solubility and Supersolubility 
Solution is a homogeneous mixture of a solute in a solvent. Solute is the component  which is present in a 
smaller quantity. Solubility of the material in a solvent decides the amount of the material which is available 
for the growth and hence defines the total size limit. Solubility gradient is another important parameter, 
which dictates the growth procedure. Neither a flat nor a steep solubility curve will enable the growth of bulk 
crystals from solution: while the level of supersaturation could not be varied by reducing the temperature in 
the former, even a small fluctuation in the temperature will affect the supersaturation to a large extent in the 
latter resulting in disabling the growth of good quality bulk crystals in both cases. If the solubility gradients 
are very small, slow evaporation of the solvent is the other option for crystal growth to maintain the 
supersaturation in the solution. 
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Figure-2.1: Diagram showing the states of a solution (Temperature Vs. Concentrations). 

The crystal growth from solution hinges on achieving supersaturation in the system. The crystal grows by the 
accession of the solute in the solution as a degree of supersaturation maintained. The solubility data at 
various temperatures are essential to determine the level of supersaturation. Hence, the solubility of solute in 
the chosen solvent must be determined before starting the growth process. The compositions of a solution 
can be expressed in number of ways like, 

a) The weight of solute present in a given volume of solution. 

b) The weight of solute present in a given weight of solution. 

In the solubility diagram the line joining the points corresponding to the equilibrium concentration at 
different temperature is called the solubility curve. A typical solubility diagram, as shown in Figure 2.1. 

The whole concentration temperature field is separated by the saturated-solution line (solubility curve) into 
two regions: unsaturated and supersaturated solutions. Saturated solutions are those mixtures which can 
retain their equilibrium indefinitely in contact with the solid phase with respect to which they are saturated. 
The solubility of most substances increases with temperature (the temperature coefficient of the solubility is 
+ve). Crystals can be grown only from supersaturated solutions which contain an excess of the solute above 
the equilibrium value. The region of supersaturation solutions can be divided into two sub-regions; 
metastable (stable) and labile (unstable) zones. The region where spontaneous crystallization is impossible is 
called stable or under saturated region. 

Nucleation will occur spontaneously in the labile zone. Meastable zone refers to the level of supersaturation 
where spontaneous nucleation cannot occur and a seed crystal is essential to facilitate growth. The solution 
containing more dissolved solid that represented by equilibrium saturation are said to be supersaturated. It is 
most important factor for growth of the crystal by solution growth technique, it depend on the temperature of 
solution. The quality of crystal is depending on supersaturation. There may be different solvents for a given 
solute. 

The solvent must be chosen by taking into consideration the following properties. 

 High solubility for given solute 

 High positive temperature coefficient of solubility 

 Low viscosity 

 Low volatility 

 Less corrosion and non-toxicity 
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 Low cost 

 Maximum stability 

The total size of the grown crystal depends on the solubility of the material in the given solvent. The 
solubility coefficient dictates the growth procedure. 

2.11.5) Formation of Supersaturation Solution 
The concentration driving force (∆C) the super saturation ratio(S) and relative super saturation (σ) are related 
to each other as follows; 

The concentration for driving force 

∆C = C - C* 

Where C is actual concentration of solution, C* is equilibrium concentration at given temperature. 

Super saturation ratio           S = C/C* 

Relative Super saturation      σ = (C-C*)/C*, 

σ = S - 1 

If the concentration of the solution can be measured at a given temperature and the corresponding 
equilibrium saturation concentration is known, then it is easier to calculate the supersaturation. 

Materials which have high solubility and have variation in solubility with temperature can be growth easily 
by solution method. There are two methods in solution growth depending upon the solvents and the 
solubility of the solute. They are 

1) Low temperature solution growth 

2) High temperature solution growth 

2.11.5.1) High Temperature Solution Growth 
In the high temperature solution growth a solid is used as the solvent instead of liquid and the growth process 
takes place well below the melting temperature and is known as flux method. This method is widely used for 
the growth of oxide crystals. The procedure is to heat the container having flux and the solute to a 
temperature so that all the solute materials dissolve. This temperature is maintained for a period of several 
hours and then the temperature is lowered very slowly. 

2.11.5.2) Low Temperature Solution Growth 
Growth of crystal from aqueous solution is one of the ancient methods of crystal growth. The material which 
decomposed on heating or exhibits any structural transformation while cooling from melting point can be 
grown by solution growth technique if suitable solvent is used [49].Low temperature solution growth is 
perhaps the most widely practiced method. The formation of crystalline products in scores of industrial 
processes employs this technique. In this method water is widely used as solvent, which is cheap, low 
viscosity, high solvent action, high stability, non toxic and easily available. The principal advantage of this 
method is that temperature ranges near to 100°C which result in simple and straight forward equipment 
design which gives good degree of control to an accuracy of ±0.01ºC, due this precise temperature control, 
the supersaturation can be very accurately controlled, also the efficient stirring of solution reduces 
fluctuations to a greater extent. This method is relatively simple, cheap and widely used to grow the bulk 
crystal [50-67]. Due to the low temperature, there is small thermal stress on the grown crystal. The crystals 
grown by this method usually have well developed faces. One of the basic factors in the growth of crystal 
from the solution and study of kinetics of crystallization is the stability with which the super saturation is 
maintained and the determination of the change in super saturation can be accurately controlled. This is only 
method for growth of substances that undergo decomposition before melting. 

Solution growth is carried out by placing one or more crystallographically oriented seeds in a saturated 
solution, then supersaturating the seed region in such a way as to control the growth process. At any 
temperature, there is a range of small super saturations (metstable region) within which nucleation can be 
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kept under control. Beyond this range, at greater supersaturations (labile region), the growth process 
becomes uncontrollable because of spontaneous nucleation. 

Low temperature solution growth methods can be sub divided into three methods 

a) Slow cooling method 

b) Slow evaporation method 

c) Temperature gradient method 

2.11.5.2.1) Slow Cooling method 
A saturated solution is slowly cooled in growth vessel in which one or more seeds are located on a seed 
supporter, which also acts, in the solution bulk, as a rotating stirrer. The growth vessel is usually placed in a 
thermostatic bath. In this method the supersaturation is achieved by changing the temperature usually 
throughout the crystallizer. When applying these techniques to the NLO single crystals an appropriate 
solution circulation (stirring) is needed to minimize super saturation and temperature non uniformities ahead 
of the growing interface. This will favor compositional and structural homogeneity (i.e. a good optical 
quality) in the final crystal. The main disadvantage of this method is the need to use a range of temperature. 
The possible range of temperature is usually small so that much of the solute remains in the solution at the 
end of the growth period. 

2.11.5.2.2) Slow evaporation method 
These techniques which are based on a controlled supersaturation increase by means of a programmed 
solvent evaporation under isothermal conditions. In the slow evaporation method the temperature is fixed 
and provision is made for evaporation. For the evaporation in the atmosphere the nontoxic solvent like water 
is used. The main advantage of this method is that the crystal grows at the constant temperature. This method 
has been widely used for materials having very small temperature coefficient of solubility or negative 
temperature coefficient. In the present investigation all crystals are grown by employing the slow 
evaporation method. 

In contrast to the cooling method, in which the total mass of the system remains constant, in the solvent 
evaporation methods, the solution loses particles which are weakly bound to other components and therefore, 
the volume above of the solution is higher than the vapour pressure of the solute and therefore, the solvent 
evaporates more rapidly and the solution becomes super saturated (Petrov 1969) 

2.11.5.2.3) Temperature gradient method 
A temperature gradient is applied to a saturated solution in which the solute (i.e. the source material) is 
present as a solid phase. The higher temperature which is chosen to be the saturation temperature is imposed 
on the source region, usually the bottom of vertically positioned glass tube. When a seed is located in the 
colder end of the tube it will start growing, since at any temperature below the saturation one the solution is 
supersaturated. When growing crystals great care should be taken to work far from the “labile “region. This 
means using temperature gradients not exceeding 1 to 2 °C per cm. In this method of crystal growth the 
transport of material takes place from the hot region where the source of material is placed to the cooler 
region where the super saturation is achieved. The economy of solute and solvent is the main advantage of 
this method of crystal growth. 

2.11.5.2.4) Advantages of Low Temperature Solution Growth 
The low temperature solution growth method has following advantages. 

 Growth apparatus is simple and very cheap 

 Small thermal stress on the grown crystal due the low    temperature 

 The crystals obtained usually have well-developed faces which enable to investigate crystal growth 
process including insitu observations and capture impurities 

 It is the only method for the growth of substances that undergo decomposition before melting 

The low temperature involved, costly and complex growth apparatuses are usually avoided. The low 
temperature solution growth technique has the following conditional limitations. 
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a) The growth substance should not react with solvent 

b) This method is applicable for substances fairly soluble in a solvent 

2.12) The equipment is required for the growth of crystals 

2.12.1) Constant Temperature Bath (CTB) 
CTB is required for the growth of good quality crystal. The temperature affects the driving forces of 
crystallization very much, highly stable temperature maintenance is essential throughout the growth process. 
To achieve this, an active thermo stating systems with fine controlling accuracy is necessary. A general 
design of a thermostat with a control system, also known as constant temperature bath (CTB). It consists of a 
thick-walled glass chamber filled with water, heating element, temperature sensor, control relay, temperature 
indicator, stirrer and illuminating lamp. The long periods necessary to grow crystals and the need to avoid 
any interruption of the temperature control process mean that special measures must be taken to ensure that 
the control system is reliable. A CTB designed and fabricated for the present work is shown in Figure (2.2). 

 
Figure-2.2: Photograph of Constant Temperature Bath 

It has an ability to hold a crystallizer of 10 liters of maximum capacity. Instead of using general purpose 
water heaters, which always gives temperature fluctuations in huge amount due to thermal inertial an, optical 
heating system is employed in this CTB. It has three 250 W Philips Infrafil lamps energized through a relay 
circuit. Power to these lamps is controlled by a Triac based electronic circuit comprising active and passive 
components. For initial heating, an immersion heater of 500 w is fixed in the bottom of the chamber. The 
CTB has a provision to set and read the temperature with an accuracy of ±0.01 ºC by means of three and half 
segment digital display. Also it has the capacity of controlling the temperature with an accuracy of ±0.01 °C 
in the temperature range from ambient to 100 °C. 
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3.1) Nonlinear Optics 
Modern sense of optics deals with interaction between light and matter. The basic nature of light is 
electromagnetic radiation having transverse wave nature exhibits strong dependency of related properties on 
the interaction with matter. The intensity phase; frequency and amplitude become medium dependent 
properties. The most fundamental relationship in the interaction between light and matter is material 
polarization with respect to electric field of electromagnetic radiation that propagates in the interacting 
medium. For a long time this relationship was observed linear for ordinary light. However after Laser, the 
high intensive coherent light when interacts with matter shows nonlinear relationship between polarization 
and electric field of the light. This nonlinear relationship of various orders gave rise to nonlinear optics. 

The Birth of the new field of science of Nonlinear optics is given by the second harmonic generation 
experiment of Franken et al [1] in 1961 by propagating a ruby laser beam at 6942ºA through a quartz crystal 
and was observed ultraviolet radiations from the crystal at 3471ºA. After the experiment, numerous nonlinear 
effects have been discovered. The effect is only with the invention of the laser that it has been possible to 
attain the high intensities required to experiment in this field. There were nonlinear effects present in the 
other fields, for example, the magnificent ferocity of the twenty foot breaking water wave, the shock wave 
bang of a supersonic jet, the majestic and thunderous cumulus cloud, the sudden implosion of compressed 
shell, the surge of current in vacuum tubes at a critical applied potential etc. Nonlinear effects in 
electromagnetism have been known for long time especially in radio frequency domain. In optical part of the 
spectrum, the nonlinear effects, linear (Pockel effect) and quadratic (Kerr effect) electro-optic effects have 
been known for long times well from 19th century. The pure nonlinear optical effects were hidden because of 
the low intensities. The sun light produces the field 6 V/cm. of for the hydrogen atom the binding field is 
108V/m. To observe the nonlinear motions of the atoms the external field required is of the order of 1kV/cm, 
which corresponds to the 2.5 kW/cm2. Now a day the peak power of the available laser beam is of the order 
of 1018 W/cm2. [2] 

The Nonlinear optics (NLO) is the branch of optics that describes the  behavior of light in nonlinear media, 
that is, media in which the  dielectric Polarization P responds nonlinearly to the electric field E  of the light. 
This Nonlinearity is observed typically only at very high   light intensities such as those provided by pulsed 
lasers. The Nonlinear Optical phenomena play a major role in emerging photonics and optoelectronics 
technology.  Nonlinear optics is the study of interaction of intense electro-magnetic fields with materials to 
produce modified fields that are different from the input fields in phase, frequency and amplitude. The light 
propagated through a crystalline solid which lacks the centre of symmetry, generates the light at second and 
higher harmonics of the applied     frequency [3]. 

 
Figure-3.1: Example of extracavity SHG 

The Nonlinear optical (NLO) materials have acquired new significance with the advent of a large number of 
devices utilizing semiconductor and solid state laser sources. The fact that the NLO materials can be used to 
obtain tunable laser beams from fixed wavelength or tunable laser sources by the principle of harmonic 
generation has made them the most sought after materials in the last few years. Second Harmonic Generation 
(SHG) and Third Harmonic Generation (THG) and Sum Frequency Mixing (SFM) can be used for frequency 
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up conversion. Physicists and engineers have been on the lookout for new materials which have larger 
second harmonic coefficients [1-5]. 

This important nonlinear property of non-centro symmetric crystals is called as Second Harmonic 
Generation (SHG). New nonlinear optical frequency conversion materials have a significant impact on the 
laser technology, optical communication and electronic equipment (VCR’s CD players etc), optical data 
storage [6-13]. Nonlinear optics has wide applications in the areas such as optical modulation, optical 
switching, optical logic, frequency shifting etc. The NLO material has the significant impact on the electro-
optic effect and also useful in the UV region. The NLO crystals find applications in frequency doubling, 
frequency mixing and electro- optic modulation [14-36]. With the invention of nonlinear optical properties in 
some crystals, tunable lasers have been realized. The Nonlinear optical materials are used in abundance for 
E-O modulators, high-density optical memories, color display, signal amplification, emission or oscillation 
and optical information processing. There is vast market for solid state devices in the field of computers, 
telecommunication etc. 

The Nonlinear optics is useful technology because it extends the usefulness of laser by increasing the number 
of wave length available. The Nonlinear optical phenomenon occurs in the nonlinear crystal material. Each 
nonlinear optical process may consist of two parts viz 

1) The intense light first induces a nonlinear response in a medium 

2) Then the medium in reaction modifies the optical fields in a nonlinear way. 

Therefore, efforts have been made in the recent year on producing nonlinear lager bulk single crystals. With 
this progress in the crystal growth technology, materials having attractive nonlinear properties are being 
discovered rapidly [37-46]. 

3.2) Nonlinear response of the medium 
In the linear optics the beam is delayed or deflected without changing the frequency. In nonlinear optics the 
light beam interacts with the material in two steps. Firstly the beam polarizes the medium and then the 
polarized medium interacts with the beam showing nonlinear effects. 

 
Figure-3.2: Showing Linear and Nonlinear response 

For a dielectric media the response is given by 

푦 = 푎 푥   ………………(3.1) 

Where, x is input signal and a1 is linear gain of the medium. 

Applied field is given by  푥 = 푉 cos휔푡  ……………………...(3.2) 

Thus output becomes;              푦 = 	 푎 푉푐표푠푤푡    .…………….. (3.3) 

As far as the field is weak the response remains linear and as the field becomes strong, the response becomes 
nonlinear. 

Nonlinear optical response can be written as 
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푌 = 	 푎 푥 + 푎 푥 + 푎 	푥  ………………………….………………(3.4) 

We have, considered cubic distortion. Thus output becomes, 

푌 = 	 푎 푥 + 푎 푥   ……………………………………………… …(3.5) 

푌 = 푎 푉 cos휔휄 + 	푎 푉 cos 3휔휄 …….…………….……… ……….(3.6) 

Using trigonometric identity output can be written as; 

푌 = 푎 + 푎 .푉. cos 3휔휄 − 푎 푉 cos 3휔휄 ……………………(3.7) 

Thus a small cubic nonlinearity gives rise to a modified response at ω but also generates a new signal at 3ω. 

3.2.1) Linear and Nonlinear polarization 
The externally applied field polarizes the medium. The polarization has a complicated nonlinear relationship 
with E. For linear case it is written as 

푃(푟, 푡) = ∫ 푋( ) (푟 − 푟 , 푡 − 푡 ).퐸(푟 	, 푡 ).푑푟 푑푡  ……………………… (3.8) 

Where Χ (1)
 is the linear susceptibility which is related with refractive index ‘n‘as 

χ (1) = n2-1. 

For the monochromatic plane wave 

E(r, t) = E (k, ω) = E0.exp (ik, r-iωt). 

The Fourier transform of the above equation 

P(r, t) = P (k, ω) = χ (1) (k, ω).E (k, ω)  ………………..……… (3.9) 

With 

휒( )(푘,휔) = 	 ∫ 휒( ) (푟, 푡)푒( )푑푟푑푡  ……………………(3.10) 

The linear dielectric constant is related with χ (1) (k, ω) as 

ε (k, ω) = 1+4.π.χ (1) (k, ω)   ……………..……… (3.11) 

In the nonlinear case for electric field E and the polarization P can be expressed as the power series of E: 

P(r, t) 	= 	 ∫ 휒( ) (푟 − 푟 , 푡 − 푡 ).퐸(푟 	, 푡 ).푑푟 푑푡  + 

+  ∫ 휒( ) (푟 − 푟 , 푡 − 푡 	; 		푟 − 푟 , 푡 − 푡 ).퐸	(푟 , 푡 ).퐸	(푟 , 푡 )푑푟 푑푡 푑푟 푑푡  

+ ∫ 휒( ) 푟 − 푟 , 푡 − 푡 	; 		푟 − 푟 , 푡 − 푡 ;푟 − 푟 ,푡 − 푡 .퐸	(푟 , 푡 ).퐸	(푟 , 푡 ).퐸(푟 ,푡 )푑푡 푑푟 푑푡 푑푟 푑푡  

……………………..……………(3.12) 

Where, χ (n) is the nth order nonlinear susceptibility. The Fourier transform of the equation gives 

P (k, ω) = P (1) (k, ω) + P (2) (k, ω) + P (3) (k, ω) +         ………………..(3.13) 

With 

P (1) (k, ω) = χ (1) (k, ω).E (k, ω) 

P (2) (k, ω) = χ (2) (k=ki+kj, ω= ωi + ωj).E(ki, ωi). E(kj, ωj) 

P (3) (k, ω) = χ (2) (k=ki+kJ+ kl, ω= ωi+ ωj + ωk).E (ki, ωi). E (kJ, ωj). E (kl, ωl), etc. 

……..………………… (3.14) 

and 

χ (n) )(k = k1+k2+……+kn, ω= ω1+ ω2+…..+ ωn). 



 

Nonlinear Optical Crystals for Laser : Growth and Analysis Techniques 

28 

=  ∫ 휒( )(r-r1, t-t1; r-r2, t-t2, ,… r-rn, t-tn). e-i [k
1
. (r-r

1
)-iω

1
(t-t

1
) + ……..+ k

n
.(r-r

n
)-iω

n
(t-t

n
)]dr1dt1.dr2dt2. ……..drndtn. 

…….………… (3.15) 

Equation 

Pi(k, ω) = χij
(1)(k, ω).Ej(k, ω ) + χijk

(2)(k = k1+k2, ω= ω1+ ω2).Ej(k1, ω1).Ek(k2, ω2) 

+……………..…………………………….   (3.16) 

The linear and a nonlinear property characterize the optical properties of the medium. If χ (n)(r, t) is known, 
the nth order nonlinear optical effect can be predicted from the Maxwell equation; 

∇	× 퐵 = 	 ( ) + 퐽          …………………………………….(3.17) 

Physically the χ(n) is related to the microscopic structure of the medium. χ(1) is a tensor of rank 2 of three 
dimension and written as χ ij

 (1), χ(2) is a tensor of rank 3 of three dimension and written as χ ijk
 (2), and so on. 

There is inherent symmetry in the microscopic expression of susceptibilities. For example, the linear 
susceptibility χ ij

 (1) has the symmetry χ ij
 (1)

 = χ ij
 (1)*(- ω), similarly for other order susceptibilities also, this is 

known as Kleinman’s conjecture, which reduces the independent terms in the susceptibility tensor. The 27 
terms of χijk

 (2) reduces to only 10 independent components. The nonlinear susceptibility tensor of the 
medium reflects the symmetry of the medium, some of the tensor elements becomes zero and some them 
relates with one another, reduces again to a very few number of elements. Symmetry makes even order the 
NLO susceptibility zero for isotropic medium. 

Particularly for one dimensional case, the real part of the equation (12) can be written as: 

P =    Po   +   P1cos ωt        +        P2cos2 ωt        +     P3cos 3ωt     +…….(3.18) 

=  DC term    +     Fundamental term     +   Second harmonic term  +  Third harmonic term 

Considering the electric field E = Eo+Eωei(k.r- ωt) with Eo – d.c. electric field component &  Eωei(k.r- ωt) – electric 
field component vibrating with frequency ω, higher terms give cross-products and results in the interesting 
effects.[45-47].Some of the effects are summarized in Table 3.1. 

Table 3.1 Terms in Polarization series and their meanings 
Terms Frequency Effect Date of Discovery 

χ(1)EO Ω d.c.polarisability  
χ(1) Eωcos ωt ω Optical polarisbility (Refecative index)  
χ(2)(Eo)2 DC d.c. hyperolarisability  
χ(2)EoEωcos ωt Ω Linear electro-optic effect Pockel effect 1883 
χ(2) (Eω)2 DC Optical rectification 1964 
χ(2) (Eω)2cos2ωt 2ω Second harmonic generation 1961 
χ(3)(Eo)2Eωcosωt Ω d.c. Kerr effect changes in refractive 

indexproportional to the squareof d.c. field 
1877 

χ(3)Eo(Eω)2cos2ωt 2ω d.c.induced second harmonic generation 1968 
χ(3) (Eω)3cos 3ωt 3ω Third harmonic generation 1962 
χ(3) (Eω)3cos ωt Ω Optical frequency Kerr effect (light field 

changes meium through which it travels to 
give self frequency) 

 

3.2.2) Χ (2)   Phenomena 
The second order nonlinear susceptibility gives rise to following three important phenomenon’s. 

3.2.2.1) Second Harmonic Generation (SHG) 
SHG is a process, in which interacting with a nonlinear material are effectively "combined" to form new 
photons with twice the energy, and therefore twice the  and half the of the initial photons. It is also called 
frequency doubling. 
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Second harmonic generation effect 
The applied optical field polarizes the medium at frequency 2ω which generates an optical field at frequency 
2ω. This effect is known as second harmonic generation. 

The term corresponding to second harmonic generation in the polarization series is 

χ (2) (E ω) 2cos2ωt or in general χijk
 (2) (k=k1+k2, ω= ω1+ω2).Ej (k1, ω1). Ek (k2, ω2). The symmetry elements 

don’t allow this effect to observe in isotropic media. 

The polarization of the medium at frequency 2ω is given by 

P (2ω) = χ (2) E (ω). E (ω) ei (k
2ω

.r) 

The polarization of the medium at frequency ω is given by 

P (ω) = χ (2) E (2ω). E*(ω) ei (k
2ω

- k
ω

).r 
The simplest case for analysis of second harmonic generation is a plane wave of amplitude E (ω) traveling in 
a nonlinear medium in the direction of its k vector. A polarization is generated at the second harmonic 
frequency 

푃(2휔) = 2휖 푑 	(2휔;휔,휔)퐸 (휔)    ….. ………(3.19) 

Where 2deff = χ(2).The wave equation at 2ω (assuming negligible loss and  asserting the slowly varying 
envelope approximation) is 

( = 	 − 푑 퐸 (휔)푒     ….………. (3.20) 

Where 훥푘	 = 	푘(2휔) 	− 	2푘(휔). 
At low conversion efficiency (E(2ω) < < E(ω) the amplitude E(ω) remains essentially constant over the 
interaction length, l. Then, with the boundary condition 
E(2ω,z = 0) = 0 
We get, 

퐸(2휔, 푧 = 푙) = 	−
푖휔
푛 퐸 	(휔) 푒 ∆ 	 = −	

푖휔
푛 퐸 (휔)푙

sin ∆푘푙/2
∆푘푙/2 푒 ∆ /  

…………….. (3.21) 

In terms of the optical intensity           퐼 = ∈ |퐸|  , this is, 

퐼	(2휔, 푙) = 	
	

∆

∆ 퐼 (휔)    ……………. (3.22) 

This intensity is maximized for the phase matched condition Δk = 0. If the process is not phase matched, the 
driving polarization at 2ω goes in and out of phase with generated wave E(2ω) and conversion oscillates as 
sin(Δkl / 2). The coherence length is defined as 푙 = 	

∆
. It does not pay to use a nonlinear crystal much 

longer than the coherence length. 

In recent years, SHG has been extended to biological applications. Researchers Leslie Loew and Paul 
Campagnola at the  have applied SHG to imaging of molecules that are intrinsically second-harmonic-active 
in live cells, such as collagen, while Joshua Salafsky [48] is pioneering the technique's use for studying 
biological molecules by labeling them with second-harmonic-active tags, in particular as a means to detect 
conformational change at any site and in real time. SH-active unnatural amino acids can also be used as 
probes. 

3.2.2.2) Phase matching 
The maximum energy transfer from fundamental to the Second harmonics is maximum when   sin 푐 (퐷푘푙/
2    maximum i.e. 1. 
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For large values of  , sin 푐 (퐷푘푙/2)	      becomes   (Δ =D) 

sin 푐 (퐷푘푙/2) = (2/퐷푘푙) sin ( )…………………… …………..(3.23) 

For k=0, i.e. k2ω = kω+ kω, is called phase matching. 

k = k2ω-2kω = 2n2ω/ (/2)-2(2 nω/) =0 ……………………… (3.24) 

n2ω = nω 

Thus for phase matched SHG refractive index at the fundamental matches the refractive index at the second 
harmonics. 

In uniaxial crystal the ordinary index is independent of the direction but extraordinary idex varies with 
direction. 

 
Figure-3.3: Refractive index of e-ray and o-ray in negative uniaxial crystals. 

 

 
Figure-3.4: Refractive indices of e-ray and o-ray in negative uniaxial crystals at frequencies ω and 2ω 

showing Phase matched direction of propagation. 

Equation of an ellipse for variations in R.I. for uniaxial crystal is given by 

( )
= 	 + 	 ……… (3.25) 

By choosing θ correctly we can arrange to have 푛 (푞) = 	 푛    putting it in above equation and solving 
for sin2 we get, 

sin 푞 =	 ( ) 	

( ) 	
     …………………………………  (3.26) 
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Polarization of o-ray is always perpendicular to the optical axis. For negative uniaxial crystal the 
fundamental propagates as an ordinary ray while second harmonic propagates as an extraordinary. Thus 
fundamental and second harmonics are orthogonally polarized. 

3.2.3) Three wave mixing 
SHG is a special case of the more general three waves mixing. In the three waves mixing, we have waves at 
ω1 and ω2 that create a polarization at ω3. Energy conversion gives us 

ω3 = ω1 + ω2: Sum Frequency Generation 

ω3 = ω1 - ω2 : Difference Frequency Generation 

ω3 = ω1 + ω2 = 2ω; for ω1= ω2 = ω : Second Harmonic Generation 

ω3 = ω1 - ω2 = 0; for ω1= ω2 = ω : Optical Rectification 

In general phase matching condition becomes k3 = k1 + k2 (momentum conservation) and energy conservation 
gives ω3 = ω1 ± ω2. 

This is for non-collinear wave and for collinear waves we have 

= 	 + 	 ………………………………. (3.28) 

= 	 + 	   ………………………………… (3.29) 

SHG is a special case when ω = ω1 = ω2 and ω3= 2ω giving n3=n1=n2. 

 
 (a)    (b)                 (c)  (d) 

Figure-3.5: (a) Difference frequency generation, (b) Second Harmonic Generation, 
(c) Sum frequency generation, (d) Optical rectification. 

3.2.3.1) Sum and difference frequency mixing 
In another Χ (2) process, Here two different frequency Laser beams are sent into the crystal, & the photons 
can mix together and form either the sum of the two frequencies or the difference of the two frequencies 
Figure 3.5 (a), (c). 

3.2.3.2) Frequency doubling 
In certain materials it is possible to double the frequency of the light. Crystals are commonly used and when 
a high intensity Laser beam is sent though it, some of the photons are ‘glued’ together. As a result, two red 
photons give one blue photon in frequency doubling process. Energy is conserved Figure 3.5 (b) 

3.2.3.3) Optical Parametric Oscillator 
Nonlinear process allows the generation of fully tunable coherent radiations of shorter wavelength over wide 
range of wavelengths through the optical parametric process (OPP) and the device which dose this operation 
is known as Optical Parametric Oscillator (OPO). The parametric process may be thought as being a sum or 
difference frequency mixing process working in reverse. In a nonlinear material driven by a strong 
monochromatic laser beam of frequency ω called as a pump, a polarization induced which causes 
fluorescence at two frequencies ω1 (called as signal) and ω2 (called as idler). Generally chosen as ω1 >ω2. 
When ω1 =ω2 we say the process is degenerate. 

OPP needs to satisfy the two conditions; 
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ℎ휔 = ℎ휔 			 + 	ℎ휔  : Conservation of energy and 

ℎ푘 = 	 ℎ푘 + 	ℎ푘 :  Conservation of momentum (Phase matching) 

Phase-matching determine which pairs of frequencies ω1 and ω2 will be generated. OPP is not possible in 
isotropic media.  The birefringence of the medium allows the phase matching by making a slight angle 
between direction of pump and direction of propagation of signal and idler. When beams at ω1 and ω2 have 
the same polarization we have type I phase-matching. When they are orthogonally polarized we have type II. 

In OPO gain medium should be completely transparent to pump, signal and idler. Resonator provides 
feedback at signal or idler or both and gain is experienced at these frequencies. When signal or idler 
resonates the device is said to be singly resonant device. In this case OPO has relatively high threshold and 
simple tuning characteristics. If both signal and idler resonates, the device is doubly resonant. For this, the 
threshold is Low and complex is the tuning characteristics. In certain circumstances triply resonant operation 
is also possible. The pump beam also resonates in this case. No population inversion takes place as in the 
case of laser. In Lasers the population inversion is achieved by using a pump beam which not necessary to be 
a coherent. 

 
Figure-3.6: Schematics a) Laser 

 
Figure-3.6: Schematics b) Optical Parametric Oscillator 
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(a)                                      (b) 

Figure-3.7: Showing the energy conversion in (a) Lasers, (b) Optical Parametric Oscillator 

 
3.2.4) Intensity of the parametric frequency 
In OPP, three waves pump, signal and idler couples. Assuming the pump is undepleted i.e. dEp/dz=0. The 
coupled wave equations can be written as, 

+ 	 푎 퐸 	 = 	−푖푘 퐸 퐸∗푒  ………  (3.30a) 
∗

+ 	 푎 퐸∗ = 	푖푘 퐸∗퐸 푒  ……… (3.30b) 
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Where α1 and α2 are losses at the signal and idler frequencies and 푘 = 	
		

 

Assuming no losses then we get, 

= 	−푖푘 퐸 퐸∗	 ……… (3.31a) 
∗

= 		푖푘 퐸∗퐸  ………… (3.31b) 

These equations have nontrivial solutions only when 

푔 = 	 푘 푘 퐸 = 	 퐼  ……… (3.32) 

After integrating the coupled wave equations over a distance ‘l’, the growth of signal is given by 

Is (l)/Is (0) = cosh2 (gl)      …… (3.33) 

Assume gl >>1 i.e.  Very large gain; the equation becomes 

Is(l)/Is(0) = (1/4)e2gl        ……… (3.34) 

It is see that the intensity Is(l) grows exponentially with the gl. 

Optical Parametric Generation 
Equations are just identical to those for SHG 

∂
∂z +

1
V

∂
∂t E = 	−iχ( ) ω

2C k E∗E e ∆  

∂
∂z +

1
V

∂
∂t E = 	−iχ( ) ω

2C k E∗E e ∆  

∂
∂z +

1
V

∂
∂t E = 	−iχ( ) ω

2C k E∗E e ∆  

Where 
k 	 = Wave	vector	of	ith	wave	,Δk = 	k + 	k + 	k 	,	V = Group	velocity	of	ith	wave 
The solutions for E1 and E2 . 
OPA’s etc are ideal uses of ultra short pulses, whose intensities are high 

3.2.5) Pockel effect 
This effect is firstly discovered by Pockel in 1883. It modifies the refractive index due to an applied d.c. 
electric field. This effect is used for optical switching and for the phase modulation of the light. The 
corresponding term in the Polarization series is χ (2) EoEωcos ωt. Pockels cells are linear electro-optic 
modulators that produce either phase modulated or amplitude modulated optical beams. This modulation of a 
polarized optical beam propagating through the cell is accomplished via application of a dc electric field to 
the non-centrosymmetric crystal central to the cell. The application of a dc electric current to the crystal will 
change the refractive index ellipsoid of the crystal and hence induce birefringence. The index ellipsoid of a 
crystal dictates the characteristics of the propagating optic beam in the crystal. Pockels cells are configured 
to apply voltage to the crystal either transversely or longitudinally to the direction of propagation of the optic 
beam. Because the crystals in Pockels cells are non-centrosymmetric they experience an induced 
birefringence that is proportional to the applied voltage, making them linear electro-optic modulators. If the 
optical beam is plane-polarized 45 °C between the two electrically induced birefringence axes in the crystal 
and propagates perpendicular to the plane created by these two axes, amplitude modulation or polarization 
rotation of the incoming beam occurs. This is the effect used for Q-switching lasers and producing ultra-fast 
shutters. For these applications, only the correct voltages to produce either half-wave or quarter-wave 
retardation of the optical signals is of interest. If the crystal is re-oriented so that the optical beam is 
polarized along either one of the induced axes while still propagating perpendicular to the plane of the 
induced birefringence axes, the wave is purely phase (or frequency) modulated. This can be used for mode 
locking a laser or for modulating information onto a carrier wave [49-52]. 
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Figure-3.8: Example of a longitudinal field Pockels cell illustrating the induced birefringence 
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3.2.6)  Optical rectification 
Applied optical field give rise to a component of the polarization at d.c. is known as optical rectification.  
Static field appears across the sample is proportional to the applied optical field. The term corresponding to 
the optical rectification is χ (2) (E ω)2. 

3.3) χ (3) Phenomena 
These are based on the cube of the electric field and can be used in a number of different applications. Χ (3 is 
especially useful in fiber optic communications. The third order nonlinear susceptibility gives rise to 
following four important phenomenons. 

3.3.1) Quadratic electro-optic effect 
The change in refractive index is proportional to the square of the applied d.c. electric field, discovered in 
1983 by Kerr, it is known as Kerr effect.     It occurs in isotropic media like gases and liquids as well as 
solids. It is not widely used as Pockell’s effect because of its quadratic dependence on the applied electric 
field and high field is required. The term corresponding to the Kerr effect in the polarization series is χ (3) 
(Eo)2Eωcos ωt. 

3.3.2) d.c. Induced SHG 
Symmetry imposes the constraints that χ(2) is zero for isotropic media. SHG is not possible. The applied d.c. 
electric field breaks the symmetry and makes SHG possible. d.c. field induces SHG. Corresponding term is 
χ(3) Eo(E ω)2cos 2ωt. 

3.3.3) Four wave mixing 
In analogy with three waves mixing it is possible to have four waves mixing. Three of four waves generate 
the polarization 

Pi(k3, ω3) = εo χijkl
(3)(k = k1+k2+ k3, ω = ω1+ ω2+ ω3).Ej(k1, ω1). Ek(k2, ω2) El(k3, ω3)…                  

………………….….   (3.35) 

The polarized medium gives rise to fourth wave which is characterized by the third order susceptibility χijkl
(3), 

which is a Rank 4 tensor. The third order susceptibility is not symmetry dependent and it has up to 81 
independent elements. 

The possible four wave mixing mechanisms are shown in figure. 

 
                                 (a)            (b)                           (c) 

Figure-3.9: (a) Four wave mixing, (b) Degenerate Four wave mixing,  (c) Third harmonic generation. 

Degenerate four wave mixing occurs when ω1 =ω2 = ω3=ω4. Comparing with three wave mixing we have the 
conditions 

ω1 + ω2 = ω3 + ω4    and    k1 + k2 = k3+ k4 

3.3.4) Third Harmonic Generation (THG) 
The optical field of frequency ω applied to the sample converts to the signal to the signal of frequency 3ω. It 
is allowed in all the media including an isotropic media. The corresponding term is 

χ (3) (E ω)3cos 3ωt 
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Analogues to the SHG, THG is possible and achieved through the third order nonlinear susceptibility χ(3). 
The THG is generally used to generate the frequency lies in very dip in UV range. The materials are 
transparent to the radiations of wavelength 푙	 > 200푛푚. It is advantageous to firstly double the frequency 
and then add subsequently through second order process because the nonlinear susceptibility χ(3) is very 
small. As the radiations of wavelength 푙	 < 200푛푚 have to generate, the gasses are to be used as nonlinear 
medium because the solids have a is very small χ(3) , very weak transparency, large absorption coefficient and 
optically induced damage is possible. 

 
a) 

 
b) 

Figure 3.10: Third Harmonic Generation through (a) Second order process (χ(2)), 
(b) Third order process (χ(3)). 

3.3.5) Optical or a.c. Kerr effect 
The term χ(3)(E ω)3cosωt  shows that the third order susceptibility permit the refractive index variation with 
the square of the electric field of the optical signal. This effect gives rise to the self focusing and self-phase 
modulation. 

The term in the expansion of the nonlinear polarization responsible for the optical (or AC) Kerr effect is of 
the form 

P =  εo[χ(1) + χ(3) (Eω)2 ]Eωcosωt   ……… (3.36) 

But χ(1)=n2-1 comparing gives 

[ χ (1) + χ(3) (Eω)2 ]  = n2-1    ……… (3.37) 

Where n is the refractive index modified in the presence of the optical field. 

The refractive index can be rewritten as n’=n+n2l(r,t) and n2 is the nonlinear refractive index (Unit m2W-1). 
The spatial part gives rise to self-focusing and temporal part gives rise to self-phase modulation. It is possible 
o balance the effect of self focusing and diffraction to produce a self guided beam 

 
Figure-3.11: Self guided wave 
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3.3.5.1) Self focusing 
The optical Kerr effect is an effect where the higher the intensity of the light, the higher the refractive indes. 
This can lead to problems, since it means that in any medium, a high intensity beam will focus itself down. It 
is possible to create a lens by centre and lower to the edges, rather than the tradiational curved surfaces. Self 
focusing can be used to suppress cw operation. It becomes energetically favorable for light to be compressed 
into a short intense pulse. The pulse bounces back and forth through the cavity generating a train of output 
pulses. Self focusing is used for measurements of ultrasmall (less thanl/3000) wave-front distortions [53]. 

3.3.5.2) Self phase modulation 
This is an awkward one to explain in Layman’s terms. A travelling wave has a property called phase. The 
optical Kerr effect can modify the refractive index around an intense Laser beam, altering the phase. Change 
of phase in optical pulse due to change in refractive index caused by the pulse is known as self phase 
modulation. The rate of change of phase with time is the optical frequency, hence if phase is modulated. We 
can generate new frequencies close to the frequency of the original wave. In materials with very high 
nonlinearity, this means that we can generate which light from only a small frequency width input. 

The temporal part of the refractive index is n’=n + n2l(t). 

If the propagation distance are short and the pulse in not reshaped as it passes through the medium.  After a 
distance l the change of the phase will be given by 

φnl (t) = δnlωo/c 

Where, ωo is the center frequency of the optical pulse, δn = n2l(t)2 is the nonlinear change in the refractive 
index. 

We can write instantaneous frequency as ω(t)=ωo+δω(t);  Where, 

푑휔(푡) = 2푛 푙 푙 sec ℎ tanh 푑휔(푡) = 	 ( )……… (3.38) 

An important form for an optical pulse is the hyperbolic secant where the intensity is given by 
I(t)=losech2(t/τo) inserting this equation in the equation for the nonlinear phase change is given by 

Φnl (t) = n2l (ωo/c) lo sech2 (t/τo)    ……… (3.39) 

The instantaneous frequency is given by 

푑휔(푡) = 2푛 푙 푙 sec ℎ tanh   ……… (3.40) 

Above relation introduces new frequencies broadened spectra and may be used to create shorter pulse. 

In long optical fiber self-phase-modulation (SPM) tends to broaden the spectrum of the pulse. In a region of 
normal dispersion (n increases as λ decreases) this will lead to broadening of the pulse due to dispersion. At 
wavelengths longer than an absorption feature the fiber becomes anomalously dispersive (n decreases as λ 
decreases). The red-shifted leading edge propagates more slowly than the blue shifted trailing edge. The net 
result as the pulse is compressed. When the broadening due to SPM just balances the compression due to 
anomalous dispersion we get a solitory pulse which travels without spreading. This is called as optical 
soliton. The solitary wave was firstly discovered by John Scott Russell in 1834 in the Union Canal just 
outside Edinburgh. (54 -55) 

3.3.5.3) Multiphoton absorption 
When a beam intersects with a medium, radiation will be a absorbed if the frequency of light matches an 
absorption band or transition within the material. However, if there is a very intense beam, absorption can 
occurs where the medium removes two photons at half the frequency, or three at one-third, and reacts as if 
they add up to a single photon at the multiple of frequency required. The photons must interact within a very 
short time scale (around one femtosecond or so) 
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3.4) Theoretical explanation of Nonlinear Optics 
The nonlinear effects lie in the way in which a beam of light propagates through a solid. The nuclei and 
associated electrons of the atoms (in the solid) forms electric dipoles. The electromagnetic radiation interacts 
with these dipoles causing them to oscillate. According to the classical laws of electromagnetism these 
dipoles act a source of electromagnetic radiation. If the amplitude of vibration is small, the dipole emits 
radiation of same frequency as the incident radiation. When intensity of incident radiation is increases, the 
relationship between the irradiance and the amplitude of vibration becomes nonlinear, resulting in the 
generation of higher order harmonics in the frequency of radiation emitted by the oscillating dipoles. Thus 
frequency doubling or second harmonic generation (SHG) and indeed higher order frequency effects occur 
as the incident intensity is increased [56-60]. 

In nonlinear medium the induced polarization is a nonlinear function of the applied field. A medium 
exhibiting SHG is a crystal composed of molecules, with asymmetric charge distributions arranged in crystal 
in such a way that polar orientation is maintained throughout crystal. At very low field the induced 
polarization is directly proportional to electric field [61]. 

At high frequency polarization become independent of the field and susceptibility become field dependent. 
Therefore this nonlinear response is expressed by writing the induced polarization as a power series in the 
field. 

P =  εoχ1E + χ2E.E + χ3E.E.E............. .......................(3.41) 

Where χ2, χ3, ---- are the nonlinear susceptibilities of the medium. Thus polarization is an addition of a linear 
component, plus a term with field squared, plus a term with field cubed and so on to higher powers. Each 
term has its own susceptibility factor Χ(1),Χ(2) etc.  χ (1) is the linear term responsible for the refractive index, 
dispersion, birefringence and absorption and the susceptibilities from  Χ(2) onwards are known as nonlinear 
susceptibilities. χ2 is the quadratic term which describes second harmonic generation, optical mixing and 
optical parametric oscillation. χ3 is the cubic term which is responsible for third harmonic generation, 
stimulated Raman scattering, phase conjugation and optical instability. Hence the induced polarization is 
capable of multiplying the fundamental frequency to second, third and even higher harmonics. The 
coefficients of χ1 , χ2  etc give rise to certain optical effects, such as χ1 gives refraction. χ2 gives SHG 
(ω+ω=2ω) that is frequency mixing which may be used for different applications [62] 

In case of centrosymmertic crystal χ2=0, the material cannot exhibit second harmonic generation but can 
exhibit harmonic generation of third and fifth order. In harmonic generation two processes occurs, in the first 
step, a polarization wave at second harmonic 2ω1 is produced which has a phase velocity and wavelength in 
the medium which are determined by refractive index n1of the fundamental wave and in the second stage 
transfer of energy from the polarization wave to electromagnetic wave occurs at frequency 2ω2. The index of 
refraction n2 defines the phase velocity and wave length for the doubled frequency. For efficient energy 
transfer, two waves should remain in phase, that is n1 = n2. Due to normal dispersion occurring in the 
material in the optical region, the radiation will generally lag behind the polarization wave. The phase 
mismatch between the polarization and electromagnetic wave is given by following relationship [63]. 

∆K= (4/λ) [n1-n2]                           -------------------- (3.42) 

A suitable medium is required to realize the nonlinear effect. A noncentrosymmetric crystal exhibits the 
following properties. 

 wide optical transparency domain 

 large nonlinear figure of merit for frequency conversion 

 high laser damage threshold 

 readily available in large single crystal 

 wide phase matchable angle 

 ability to process into crystal and thin films 

 ease of fabrication 
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 nontoxicity and good environmental stability 

 high mechanical strength and thermal stability 

 Fast optical response time. 

3.5) Nonlinear Optical Materials 
The NLO materials are characterized by contributions to the electric dipole moment per unit volume, called 
electric polarization (P), which depend on higher power of the oscillating electric field (E) of the radiation 
that is being propagated through them. This polarization is associated with the electric cloud of the atoms in 
solid, which can respond to the frequencies of the light-wave electric field. For a nonconduting, nonmagnetic 
material, Maxwell’s relations lead to a differential wave equation, which gives E as a function of P (Yariv et 
al 1984) 

3.5.1)    Types of the NLO materials 
Today the development of the NLO materials can be divided in to the following different areas. 

1) Discovery of new model the NLO materials. 

2) Growth of promising the NLO crystals 

3) Improving the characteristics of the NLO crystal 

Many organic and inorganic materials are highly polarizable and thus are good candidates for study. 
However the net polarization of a material depends on its symmetry properties, with respect to the 
orientation of the impinging fields. It can be seen that the odd order terms in equation (3.41) are 
orientationally independent, but even terms vanish in a centrosymmertic environment. Thus the materials for 
second order the NLO must be orientationally non centrosymmertic. Nonlinear optical materials are the key 
elements for photonics technologies as photons are capable of processing information with the speed of light. 

There are three different classes of the NLO materials as follows: 

1) Organic NLO Materials 

2) Inorganic NLO Materials 

3) Semi organic NLO Materials 

3.5.2)   Organic NLO materials 
A variety of organic materials have been used of the NLO applications. While single crystals of organic 
materials are natural candidates, it has also been possible to use other forms for the NLO application. The 
development of highly efficient nonlinear optical materials for opt -electronic applications such as high 
speed information processing, optical communication and optical data storage have been the subject of 
intense research activity throughout the world over the past two decades. Organic NLO materials are more 
nonlinear than inorganic NLO materials since they are often formed by weak Vander Waals and hydrogen 
bonds and hence possess high degree of delocalization. The organic compound apart from inherent increased 
nonlinearity possess amenability for synthesis, scope for introducing desirable characteristics by multi 
functional substitution, higher resistance to optical damage and so on. The chirality and hydrogen bonds 
which contribute substantially for remarkable SHG activity can be identified from material properties. The 
organic NLO materials are soft in nature; and have intense absorption in UV region [64, 65]. The organic 
NLO materials play an important role in SHG, frequency mixing, electro-optic modulation, optical 
parametric oscillation, optical bi-stability etc. The organic NLO materials have higher second harmonic 
generation efficiencies and also exhibit substantially greater laser damage thresholds. The considerable work 
has been done to understand the microscopic origin of nonlinear behavior of organics. The NLO properties 
of large organic molecules and polymers have been the subject of extensive theoretical and experimental 
investigations during the past two decades and they have been investigated widely due to their high nonlinear 
optical properties, rapid response in electro-optic effect and large second or third order hyper polarizibities  
as compared to inorganic NLO materials [66, 67]. The basic structure of organic NLO materials is based on 
the 휋 bond systems. Due to the overlap of  orbital, delocalization of electronic charge distribution leads to 
a high mobility of electron density. Functionalization of both ends of the 휋 bond system with appropriate 
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electron donor and acceptor groups can enhance the asymmetric electronic distribution in either or both the 
ground and excited states, these leads to an increased optical nonlinearity [68]. 

A large number of organic compounds with non localized  휋  electron system and a large dipole moment 
have been synthesized recently to realize the nonlinear susceptibly larger than inorganic optical materials, 
however their potential applications are limited by poor chemical stability, by high cut-off wavelength 
caused by a large organic non conjugated system and by poor phase matching properties caused by large 
birefringence which result from the layer stacking of the structure and the other factor. 

The organic NLO materials usually have hyper-polar molecule, but most typical organic solvents have the 
dipole moment less than about 3 Debye. High polar materials suffer from decomposition at elevated 
temperature, both in melt and solid state. Hence, normally the solution growth is adopted for growth of 
organic NLO materials [69, 70]. Due to the high nonlinearity much attention has been given to organic NLO 
materials. These materials have promising applications including telecommunication, optical computing and 
optical data storage applications [71]. Generally successful and popular approach towards such materials is 
achieved in two steps which first imply the synthesis of extended conjugated systems with donor and 
acceptor groups that can ensure the largest known second and third order molecular hyperpolarizability β) of 
any class of materials as compared to inorganic nonlinear optical (NLO) materials. 

The nonlinearity associated with chromophores in the organic materials leads to observable bulk nonlinearity 
χ2 and also only if the chromophores are oriented in a non-centrosymmetric environment [72]. The fast-
growing development of optical devices for many modern applications has promoted the search for new 
highly nonlinear materials, suitable for fast and efficient processing of optical signals. Some organic crystals 
exhibit optical nonlinearities and a laser-damage threshold potentially superior to their presently available 
inorganic counterparts.  A number of organic materials of interest for the NLO applications, today available 
as single crystals of different good optical quality is listed Table [3.2], for each of them the acronym and the 
chemical denomination are given.  

Table 3.2   : -   Materials for Nonlinear Optics (* Ref: - 73-78) 
Acronym or commercial name Chemical denomination 

I) Organic single crystals  
ABP 4-Amino Benzophenone 
MNA 2-Methyl 4-Nitroaniline 
p-NA Para-Nitroaniline 
Amino acid category Gly. L-ala., L-arg, L-His., L-Glu., Glycine,L-Alanine,L-Arginine, 

L-Histidine,L-Glutamic acid, 
BG[100] Benzoyl Glycine 
m-CNB meta-Bromo-Nito-Benzence 
m-NA meta-Nitoaniline 
ThiU Thiourea 
L-Tar. L-Tartaric acid 
LTN[98] L-Tartaric acid Nictinamide 
LAA [102] L-Arginine acetate 
L-Thre.[104] L-Threonine 
UDT [103] Urea-(d) Tartaric acid. 
II) Inorganic single crystals  
KDP Potassium dihydrogen phosphate 
ADP Ammonium dihydrogen phosphate 
DSHP Disodium hydrogen phosphate 
BBO Beta-Barium Borate 
KTP Potassium Titanyl phosphate 
LiNbO3 Lithium Niobate 
LiB3O5 (LBO) Lithium Triborate 
DKDP Dideuterium phosphate 
LiIO3 Lithium Iodate 
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ZnS Zinc Sulphate 
KTA Potassium Titanyl phosphate 
CLBO Cesium Lithium Borate 
KB5 Potassium Pentaborate 
III) Semi Organic crystals  
ZTS [79] Zinc Thiourea Sulphate 
BTCC [88] Bis-Thiourea Cadmim Chloride 
LAP [89] L-Arginine phosphate 
LHHF [92] L-Histidine Hydrofluoride Dihydrate 
2A5NPDP [92] 2 Amino 5 Nitro Pyridinium Diphosphate 
LAHBr [93] L-Arginine Hydrobromide 
L-HB [94] L-Histidine Bromide 
BGHC [95] Bis Glycine Hydrogen Chloride 
NPLi-3H2O [97] Lithium parnitrophenolate trihydrate 
LAlAc.[97] L- Alanine Acetate 
ZTC [99] Zinc Thiourea Chloride 
CTS [100] Cobalt Thiourea Sulfate 
BTS [101] Bismuth Thiourea Chloride 

In the present investigation ,the bulk growth of the nonlinear optical material L-Tartaric acid single crystals 
have been grown by using the aqueous solution method and its crystalline perfection, spectroscopic and NLO 
properties are studied. L-Alaniuium maleate (LAM) and L-Prolininium Tartaric (LPT) were the recently 
reported as the NLO materials. Even through SHG efficiency of L-Tartaric acid is slightly on the lower side 
than the LAM, LPT single crystal L-Tartaric acid is optically active organic acid because it has asymmetric 
carbon atoms. 

3.5.3) Inorganic NLO material 
Inorganic nonlinear optical materials are used mostly in high - power Laser applications for extending the 
range of wavelengths available at high power. Its application also have been considerable in progress for 
other types of frequency conversion, such as optical parametric amplifiers, with a single frequency,  efficient 
Laser source,  and these devices promise wide wavelength flexibility at high power and conversion 
efficiency. As solid state they offer some advantages over other options for achieving wavelength flexibility. 
It used for SHG application due to high nonlinearities. 

It is also necessary that they are cost effective and relatively easy to synthesize. Further, the materials should 
be transparent and the crystals should be of optical quality. Several single Inorganic crystals have been tested 
and used for suitable applications due to their transparency and optical activity. 

The principal uses of Inorganic nonlinear optical materials are Commercial Lasers: - Frequency conversion 
devices are usually offered as accessories for short-pulse (10ns, 8ns), high power Lasers available 
commercially. There are typically   harmonic generations for Nd: YAG Lasers. 

Lower Average Power Devices: - These are miniaturized or portable devices used in information 
processing, medical instrumentations, and xerography. 

High Average Power Devices:- There is need of controlling high power pulse energy in defense field which 
is generally achieved through modulation, deflection and frequency conversion. This includes battle field 
Laser, submarine communications, and optical rader. A number of industrial processes also require high 
average power, such as chemical processing, materials processing, X-ray Lithography. The average power 
required can be up to several kilowatts. 

For high energy per pulse (up to 10mJ) the primary requirement is, for an inexpensive material, frequency 
conversion to the near UV-Visible range, with high damage threshold. The most popular ones, available in 
the market for several years now, are Potassium Dihydrogen Phosphate (KDP) Lithium Niobate (LINbO3), 
while Disodium hydrogen phosphate (DSHP), KTP and a number of other phosphate based crystals are 
grown by the slow evaporation technique. Subsequently, several variations of the compounds have been 
prepared. Table (3.2) lists some of the more popular crystals which are now commercially available. The 
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inorganic materials are efficient the NLO materials, having thermal stability and mechanical robustness. The 
pure inorganic NLO materials have excellent mechanical and thermal properties but posses relatively modest 
optical nonlinearity due to lack of extended  electron delocalization. These materials possess excellent 
transmittance in the visible region which is advantageous for optoelectronics applications. The inorganic 
materials have the ionic bonded molecules; they are highly soluble in water. These inorganic materials are 
very sensitive to the pH and the ionic strength. The inorganic NLO materials crystals are high thermally 
stable, while the organic NLO  crystals are thermally stable up to the melting point, therefore the Potassium 
Dihydrogen Phosphate (KDP) which belongs to inorganic class of the NLO material is widely used for laser 
applications in past decades. 

The inorganic NLO crystals grown from any common method of growth has no limitation on size of grown 
crystal as in case of organic crystals. The crystals of inorganic materials have an excellent X-ray diffraction 
quality among all types of the NLO materials. The inorganic NLO crystals due to nonlinear optical and 
electro-optical property are widely used in X-ray monochromators [78-80]. The potassium dihydrogen 
phosphate(KDP), ammonium dihydrogen phosphate(ADP), sodium dihydrogen phosphate (DSHP), 
potassium tetanyl phosphate (KTP) are the famous inorganic NLO material crystals used for different 
nonlinear and optoelectronics applications. 

In the present investigatiom the disodium hydrogen phosphate (DSHP) has been grown by the slow cooling 
solution phosphate (DSHP).  The grown crystals are characterized by XRD. The structure of the grown 
crystals is determined and found to be heptahydrate. The thermal behavior and transmittance of the crystals 
are studied. Also Investigation the Thiourea doped DSHP,L-tartaric acid doped and mixed DSHP have been 
grown and we observed enhance in SHG of pure DSHP after doping and mixing Thiourea and L-Tartaric 
acid with respect to pure DSHP.The structure and optical propertics are also studied thermal behaviour 
discussed in detail. 

3.5.4)   Semi-organic NLO materials 
In recent years much attention has been paid to semiorganic nonlinear optical materials. These materials 
have integrating effect of both high optical nonlinearity (organic material) and mechanical stability 
(inorganic materials). These materials possess the better nonlinearity and more SHG efficiency than KDP 
[81-83]. 

Presently inorganic and organic crystals are being replaced by this new semiorganic class of the NLO 
materials. The semiorganic materials posses’ large nonlinearity, high resistance to laser induced damage, low 
angular sensitivity, good mechanical hardness and wide transmission window [84-85]. Recent interest is 
concentrated on metal complexes of thiourea and the crystals of amino acids owing to their large nonlinearity 
[86-87]. The -conjugated network in organic system with large nonlinearity has significant absorption in 
the visible region. Hence for second harmonic generation (SHG) in the blue-near-UV region, more 
transparent and less extensively delocalized organics like urea or its analogs such as thiourea have been 
considered. Thiourea is one such organic material which is coplanar in structure and is a resonance hybrid of 
three resonance structure with each contributing roughly an equal amount. The π-orbital electron 
delocalization in thiourea which arises from the mesomeric effect is responsible for their nonlinear optical 
response and the absorption in the near ultraviolet region. Growth of single semi organic NLO crystal has 
been a subject of perennial concern in order to use these materials for device application. However, to enable 
a material to be a potentially useful for nonlinear optical applications, the material should also be available in 
bulk form. 

3.5.5) KDP Family Crystals 
Potassium Dihydrogen Phosphate (KDP) crystal exhibits excellent electro-optical and the nonlinear optical 
properties and is commonly used in frequency conversion applications such as second, third and fourth 
harmonic generation and in electro-optic modulation. Easy growth of large single crystals, a broad 
transparency range, a high optical damage threshold, and relatively low production cost are all qualities that 
make this phosphate crystal suitable for variety of optical applications.The KDP is only the nonlinear crystal 
which has been grown to the sizes 50-80 cm at growth rate of 12-15mm/day needed for laser radiation 
conversion in laser fusion systems [105].  These crystals have good nonlinear optical and mechanical 
properties. Doping on pure KDP crystals by foreign impurities is increasingly interesting because of the fact 
that dopant may significantly change the properties. In order to use the KDP crystal for laser fusion 
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experiment where, the crystals of higher SHG efficiency are required. Therefore in the present investigation 
the various nonlinear dopants such as Glycine amino acid are also added with KDP and SHG may enhance 
as compared to the SHG effiency of pure KDP by addition of these dopants. The other properties are also 
studied for pure and doped KDP crystals. 

3.5.6) Role of Amino acids in Nonlinearity 
The amino acids play most important role in the nonlinearity of crystals. The importance of amino acids in 
the NLO applications is due to the fact that in many amino acids, there is presence of chiral carbon atom and 
Zwitterionic ion. When amino acids react act with the semiorganic NLO materials, the grown crystals posses 
the combined advantages of the organic amino acid (such as high optical nonlinearity and favorable 
mechanical and thermal properties of the inorganic solids.) 

Complexes of amino acids with the inorganic salts are promising materials for optical second harmonic 
generation (SHG). The salts of amino acids like L-arginine, L-histidine are reported to have high second 
harmonic conversion efficiency [106-110]. Glycine is natural and simplest amino acid, according to the 
structural analysis of ferroelectric, triglycine sulphate there are two kinds of glycine groups, glycinium ions 
and Zwitter ion. This structure is responsible for NLO property of Glycine. As there are many reports in the 
literature about the crystals of amino acids and amino acid doped crystals, which may be used as better 
alternative of KDP for laser fusion experiments, in present investigation the Glycine is used as dopant for 
KDP and Disodium Hydrogen Phosphate (DSHP) crystal in order to enhance their nonlinearities. Besides 
that the thermal, optical and the structural properties are also studied. 
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4.1) Introduction 
Nonlinear optics single crystals with a high degree of perfection find applications in critical technology areas 
such as High power Lasers, higher harmonic generation [1–3] and in the field of nuclear fusion. A class of 
such crystals can be grown from their supersaturated solution in water, during a slow cooling process. 
Potassium Dihydrogen Phosphate KDP (KH2PO4) and its isomorphism deuterated form, DKDP (KD2PO4), 
are popular due to their applications in frequency converters, electro-optic switching and modulators [4]. 
KDP and DKDP crystals have been grown in very large sizes up to 57 × 57 cm2 in cross-section and about 
55 cm in height [5]. The KDP and DKDP crystals have been developed for the world’s most powerful laser 
systems [6]. One of the obvious requirements for a non-linear optical crystal is that it should have excellent 
optical quality. Potassium dihydrogen phosphate (KDP) is a model system for non-linear optical device 
application. Optical quality KDP (KH2PO4) crystals can be grown by conventional solution growth methods 
as well as by fast growth techniques. 

KDP is an efficient angle tuned dielectric medium for optical harmonic generation in and near the visible 
region. This material offers high transmission throughout the visible spectrum and meets the requirement for 
optical birefringence, large enough to bracket its refractive index for even extreme wavelength range over 
which it is transparent. Among non-linear optical phenomena, frequency mixing and electro-optic are 
important in the field of optical image storage and optical communication [7-9]. KDP finds widespread use 
as frequency doublers in laser applications, electro-optic switching and modulators and applications such as 
second harmonic generation and optical parametric oscillations. KDP is an interesting material and aroused 
considerable interest among the several researchers because of it wide frequency conversion high damaged 
threshold against high power Laser [10-14] and has been studied in great detail. Improvement in the quality 
of the KDP crystals and the performance of KDP based devices can be realized with suitable dopant.  In 
order to get good quality crystals rapidly, many techniques have been introduced by several workers [18, 19]. 
The KDP crystals have disadvantages such as deliquescence, weak mechanical properties and a low damage 
threshold under higher power pulsed Nd: YAG laser light, which attracts the interest of many researchers to 
grow the KDP crystal with improved nonlinearity after addition of different impurities. Attempts have been 
made to dope KDP with inorganic additives to study the stability of the grown phase and compositional 
homogeneity of the existing crystal [12, 20]. The SHG of KDP with addition of carbonates of Lithium Li, 
Sodium Na, Cesium Cs, and Rubidium Rb are reported by Rajasekaran [21] and several authors have doped 
KDP crystals by KI, NaI and Au+ [22], ammonium compounds [23] and urea and Thiourea [24]. It was 
found that the doping increased electrical conductivity of KDP crystals. [25 - 27].  During the fast decade, a 
number of organic and inorganic materials with high nonlinear susceptibilities have been synthesized. 
However, their device applications have been impeded by the inadequate optical transmittance, poor optical 
quality, and lack of robustness, low laser damage threshold and inability to be grown into large size crystals. 
The molecules in pure organic crystals are often bonded by weak Vander Waals forces of hydrogen bonds, 
which result in poor mechanical robustness. To overcome these difficulties, the large nonlinearities of p-
conjugated organics and the favorable crystal growth properties of ionic salts can be combined into a single 
NLO material called semi organics. 

The amino acids are the famous organic materials, play a vital role in the field of nonlinear optical crystal 
growth. Many members of natural amino acids are individually exhibiting the nonlinear optical properties 
because they have a donor NH2 and acceptor COOH group and the intermolecular charge transfer is also 
possible. Especially natural amino acids such as Arginine, Lysine and γ Glycine are evidently showing NLO 
activity because of an additional COOH group in first and NH2 group in second. Therefore, amino acids may 
be used as dopants and it was observed that there is enhancement in the material properties such as nonlinear 
optical and Ferro electrical properties [15]. The simplest or natural amino acid is Glycine, which has just a 
hydrogen atom as its side. In solution at neutral pH the Glycine is predominantly dipolar ion or Zwitterions. 
In Glycine the PK of the carboxylic (COOH) group is 2.3 and of the amino group is 9.6 [16, 17]. A recent 
survey show that the research work there is no attempts is made on large scale to dope amino acids into 
KDP. The KDP crystals doped with amino acid, L-Glutamic acid, L-Histidine, L-Valine, L-Arginine may be 
a promising candidate for the NLO application. These doped KDP single crystal be a promising candidate for 
the NLO application. But there are only few reports available in which doping L-arginine and Glycine amino 
acid in KDP was done and SHG efficiency is reported to increase and the thermal stability decrease with 
increase in impurities concentration [28 - 30]. 
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In the present investigation the growth aspects of KDP and Glycine amino acid and KDP mixed in the ratio 
(i.e. KDP: Gly) 1.2:1 to 2.4:1 and 2mole% to 6 mole % doped KDP have been studied. Bulk crystals of KDP 
and mixed, doped are grown by slow evaporation. The Nonlinear optical properties of mixed and doped 
crystals are studied with the characterization studies such as powder XRD, FT-IR, Thermal analysis 
(TAG,DSC), UV-Visible spectra analysis, Solubility measurements, SHG test. The results for mixed and 
doped KDP are compared with the results of the Pure KDP crystals as well as the results available in the 
Literature. 

4.2) Experimental section 

4.2.1) Solubility Measurements 
The principle of this method is based on the concept of solubility and supersaturation. At a given 
temperature, a limited amount of substance dissolved in a particular solvent. This amount defines the 
solubility at that temperature. The solubility is function of the temperature of the solvent. In most cases the 
solubility increases with temperature. To grow bulk crystals from solution by the slow evaporation 
technique. It is desirable to select a solvent in which the molecule is moderately soluble. The size of a crystal 
depends on the amount of material available in the solution which in turn is decided by the solubility of the 
material in that solvent. The ratio for Glycine amino acid mixed and doped KDP crystals is considered 
according to the solubility in double distilled water. The Pure KDP with 6 mole%, Glycine and pure KDP 
with 41 mole % Glycine (i.e. in the ratio 2.4:1 in double distilled water is taken.  The solubility of pure and 
Glycine amino acid doped KDP, amino acid Glycine mixed KDP solution were studied at temperature range 
30 °C to 55 ºC. A sealed container charged with water and the solute, maintained at a constant temperature is 
used to determine the equilibrium concentration under continuous stirring for 24 hours. The content of the 
solution is analyzed gravimetrically and the results are presented in Figure (4.1). The solubility of pure and 
doped mixed Glycine amino acid in KDP in double distilled water as a function of temperature. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure-4.1: Solubility curve of pure KDP and Glycine doped and mixed KDP 

It can be seen that the solubility of KDP mixed and doped   Glycine increases significantly with increasing 
temperature. It is seen from the curve that solubility is slightly reduced for doped samples in comparison to 
pure KDP and Glycine mixed KDP. 

4.2.2) Purification 
Purification is commonly carried out by recrystallization in an appropriate solvent, selected on the basis of a 
higher solubility of the impurities as compared to the solubility of the substance to be purified. The purified 
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by repeated recrystallization processes and the recrystallized material is used for growth. The concentrated 
solution is prepared with the help of the solubility diagram. 

4.3) Synthesis and Crystal growth 
To obtain Inorganic and semi organic NLO single crystal of high quality, purification of starting material is 
important step. The solution of KDP salt was prepared in a slightly under saturation condition with 4.3 pH of 
solution. The solution was stirred well for six hours constantly using magnetic stirrer, and it was filtered by 
using Whatmann filter paper. According to the data of the solubility diagram pure KDP, 2 mole%, 6 mole% 
Glycine amino acid doped KDP of 29 gm,  27.7 gm, 27.3gm and Glycine mixed KDP in the ratio 1.2:1 (83 
mole % Glycine mixed KDP), 2.4:1 (41 mole % Glycine mixed KDP) of 29.45gm, 28.55gm were dissolved 
in 100ml KDP double distilled water at an room temperature (30oC) in a five glass beakers and the same was 
kept for crystallization at room temperature. Seed crystals in all five beakers are obtained after 20 hours due 
to spontaneous nucleation. The seeds crystal grown well defined transparent crystals of good quality were 
obtained. These crystals are used as seeds for getting bulk single crystals from a saturated solution taken in a 
crystallizer. As per solubility diagram a supersaturated solution of pure KDP and 2 mole%, 6 mole% Glycine 
doped KDP; Glycine mixed KDP in ratio 1.2:1, 2.4:1 at temperature 35 ºC was maintained. After twenty four 
hours the good quality seeds were taken and were hung with in the super saturated solution vessels with the 
help of nylon optimally closed with a thick plastic cover with a hole so that the rate of evaporation could be 
minimized. These crystals were grown in constant temperature bath of controlled accuracy ± 0.01°C at 35oC 
where the supersaturation was achieved. Slow evaporation method was employed for the growth and after 10 
to 15 days a good quality transparent pure KDP, Glycine doped KDP, Glycine mixed KDP bulk single 
crystals of size (pure KDP 7.8×1.2×1.2cm3, 2mole%, 6mole% Glycine doped KDP size 6.8×1×1cm3, 
7.2×1×1cm3 and 1.2:1,2.4:1 ratio Glycine mixed KDP size 6.7×1×1cm3, 6.5×1×1cm3) have been grown. The 
photographs of grown crystals   are shown in Figure (4.2a to 4.2g). 

 
Figure-4.2: Photograph of Pure KDP a) KDP, Glycine doped, & mixed KDP Seed crystals and 

b) Pure KDP Bulk single crystal 

 

 
Fig. 4.2 Photograph of c) and d) 2 mole%, 6 mole% Glycine doped KDP; e) and f) Glycine mixed KDP in 

the ratio 1.2:1 and 2.4:1 Single crystal. 
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Fig-4.2 g) Photograph of cutting and polishing Glycine doped, mixed KDP Single bulk crystals. 

The Partial substitution of potassium ions may be explained as the consequence of following chemical 
reactions: 

KH2PO4 + C2H5O2N                    C2H5O4NPOˉ K+ + H2O 

4.4) Characterization studies 
The grown Glycine amino acid  mixed and doped KDP Bulk single crystals were subjected to various 
characterizations viz. NLO test, XRD, FTIR,UV-visible spectra study ,TGA, DSC analysis and the results 
are compared with that of Pure KDP Crystals. 

4.5) Results and Discussion 

4.5.1) Nonlinear optical test 
Nonlinear optical test is an important and popular tool to evaluate the conversion efficiency of the NLO 
materials. In order to confirm the enhancement of nonlinearity of KDP due to addition of Glycine amino 
acid, the specimen was subjected to Kurtz and Perry Technique [31]. NLO test which employed the 
fundamental beam of wavelength (	휆	=1064 nm) from Q – Switched Nd: YAG Laser. The output from Nd: 
YAG Laser was used as a source and the crystal specimen was illuminated by Nd: YAG Laser of 2mJ pulse 
with repletion rate of 10 Hz and pulse width 8ns. The Photomultiplier tube was used as detector. The 
incident beam was focused by a lens of focal length 6 cm. The scattered light was collected at 90 o to incident 
beam. The second harmonic signals generated in the crystalline sample are confirmed from emission of 
green radiation by the sample. The output SHG signal power of 61mV, 64mV, 66mV was obtained from 2 
mole %, 4 mole %,      6 mole % Glycine amino acid doped KDP with reference to 55mVof pure KDP. Thus 
the SHG efficiency of Glycine doped KDP is observed to1.10, 1.163, 1.2, times of pure KDP. The output 
SHG signal power of 83 mole %, 41 mole %, Glycine mixed KDP       (mixed ratio KDP: GLY 1.2:1, 2.4:1) 
was found as 97mV, 94mV which is 1.763 times and 1.7 times more than pure KDP. It is found that the SHG 
efficiency of KDP increases with addition of Glycine amino acid in different mole percentage and mixed 
percentage in pure KDP. The NLO conversion efficiency of Glycine doped is found to be greater than that of 
many semi organic, organic family crystals which is presented in Table (4.1).This increase in SHG of KDP 
with addition of Glycine amino acid is due to the fact that the Glycine has one Zwitter ion and it may be 
connected with KDP by short O-H-O hydrogen bonds. In Glycine there is more dipole moment due to 
presence of polar NH3 amino group [32]. When Glycine react with KDP the optically active amino group 
may replaces some potassium ion and increases its non centro-symmetry. This results in increase of 
nonlinearity of grown crystal. Hence this Glycine doped KDP crystal with large SHG efficiency may be 
useful for Laser fusion experiment and frequency conversion applications [30-32]. 

Table (4.1) Comparison of SHG efficiencies of promising semi organic and organic NLO crystals 
relative to KDP as reference sample. 

NLO Sample SHG Signal in mV SHG efficiency 
L-Alanine acetate (33) 16.5 mV 0.30 
Ammonium borodilactate (34) 30.36 mV 0.552 
L-Histidine bromide (35) 66 mV 1.20 
L-Arginine diphosphate (35) 53.9 mV 0.98 



 

Nonlinear Optical Crystals for Laser : Growth and Analysis Techniques 

55 

Lithium para-nitrophenolate trihydrate (35) 93.5 mV 1.70 
L-Threonium acetate (36) 62.7 mV 1.14 
L- Histidine tartarate (37) 43.45 mV 0.79 
2 mole % Glycine doped KDP* 61 mV 1.109* 
4 mole % Glycine doped KDP* 64 mV 1.163* 
6 mole % Glycine doped KDP* 66 mV 1.20* 
83mole%  Glycine mixed KDP* 97 mV 1.763* 
41mole % Glycine mixed KDP* 94 mV 1.709* 
Potassium dihydrogen phosphate (KDP) 55mV 1 
0.3 % L-Arginine doped KDP (29) 73.15 mV 1.33 
0.4 % L-Arginine doped KDP (29) 95.7 mV 1.74 
2 mole % Thiourea doped KDP (38) 109.45 mV 1.99 
Glycine potassium Sulphate (39) 78 mV 1.43 
Benzoyl Glycine (40) 77 mV 1.41 

* Present work 

4.5.2) X-ray Diffraction Analysis 
Powder X-ray diffraction analysis has been carried out to confirm the crystallinity and also to identify the 
lattice  parameters .Powder X-ray diffraction pattern was at room temperature using Diffractometer system 
XPERT-PRO fitted with anode material CuKα  radiation (λ = 1.5406 ºA). Finely crushed powder of the 
crystal was used for the analysis at a scan speed 0.02º/s. The intensity data were recorded by continuous 2θ 
[º2Th] mode from 10º to 120º at a scan time of 10.3377 sec with generator setting 40mA, 45kV. Powder 
XRD Spectra for the pure and doped, mixed KDP are as shown in Figure (4.3a to 4.3e). 

X-ray studies reveal that the structures of the doped and mixed crystal are slightly distorted as compared to 
the pure crystal. This may be attributed to strains on the lattice by the incorporation of Glycine. It is observed 
that the reflection lines of the doped, mixed KDP crystal correlate well with these observed individual parent 
compound [41-42] with, a slight shift in the Bragg angle. The Intensity of the diffracted peaks is found to be 
increasing (or decreasing) with in Glycine doped and mixed KDP compound. The decrease in the full width 
half maximum (FWHM) values of all peaks and increased intensities confirm that crystallinity quality of 
sample has been improved on Glycine doped and mixed KDP [43]. This has been given in Figures that the 
Powder XRD patterns of Pure KDP, doped and mixed KDP crystals, respectively. Two theta values, FWHM, 
d-spacing and their corresponding (h k l) and Intensity values  are listed in Table (4.2).The grown crystal 
structure belongs to Tetragonal with space group 1-42d, space groups number 122 and Z is 4. The unit cell 
parameters are calculated by using the formula for interplanar spacings of crystal systems and related 
software programmers of XRD unit cells calculations. The unit cell parameters are listed in Table (4.3).This 
suggests that the compound retains almost single phase structure and exhibits very slight variation on doping 
and mixing with Glycine. 

 
Figure-4.3 a) The Powder XRD Pattern of Pure KDP 
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Figure-4.3 b)   The Powder XRD Pattern of 2 mole% Glycine doped KDP 

 
Figure-4.3 c)   The Powder XRD Pattern of 6 mole% Glycine doped KDP 

 
Figure-4.3 d)   The Powder XRD Pattern of Glycine mixed KDP in the ratio 1.2:1. 
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Figure-4.3 e)   The Powder XRD Pattern of Glycine mixed KDP in the ratio 2.4:1. 

Table (4.2):- Two theta values, FWHM, d-spacing and their corresponding miller planes of Pure KDP, 
doped and mixed KDP. 

a) Pure KDP      
pos.[°2Th] Height [cts] FWHM[°2Th] d-spacing    [A°] Rel.Int.[%] h    k    l 

23.9042 4074.12 0.0816 3.71957 61.4 2    0    0 
29.7263 639.74 0.0612 3.00298 9.64 2    1    1 
35.2594 256.86 0.0816 2.54338 3.87 2    0    2 
46.5078 2127.33 0.0816 1.95108 32.06 3    1    2 
52.2713 75.37 0.0816 1.7487 1.14 4    1    1 
58.8324 239.2 0.102 1.56836 3.6 3     3   2 
69.7236 225.16 0.102 1.34762 3.39 5     1   2 
74.4643 153.63 0.102 1.27312 2.32 4     0   4 
99.1653 130.56 0.0816 1.01176 1.97 6     0   4 
99.5257 192.71 0.102 1.00907 1.53 7     1   2 

116.9052 44.22 0.1632 0.90389 0.67 8     2   0 
 

b) 2 mole% Glycine doped KDP    
pos.[°2Th] Height[cts] FWHM[°2Th] d-spacing  [A°] Rel.Int.[%] h     k    l 

23.7936 9018.86 0.0612 3.7366 100 2     0   0 
29.6158 746.56 0.0612 3.01394 9.31 2     1   1 
35.1542 466.01 0.0816 2.55075 5.17 2     0   2 
46.3993 3668.93 0.0612 1.95539 40.68 3     1   2 
52.1695 108.4 0.0816 1.75187 1.2 4     1   1 
58.7502 653.49 0.0816 1.57036 7.25 3    3    2 
69.6291 491.82 0.0816 1.34922 5.45 5     1   2 
74.3992 497.76 0.0816 1.27408 5.52 4     0   4 

 

c) 6 mole% Glycine doped KDP    
pos.[°2Th] Height[cts] FWHM[°2Th] d-spacing [A°] Rel.Int.[%] h     k    l 

23.8464 11517.74 0.0612 3.72845 100 2     0   0 
29.6689 1143.2 0.0612 3.00866 9.93 2     1   1 
35.2035 548.34 0.0612 2.5473 4.76 2     0   2 
46.4514 2893.93 0.0612 1.95332 35.76 3     1   2 
52.2224 161.4 0.1224 1.75022 1.4 4     1   1 
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58.7926 468.21 0.0612 1.56933 4.07 3     3   2 
69.6713 405.93 0.0612 1.3485 3.52 5     1   2 
74.4388 337.53 0.0816 1.2735 2.93 4     0   4 
99.1445 258.96 0.0816 1.01192 2.25 6     4   0 
99.5092 204.8 0.0816 1.00919 1.78 7     1   2 

 

d) Glycine mixed KDP in the ratio 1.2:1    
pos.[°2Th] Height[cts] FWHM[°2Th] d-spacing  [A°] Rel.Int.[%] h     k     l 

23.8589 7355.81 0.0612 3.72652 100 2     0     0 
29.6873 1151.04 0.0816 3.00684 15.65 2     1     1 
35.2191 336.69 0.0612 2.5462 4.58 2     0     2 
46.4638 2798.61 0.0816 1.95283 38.05 3     1     2 
52.2271 63.32 0.0612 1.75008 0.86 4     1     1 
58.8075 1225.13 0.0816 1.56896 16.66 3     3     2 
69.686 392.01 0.0816 1.34826 5.33 5     1     2 
74.4521 193.18 0.0612 1.2733 2.63 4     0     4 

 

e) Glycine mixed KDP in the ratio 2.4:1    
pos.[°2Th] Height[cts] FWHM[°2Th] d-spacing[A°] Rel.Int.[%] h     k     l 

23.8388 8204.24 0.0612 3.72962 100 2     0    0 
29.659 885.81 0.0612 3.00964 10.8 2     1     1 
35.1961 620.89 0.0612 2.54781 7.57 2     0     2 
46.441 3065.09 0.0816 1.95373 37.36 3     1     2 
52.2084 92.81 0.0816 1.75066 1.13 4     1     1 
58.7812 454.34 0.0612 1.5696 5.54 3     3     2 
69.6636 450.5 0.102 1.34864 5.49 5     1     2 
74.4304 519.65 0.0816 1.27362 6.33 4     0     4 
99.1108 54.05 0.1224 1.01218 0.66 6     0     4 
99.5005 175.76 0.102 1.00925 2.14 7     1     2 

116.8653 47 0.1224 0.90408 0.65 8     2     0 

Table-4.3: Unit cell parameters data of Pure KDP and doped and mixed KDP 
NLO Sample a = b (Å) c (Å) Volume of cell 

Pure KDP(44) 7.4532 Å 6.9742 Å 387.418 Å³ 
KDP(45) 7.4530 Å 6.9730 Å 387.330 Å³ 
KDP(46) 7.4529 Å 6.9751 Å 387.436 Å³ 
KDP * 7.4524 Å 6.9752 Å 387.390 Å³ 
KDP + 2 mole% Glycine. 7.44497 Å 7.00430 Å 388.231 Å³ 
KDP + 6 mole% Glycine 7.45398 Å 6.98730 Å 388.227 Å³ 
KDP + 41 mole % Glycine 7.45550 Å 6.99330 Å 388.718 Å³ 
KDP + 83  mole % Glycine 7.45551 Å 6.96987 Å 387.417 Å³ 

4.5.3) Fourier Transform Infrared (FTIR) analysis 
Using Perkin Elmer spectrometer the absorption of infrared radiations was recorded in the frequency region 
of 4000-600 cm-1 Figure (4.4a to 4.4d). Assignments were made on the basis of relative intensities, 
magnitudes of the frequencies and from the literature data [47- 49]. A strong band at 3600cm-1 frequency 
represents free –OH group stretching. The reduction of frequency for 2 mole% and 4 mole% Glycine doped 
KDP indicates the incorporation of Glycine in KDP. The disappearance of –OH peaks for 6 mole% Glycine 
doped KDP indicates the strong interaction of K+ with –OH group & hence the incorporation of Glycine in 
KDP is supported. 
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Figure 4.4:- FTIR spectrum of Pure KDP 

 
Figure 4.4 a) FTIR Spectrum of 2 mole% Glycine doped KDP 

Table (4.4) FTIR Spectral assignments for Pure KDP, Glycine doped & Glycine mixed KDP. 
Pure KDP 
Freq. cm-1 

2mole% 
Glycine 

doped KDP 
Freq.cm-1 

4mole% 
Glycine 

doped KDP 
Freq.cm-1 

6mole% 
Glycine 

doped KDP 
Freq. cm-1 

41%Glycine 
mixed KDP 
ratio 2.4:1 

(41%) 
Freq.cm-1 

Assignment 

3600(vs) 3647.35 
(br) 

3426.66 (vs)  3788.50(s) Free O-H Stretching 
vibration 

    3527.31(w) 
3441.24(w) 

Free N-H asymmetric & 
Symmetric stretching 

modes 
3340(m) 3173.12 (w)    Hydrogen bonded O-H 

stretching 
2924(w) 2991.99 (w) 2999.97 (w) 2925.70 

(w) 
2989.84(w) C-H aliphatic stretching 

vibration superimposed 
with N-H stretching 

2844(w) 2890.66 (w)  2855.13 (w) 2686.39(w) P-O-H Symmetric 
stretching 
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2466(br) 2436.10 (br)  2439.30 
(br) 

 
P
O

OH  Stretching 
1725(m) 1685.67 (m) 1785.52 

(br) 
1717.04 

(v br) 
1757.44 (br) 

P
O

OHStretching 
1655 (m) 1670.42 (m)    KDP Stretching 

 1523.99 (w) 1527.33 (w)  1595.56(w) 
1499.98(w) 

N+H3 Symmetric 
bending 

 1410.64 (w) 1407.35 (m)  1393.60 (vw) C(…O)2 symmetric 
carboxylate stretching 

1299 (w) 1307.50 (s) 1298.00 (s) 1301.06 
(vs) 

1323.93(w) 
1280.79(w) 

P=O Stretching of KDP 

 1105.81(s) 1096.45(s) 1103.89 (s) 1043.11(w) C-N Stretching from 
amino acid 

9089 (w) 909.75 (m) 904.79 (s) 905.26 (s) 930.23 (m) P-O-H Stretching of 
KDP 

 892.43(m) 855.43 (m)  891.15 (m) N-H Wagging vibration 
539(w)  643(w)  551.51(w) HO-P-OH bending 

    497.67(w) 
477.77(w) 

N-H Torsional 
oscillation 

S-strong,  vs.-very  strong,  m-medium,  w-weak,  vw-very weak,   br-broad. 

 
Figure-4.4 b) FTIR Spectrum of 4 mole% Glycine doped KDP 
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Figure-4.4 c) FTIR Spectrum of 6 mole% Glycine doped KDP 

The appearance of intense H- bonded –OH peak at 3340cm-1 for pure KDP, a weak bond at 3173.12cm-1 and 
the absences of H-bonded peaks in the 2 mole% and 6 mole% Glycine doped KDP spectra are strongly 
supported the incorporation of Glycine in KDP crystal lattice. For different groups the shifting of frequencies 
to the lower frequency region by interaction of Glycine with P-O-H of KDP and weakening the strength of 
bond between oxygen and hydrogen confirm the non linear optical property of Pure KDP and doped KDP 
crystals. The absence of C-H stretching peaks in the spectra of doped crystal shows the strong interaction of 
Glycine with KDP. The peaks at 2924cm-1 for Pure KDP at 2991.99 cm-1 for 2mole%, 4%mole at 
2999.97cm-1 Glycine and at 2925.70cm-1 for 6 mole% are due to P-O-H asymmetric stretching vibrations. 
The appearance of weak bands at 2844  cm-1 for Pure KDP at 2890.66cm-1 for 2 mole%,2855.13cm-1 for 6 
mole%  are due to P- O - H symmetric stretching vibration. In 2 mole% Glycine doped KDP the 
disappearance of this peak indicates the incorporation of Glycine in KDP. The broadening of bands, the 
lowering  of frequency and  the weak nature of bands of O=P-OH stretching at 2436.10 cm-1 for     2 mole % 
at 2439.30cm-1 for 6 mole%  and very weak absorption bond for 4 mole% Glycine doped KDP clearly 
confirm the incorporation of Glycine in KDP. A broad, strong & high intensity band of (O=P-OH) stretching 
is observed at 1725cm-1 for pure KDP,1685.67 cm-1 for 2mole%, at 1785.52 cm-1 for 4 mole%  and at 
1717.04 cm-1 for 6 mole% Glycine doped KDP. The absence of peaks at 1523.99 cm-1, at 1410.64cm-1, at 
1527.33   cm-1, at 1407.35cm-1 in pure KDP denotes the formation of metal-Glycine complex. Also the peaks 
at 1105.81cm-1 for 2 mole% doped KDP, 1096.45 cm-1 for 4mole% and at 1103.84 cm-1 for 6 mole% Glycine 
doped KDP due to C-N stretching vibration shows the existence of Glycine in the crystal lattice of KDP [50- 
51 ]. The peaks due to P-O-H stretching of KDP are also observed in dopant. The grown crystal by mixing 
Glycine with KDP shows the shifting of –OH group to the higher frequency region i.e. at 3788.50 cm-1. The 
appearance of two weak bands in the Glycine mixed KDP spectral at 3527.31 cm-1, 3441.24cm-1 are due to 
O-H group stretching vibration of unchanged –COOH group in amino acid. A broad band in the IR spectra of 

Glycine mixed KDP at 1757.44 cm-1 is observed due to  stretching of vibration of P
O

OH .The weak intensity 
bands appeared in the lower frequency  region at 891.15cm-1, 551.51cm-1 and 497.67 cm-1 477.77 cm-1 
corresponds to N-H wagging ,HO-P-OH bending & N-H torsional  oscillation respectively. From the spectra 
of 6 mole% Glycine doped KDP it is evident that the Glycine is strongly incorporated in KDP. The 
broadening of peaks at 1717.04 cm-1 and at 1757.44cm-1 for 6 mole% Glycine doped KDP and Glycine 
mixed KDP support the strong incorporation of Glycine in KDP and may enhance the NLO property. 
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Figure-4.4 d) FTIR Spectrum of Glycine mixed KDP in the ratio 2.4:1 

The grown crystal by mixing Glycine with KDP showing the shifting of –OH group to the higher frequency 
region i.e. at 3788.50 cm-1. The appearance of two weak bands in the Glycine mixed KDP spectral at 
3527.31 cm-1, 3441.24cm-1 are due to O-H group stretching vibration of unchanged –COOH group in amino 
acid. 

4.5.4) UV-visible Transparency 
Single crystals are mainly used in optical applications and hence the optical Transmittance Window and the 
transparency lower cutoff (200 nm - 400 nm) are very important for the realization of SHG output in this 
range using diode Lasers. 

When molecule absorbs light of an appropriate wavelength an electron of molecular orbital is promoted to a 
higher energy orbital. Ultra-violet and visible light have sufficient energy to cause electronic transition. The 
higher energy electron from a 휋	bonding molecular orbital to 휋* antibonding molecular orbital is known as  
휋 - 휋 * transition. It is observed that only compounds with  electron and nonbonding electrons can produce 
UV-visible spectra [52-53]. UV-visible transmission spectra of the pure potassium hydrogen phosphate 
(KDP), Amino acid 2mole%, 4mole%, 6mole, Glycine doped KDP, and mixed ratio KDP: Gly, 
1.2:1(83mole%), 2.4:1 (41mole%) Glycine mixed KDP crystals are as shown in Figure (4.5) 
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Figure-4.5 UV-Visible spectra of Pure KDP, Glycine doped and mixed KDP 

The transmission spectra are recorded by using SHIMADZU Model UV-1700 series. UV-visible 
spectrophotometer in the wavelength range 190nm-1100nm the percentage transmission with variation in 
concentration with respect to wavelength is presented in Table (4.5). 

Table (4.5): - UV-visible spectra recorded of the Pure KDP, Glycine amino acid doped and Glycine 
mixed KDP single crystals. 

Glycine doped KDP 
crystals % 

Concentration 

Transparency cut 
off wavelength in 

nm 

 
Percentage 

Transmission 

Wavelength range 
showing variation 
in transmittance in 

nm 

Transparency 
range 

(Transmittance 
Window ) 

Pure KDP 196nm 80% 270nm – 310nm 196nm – 1100nm 
2 mole % doped KDP 196nm 83% 270nm – 310nm 196nm – 1100nm 
4 mole %  doped KDP 196nm 85% 220nm – 300nm 196nm – 1100nm 

6 mole % doped  KDP 200nm 88% 260nm – 320nm 200nm – 1100nm 
Glycine mixed KDP 

1.2:1(83mole %) 
241nm 82% 280nm - 320nm 241nm – 1100nm 

2.4:1 (41mole %) 230nm 79% 290nm – 520nm 230nm – 1100nm 

The absorption edge for 6mole % Glycine doped KDP is shifted to lower wavelength than that in case of the 
2mole%, 4mole%, and Glycine mixed KDP in the ratio 1.2:1(83 mole%), 2.4:1(41 mole%) single crystals* 
.This gives an idea of the fundamental energy gap for the doped crystals and energy gap may be more for 6 
mole% doped KDP compared with that in case of 2 mole%,4 mole%, also with 1.2:1,2.4:1 ratio Glycine 
mixed KDP single crystals. The variation in transmittance is observed in doped and mixed crystals. The 
function groups such as –OH,-NH2, identified with the help of FTIR exhibit the absorbance at wavelength 
which shows chromphore bonding (functional group such as C=C, C=O, N=O having multiplex bonding 
absorbs UV-light) [54-55].The optical transmission efficiency is observed to be appreciably considerable. 
The Figure Table (4.5) shows the enhancement in percentage transmittance efficiency with increase in 
percentage of Glycine in pure KDP crystal. The certain extent mixed KDP crystals with Glycine exhibit 
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decrease in the percentage transmittance efficiency with respect to higher concentration with Glycine. The 
marginal reduction in transmittance efficiency is observed at 41% (1.2:1) Glycine mixed KDP crystal [51, 
56]. The recorded UV-transmission spectrum exhibits remarkable absorption in the entire range except 
190nm-1100nm and prominent Transmittance windows in visible region shows that the crystals can be used 
for optical window. Besides the appreciable transmittance, IR sensitive groups from FTIR study show that 
the crystal can be used as nonlinear crystals for SHG, THG, by using Nd: YAG Laser [57, 58].Single crystals 
are mainly used in optical application the determination of the optical transmission range and transparency 
cutoff are important. Comparison of UV-visible spectra of different reported semi organic NLO crystals with 
this work is presented in Table (4.6). Thus among various analogs of NLO crystals reported so far, Amino 
acid Glycine doped and mixed KDP  single crystals has the superior cut off wavelength. 

Table (4.6) Comparison of UV-visible spectra transparency cut off wavelengths in nm for some useful 
NLO crystals to pure KDP, Glycine doped KDP, and Glycine mixed KDP single crystals. 

NLO Compound Transparency cutoff 
wavelength  in nm 

Transmittance Window in 
nm 

BG[59] 250nm 250-1100nm 
BGHC[60] 300nm 300-2000nm 
GPS [41] Below 300nm 280-1100nm (93%) 

Thiourea doped KDP[40] 280nm 280-1100nm (85%) 
KAP[61] 305nm 305-600nm (89%) 

LBMB[62] 230nm 230-1200nm 
4 mole % Glycine   doped KDP* 196nm 196-1100nm (85%) 
6 mole % Glycine doped  KDP* 200nm 200-1100nm (88%) 

Glycine mixed KDP* 1.2:1 (83%)* 241nm 241-1100nm (82%) 
Glycine mixed KDP*2.4:1 (41%)* 230nm 230-1100nm (79%) 

TGS[63] 251.88nm 252-1100nm (95%) 
LHMHCL [64] 260nm 260-1200nm 
LHDHCL  [65] 265nm 265-1200nm 

LTN [66] 280nm 280-1500nm 
MMTC[67] 275nm 373-3000nm 

*present work 

BG[59]- Glycine, BGHC[60] –Bis-Glycine hydrogen chloride,GPS[41]-Glycine potassium 
sulphate,KAP[40]-Potassium acid phthalate, LMBM[61]-Lithium bis-L-Malato Borate,  TGS[63] – 
Triglycine sulphate LHMHCL[64] – L -histidine monhydrochloride, LHDHCL[64]- L-histidine 
dihyrochloride, LTN [65]– L- Tartaric acid nicotinamide, MMTC[66] - Manganese mercury  thiocyanate, 

4.5.5) Thermal analysis 
In order to analyze the thermal stability [67, 68] as well as to confirm the melting point of the material, 
Thermo-gravimetric analysis (TGA) and Differential scanning calorimetry (DSC) studies are carried out on 
Glycine doped and mixed KDP single crystals. Single crystals powder samples were prepared by crushing 
single crystal using mortar and pestle. 

4.5.5.1) Thermo-gravimetric analysis 
Thermo-gravimetric(TGA) are carried out using TGA-Q500 V6.6 Thermo gravimetric analyzer between 
temperature limit 10°C to 400°C in heating rate of 10°C/min in nitrogen inert atmosphere to study the weight 
loss and thermal stability of KDP crystal after addition of Glycine as shown in Figure (4.6a to 4.6c).The 
TGA trace appears nearly straight up to 207.12°C for Glycine doped KDP, 201.81°C, 190.03°C for Glycine 
mixed KDP in the ratio 1.2:1, 2.4:1, below these temperatures there is no detectable weight loss and hence 
crystal reject solvents molecule during crystallization, i.e. it may occur due to physically adsorbed water in 
molecule during crystallization, i.e. it may occur due to physically adsorbed water in the crystal [69]. The 
TGA curve shows that there is a weight loss in the temperature range 207.12ºC to 327ºoC; 201.81ºC to 
323.54ºC; 190.03ºC to 312.54°C of three stage of each spectrum. For 6 mole % Glycine doped sample and 
mixed sample (in the ratio1.2:1 & 2.4:1) corresponds to the loss of water molecule for every KPO3 unit and 
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due to the liberation of volatile substances probably carbon dioxide or ammonia. [70] Hence the compound is 
stable up to 207.12°C,201.81°C, 190.03°C from the TGA . 

 

 
Figure-4.6 :- a) TGA Thermogram of 6 mole % Glycine doped KDP 

 

Figure-4.6:- b) TGA Thermogram of Glycine mixed KDP in the ratio 1.2:1 
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Figure-4.6 c) TGA Thermogram of Glycine mixed KDP in the ratio 2.4:1 

4.5.5.2) Differential scanning calorimetry 

 
Figure-4.7 a) DSC Thermogram of 6 mole% Glycine doped KDP 

Differential scanning calorimetry (DSC) curve were carried out using DSC Q-100 V9.7 ,Thermal Analyzer 
System in the temperature range of 50ºC to 300°C in nitrogen atmosphere at a heating rate of 10°C/min. The 
Glycine doped and mixed KDP was also subjected to DSC to study phase transition and to measure the 
decomposition temperature. The DSC curve Figure (4.7a to 4.7c) indicates that there is no phase transition 
up to 190.77°C there is starting slightly weight loss at temperature at 195.49°C and the first endothermic 
peak corresponds to loss of water. After that in TGA and DSC spectrum one distinct of anomaly of heat was 
observed after 207.12°C for 6 mole % and there is no phase transition up to 195.42°C, 192.06°C for 1.2:1, 
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2.4:1 KDP: Glycine. DSC spectrum shows endothermic sharp peak curve corresponds to loss of water at 
199.40oC and 199.24oC were observed for Glycine mixed KDP in ratio 1.2:1, 2.4:1. The sharpness of these 
endothermic peak shows the good degree of crystalline and purity of the sample [76]. The peak in the DSC 
curve before 200°C has previously been identified as a phase The TGA and DSC spectrum shows that the 
decomposition starts at 207.12°C, 201.81°C, 190.03°C and hence doped and mixed materials is thermally 
stable until it melts at 225°C.  transition connected to the onset of disordered hindered rotation of the H2PO4 
group around all three axes. Peaks in the DSC curve after 200°C are probably due to phase transitions 
connected with breakup of the hydrogen network [70-72]. 

 
Figure-4.7 b) DSC Thermogram of Glycine mixed KDP in the ratio 1.2:1 

 
Figure-4.7 c) DSC Thermogram of Glycine mixed KDP in the ratio 2.4:1 

The reduction in decomposition value of Glycine doped KDP crystal as compared to pure KDP may be 
attributed to the decrease in bond energy caused by addition of dopant [73].The doping and mixing increases 
the crystals becomes less thermally stable and dehydrate faster at a comparatively lower temperature. The 
DSC trace shows an endothermic transition at approximately temperature 213°C, 202°C which corresponds 
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to the melting point of the KDP crystal samples. The TGA and DSC spectrum shows that the decomposition 
starts at 207.12°C, 201.81°C, 190.03°C and hence doped and mixed materials is thermally stable until it 
melts at 225°C. 

4.6) Conclusions 
 Single crystal of Pure KDP Glycine doped and mixed KDP was synthesized and its solubility analyzed 

in the temperature range 30ºC- 55ºC. The solubility curve indicates high solubility of Glycine doped and 
mixed KDP in water with a positive solubility temperature gradient. 

 Single crystal of Glycine doped potassium dihydrogen Phosphate (KDP) has been successfully grown 
by using the slow evaporation method. 

 The SHG efficiency of Glycine doped and mixed KDP crystals is observed to increasing with increase 
of Glycine in different mole percentage as compared to pure KDP crystal. The NLO conversion 
efficiency of Glycine mixed and doped   was found to be greater than that of many semi organic, 
organic family crystals. This results in increase of nonlinearity of grown crystal. Hence Glycine doped 
and mixed KDP crystal with high SHG efficiency may be useful for Laser fusion experiment and 
frequency conversion applications 

 The powder X-ray diffraction confirms the crystal structure of grown crystal. The cell parameters are 
determined from the Powder X-ray diffraction study. The grown crystal structure belongs to Tetragonal 
with space group 1-42d, space groups number 122 and Z is 4. 

 The FTIR analysis confirmed the presence of all functional groups and the addition of dopant Glycine in 
KDP. FTIR study shows that the crystal can be used as Nonlinear crystals for SHG, THG, by using Nd: 
YAG Laser 

 The good optical transmittance in the entire visible region makes the crystal a potential candidate for 
optoelectronic applications. Among various analogs of NLO crystals reported so far, Amino acid 
Glycine doped and mixed KDP single crystals in present investigation have shown the superior cut off 
wavelength. 

 The thermal study by Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) 
of grown Glycine doped KDP crystal indicated that this crystal can be exploited for the NLO 
applications up to the temperature of 207.12°C. 
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5.1) Introduction 
Over recent years, much emphasis is focused on the development of second-order nonlinear materials 
(SONLO) because of their potential applications towards photonics, optoelectronics, optical information, 
processing optical disk, data storage, color displays, Laser remote sensing, Laser technology etc [1-5]. 
Intense attention has been paid to inorganic materials showing the second–order nonlinear optical effects 
because of their higher nonlinearity [6-8]. In recent past there have been extensive effect to develop new 
inorganic, organic and semi-organic materials that posses several attractive properties such as high damage 
threshold, wide transparency, range and high nonlinear coefficient which make them suitable for frequency 
doubling [9, 10]. In view of this there has been considerable interest in the synthesis of semi-organic 
materials having high mechanical and thermal stability, semi-organic material gain importance over 
inorganic materials because of their large polarizability, wide-transmission window and high damage 
threshold [11]. The di-sodium hydrogen phosphate is a sodium salt of phosphoric acid. Relevant reported 
studies in the non-linear optical properties of di-sodium hydrogen phosphate suggest its use in frequency 
conversion as well as other the NLO applications due to its high transparency in sensitive UV and in visible 
region [12]. 

Amino acids are interesting materials for the NLO applications. The importance of amino acids in the NLO 
applications is due to the fact that all the amino acids except Glycine contain chiral carbon atom and 
crystallize in non-centrosymmetric space groups. Therefore they are potential candidates for optical second 
harmonic generation. In addition to the non-linear optical property amino acids have peculiar physical and 
chemical properties. These properties are due to the presence of proton donor carboxyl acid (-COO) group 
and the proton acceptor amino (-NH2) group present in the amino acids. In an amino acid, the carboxylic acid 
group donates its proton to amino group to form a salt of the structure CH3CH-COO-NH3+. Thus, in solid 
state, amino acid exists as dipolar ion in which carboxyl group is present as carboxylate ion. Due to this 
dipolar nature, amino acids have a physical property which makes them ideal candidates for the NLO 
applications. Although some of the amino acids are already reported to have the NLO activity [13]. Glycine 
crystalline in non-centrosymmertic space group P3

1 makes it possible candidate for the NLO applications 
[14]. Semi organic nonlinear optical crystal formed by amino-acids with inorganic materials possesses the 
combined advantages of high optical nonlinearity of the organic amino-acids and the favorable mechanical 
and thermal properties of inorganic solids [15]. 

Mainly solution growth techniques have been applied for growing good quality crystals. The limited thermal 
stability of many of the compounds examined makes particularly exploratory solution growth as the first 
technique to be considered [16, 17]. In high temperature solution growth, the possibility of incorporation of 
the impurity in to the growth crystals is more. By low temperature solution growth it is easier to obtain less 
defective crystals [18, 19]. The postulated disorder involves predominantly the protons that are distributed 
between two equally populated sites. It is found that there is disorder in the phosphate group in di-sodium 
hydrogen phosphate (Na2HPO4.12H2O) Therefore Glycine mixed DSHP may enhance the NLO property [20, 
21]. 

In the present investigation, the growth aspects of bulk crystals of DSHP and Glycine amino acid mixed 
DSHP   in the ratio 1.6:1 and 2.6:1 were studied using slow evaporation technique and it is observed that the 
NLO efficiency enhanced by that of pure DSHP and  pure KDP. The grown crystal were characterized by 
single crystal X-ray diffractometry (XRD), Fourier transform infrared (FTIR), UV-visible Spectral, thermal 
behavior. 

5.2) Experimental Procedure 

5.2.1) Solubility studies 
In order to grow bulk crystals from solution by the slow evaporation technique. It is desirable to select a 
solvent in which the molecule is moderately soluble. The size of a crystal depends on the amount of material 
available in the solution which in turn is decided by the solubility of the material in that solvent. Hence 
solubility’s of pure DSHP, Glycine mixed DSHP in double distilled water are determined. The solubility of 
pure DSHP, Glycine amino acid mixed DSHP solution and Thiourea doped DSHP are studied at temperature 
range 30 ºC to 50°C. A sealed container charged with water and the solute, maintained at a constant 
temperature was used to determine the equilibrium concentration. The solution was stirred continuously for 
24 hours. The content of the solution is analyzed gravimetrically and a sample of the clear supersaturated 
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solution was taken in a warm pipette and weighed. The solubility was estimated by evaporating about 100ml 
of the solution in an oven at constant temperature. The same process was repeated for different temperatures 
and solubility with respect to temperature is studied. The solubility of pure and mixed Glycine in DSHP in 
double distilled water as function of temperature is as shown in Figure 5.1. 

 
 

Figure-5.1 Solubility curve of Pure DSHP and Glycine mixed DSHP 

It is observed that the solubility of DSHP doped Glycine increases significantly with increasing temperature. 
The solubility of mixed samples is observed to be slightly reduced as compared to that of pure crystal of 
DSHP. The solubility of Thiourea doped DSHP is slightly shifted in increased order as compared to that of 
Glycine mixed DSHP Crystals. 

5.2.2) Synthesis and Crystal growth 
The materials used for the experimental purpose were commercially obtained di-sodium hydrogen phosphate 
(DSHP) and Glycine mixed DSHP in the ratio 1.6:1 and 2.6:1.The titled compound was purified by repeated 
recrystallization process before growth. The growth process and the quality of crystals significantly depend 
on super saturation. The slow evaporation technique was used mainly for getting seed crystals. The solution 
was stirred well for 6 hours constantly using magnetic stirrer and the solution were filtered by using 
Whatmann filter paper. From the study of solubility, the pure DSHP and the ratios of mixed sample were 
decided such as 1.6:1 to have 48 gm and 36 gm amount of mixed material and these amounts were dissolved 
100ml double distilled water at room temperature 30°C.The solutions of pure DSHP, Glycine mixed DSHP 
in 1.6:1 and 2.6:1 ratio were prepared in three beakers and the same were kept for crystallization at room 
temperature. The process was repeated with bulk quantity of material in same amount of water (100ml).The 
details are as shown in Table 5.1. After four to five days the seed crystals were found grown.  For seeding 
purpose, both self nucleated tiny crystals and good quality tiny crystals were used.  The saturated solution of 
DSHP was prepared at 35°C in an air tight container to prevent the evaporation of the solvent. The solution 
was preheated to 2°C above the saturation temperature for homogenization. The solution was left at the 
superheated temperature for one hour before cooling. 
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Table-5.1 
Composition Ratio Amount in gm Dissolved in 

water ml 
Temperature 

in °C 
Purpose 

Pure DSHP  48 gm 100 ml 30 °C Seed crystal growth 
Pure DSHP + Glycine 1.6:1 36 gm 100 ml 30 °C Seed crystal growth 
Pure DSHP + Glycine 2.6:1 43gm 100 ml 30 °C Seed crystal growth 

Pure DSHP  104.8 gm 100 ml 35 °C Bulk crystal growth 
Pure DSHP + Glycine 1.6:1 84.5 100 ml 35 °C Bulk crystal growth 
Pure DSHP + Glycine 2.6:1 93.89 gm 100 ml 35 °C Bulk crystal growth 

 
a) Pure DSHP and Glycine mixed DSHP seed NLO crystals      b) Pure DSHP Bulk NLO single crystals 

 
c) Pure DSHP Bulk NLO single crystals   d) Glycine mixed DSHP Bulk NLO single crystals in the ratio 

1.6:1 

 
e) Glycine mixed DSHP Bulk NLO single crystals in the ratio 2.6:1 

Figure-5.2) Photograph of (a) DSHP Seed crystal, (b) & (c) Pure DSHP and c) & d), e) Glycine mixed DSHP 
in the ratio 1.6:1, 2.6:1. 

When the solution was subjected to slow cooling (0.5°C/day), the supersaturation was achieved to initiate 
nucleation and the temperature has been therefore reduced at 0.10°C/day. These crystals were grown in 
constant temperature bath of controlled accuracy ±0.01°C at 35 °C where the super saturation was achieved. 
After the period of 15-25 days the large size crystals of Pure DSHP and Glycine mixed DSHP crystals of size 
(Pure DSHP size 3.4 x 2x.7cm3, 1.6:1, 2.6:1 ratio Glycine mixed DSHP size 2.4x1.2x.6cm3, and 
1.5x1x0.5cm3) were harvested.   The photographs of grown crystals   are shown in Figure (5.2a to 5.2e). 
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The Partial substitution of sodium ions may be explained as the consequence of following chemical 
reactions: 

Na2HPO4 + C2H5O2N                        C2H4O4NPOˉ Na+ + H2O 

5.3) Characterization 
The grown crystals were subjected to different characterization viz. NLO test, Powder XRD, FTIR analysis, 
UV-visible spectral studies, and Thermal study by TGA and DSC. 

5.4) Result and Discussion 

5.4.1) Nonlinear optical property 
The study of the NLO conversion efficiency (SHG) of di-sodium hydrogen phosphate (DSHP) and  Glycine 
amino acid mixed with di-sodium hydrogen phosphate (DSHP) in the ratio  i.e. DSHP : Glycine 1.6:1 (62.5 
mole % Glycine mixed DSHP), 2.6:1 (38.4  mole %  Glycine mixed DSHP) sample crystals have been 
carried out in with the help of  powder technique developed by Kurtz and Perry [22]. The crystal was ground 
into powder with a uniform particle size and then packed in a micro-capillary tube of uniform bore and was 
exposed to Laser radiation. KDP is used as a reference material. An Nd: YAG Laser beam of wavelength 
1064nm with an input power of 2mJ/pulse with pulse width of 8ns and repetition rate of 10 Hz. was made to 
fall normally on the sample. The emission of green light confirms the second harmonic generation of pure 
DSHP and 62.5 mole %, 38.4 mole % Glycine mixed DSHP. It was found that the SHG efficiency of DSHP 
increases with mixture of Glycine in different ratio DSHP: Gly.1.6:1 (62.5 mole %), 2.6:1 (38.4 mole %).    
A second harmonic signal of 7.3 mV was obtained from Pure DSHP with 55mV of KDP. Thus the SHG 
efficiency of pure DSHP is 0.17 times that of KDP. The output SHG signal power of   1.6:1, 2.6:1 ratio of 
DSHP: Glycine was found to be 66.4 mV, 37 mV with reference to 55mV of KDP which is 1.207 times and 
than that of KDP for 62.5 mole %, 0.672 times that of KDP for 38.4 mole %. It is observed that the powder 
SHG efficiency of 1.6:1 (62.5 mole %), Glycine mixed DSHP is 9.09 times greater than that of pure DSHP 
and 2.6:1(38.4 mole %) Glycine mixed DSHP is 5.06 times greater pure DSHP. The observed SHG 
efficiency of Glycine mixed DSHP crystal is compared with standard the NLO material and is presented in 
Table [5.2].This increase in SHG of DSHP with addition of Glycine is due to the fact the Glycine has one 
Zwitterions and  it may be connected with DSHP by short O-H-O hydrogen  bonds. In Glycine there is more 
dipole moment due to presence of polar NH3 amino group [23].Amino acid Glycine exists as dipolar ion in 
which carboxyl group is present as carboxylate ion. Due to this dipolar nature Glycine have physical 
properties which make them idea candidates for the NLO applications [13]. Hence this Glycine mixed DSHP 
crystal with large SHG efficiency may be useful for frequency conversion, optical communication and Laser 
fusion experiment and optoelectronics application. 

Table (5.2) Comparison of SHG efficiencies of promising semi organic and organic NLO crystals 
relative to DSHP as reference sample. 

NLO Sample SHG signal in mV NLO efficiency 
L-Threonium acetate [24] 62.7mV 1.14 
Benzophenone [25] 35.75mV 0.65 
L-Histidine tartarate [25] 43.45mV 0.79 
L-Arginine phosphate monohydrate [26] 81.95 1.49 
L-Prolinium tartrate [27] 40mV 0.88 
62.5% Glycine mixed DSHP*(1.6:1 ratio) 66.4mV 1.2072* 
38.4%Glycine mixed DSHP*(2.6:1) 37mV 0.672* 
Pure DSHP* 7.3mV 0.132* 
Pure KDP* 55mV 1* 
L-arginine diphosphate[28] 53.9mV 0.98 
L-histidine bromide[28] 66mV 1.20 

*Present work 
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5.4.2) X-ray Diffraction analysis 
In order to confirm the crystallinity, finely crushed powder of the samples crystals was used for X-ray 
diffraction. X-ray diffractometer XPERT-PRO with CuKα radiation facility (λ = 1.5406ºA) is used for X-ray 
analysis at scanning speed 0.02º/s .To test the crystallinity of the samples powder of samples powder X-ray 
diffraction patterns were obtained at room temperature using Diffractometer system XPERT-PRO fitted with 
anode material CuKα radiation (λ = 1.5406ºC) for the DSHP and Glycine doped and mixed DSHP were at 
identical positions. Finely crushed powder of the samples crystal was used for the analysis at a scan speed 
0.02º/s. The X-ray patterns are recorded by   continuous 2θ [º2Th] mode from 10º to 120º at a scanning  time 
of 10.3377 second  with Generator at setting 40mA, 45kV operating voltage. The X-ray patterns of the 
samples are as shown in Figures (5.3a to 5.3c). The crystal structures of all samples are confirmed by X-ray 
diffraction. X-ray diffraction studies revealed that the structures of mixed crystals are slightly distorted as 
compared to the pure crystal. This may be attributed to the strains on the lattice by the incorporation of 
Glycine 

 
Figure-5.3 a)   The Powder XRD Pattern of Pure Di-Sodium Hydrogen Phosphate 

 
Figure-5.3 b)   The Powder XRD Pattern of Glycine mixed DSHP in the ratio 1.6:1 
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Figure-5.3 c)   The Powder XRD Pattern of Glycine mixed DSHP in the ratio 2.5:1 

Table 5.3 
a) Pure DSHP 

 

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h    k    l 
16.0694 1084.78 0.0816 5.51109 60.11 0    2     0 
16.7417 879.22 0.102 5.29124 48.72 2    0     0 
18.8575 1494.87 0.0816 4.70207 82.84 0     1    2 
20.0957 142.88 0.1224 4.41506 7.92  1     2     1 
20.8483 1428.27 0.0816 4.25736 79.15 2     1     0 
22.4544 317.12 0.102 3.95634 17.57 2    1     1 
24.2213 241.07 0.0816 3.67158 13.36 2     0    2 
25.8203 506.87 0.0612 3.44772 28.09 2     1     2 
28.2852 87.56 0.2448 3.15262 4.85 2     1     2 
30.4319 438.87 0.3264 2.93494 24.32 3     1     1 
30.5921 933.24 0.0612 2.91994 51.72  
31.2006 571.03 0.0612 2.86437 31.64 1    2     3 
31.6311 1543.29 0.0816 2.82635 85.52 2    2     2 
32.4402 1076.33 0.102 2.75768 59.65 0    4    0 
35.479 264.57 0.0816 2.52814 14.66 0    1    4 

35.9679 326.61 0.0816 2.49489 18.1 1    1    4 
42.5435 84.05 0.2448 2.12326 4.66 1     4    3 
45.5837 185.52 0.1632 1.98846 10.28 3     4    1 
50.4836 145.86 0.1224 1.80635 8.08  3     0    5 
53.9294 41.31 0.4896 1.69879 2.29 5     2    1 
60.7509 57.38 0.3264 1.52334 3.18 3     1   4 
65.6424 48.57 0.4896 1.42117 2.69 4     1    4 

An XRD pattern shows that there is no change in the crystal structure of Pure DHSP, Glycine doped mixed 
DSHP. It is observed that reflection lines of the mixed DSHP crystal correlated well with those observed in 
the individual parent compound [29-31] with a slight change in the Bragg angle. The Intensity of the 
diffracted peaks is found to be increasing on Glycine mixed DSHP compound. The decrease in the full width 
half maximum (FWHM) values of many peaks and increased intensities confirm that crystallinity quality of 
sample has been improved on Glycine   mixed DSHP. 

Two theta values, FWHM, d-spacing and their corresponding (h k l) and Intensity values are listed in Table 
(5.3). 

 



 

Nonlinear Optical Crystals for Laser : Growth and Analysis Techniques 

79 

Table 5.3 
b) Glycine mixed DSHP in the ratio 1.6:1. 

   

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h    k   l 
16.7283 1013.17 0.102 5.29546 36.56 2    0    0 
18.9698 1375.87 0.1632 4.6745 100 0    1    2 
19.9974 145.67 0.1632 4.43655 10.59  
22.3854 419.68 0.1632 3.96837 30.5 2    1    1 
24.192 195.12 0.1632 3.8087 14.18 3    1    1 

25.1825 1372.79 0.102 3.53358 99.78 2    2    0 
30.3856 554.64 0.0816 2.93931 40.31 3    1    1 
30.9886 896.94 0.0816 2.88347 65.19 2    0    2 
32.488 578 0.1836 2.75374 42.01 0    4    0 
35.790 650.61 0.102 2.50688 47.29 1    1   4 
40.594 167.74 0.204 2.22061 12.19 1    0   3 

45.7175 204.37 0.204 1.98295 14.85 3    4    1 
47.2814 248.49 0.2448 1.92095 18.06 3    0   3 
52.9204 79.75 0.1632 1.72877 5.8 5    2    2 
57.5734 120.08 0.1632 1.59962 8.73 1    2    6 
60.6005 69.2 0.3264 1.52676 5.03 5    5    0 
65.3771 94.91 0.1632 1.42629 6.9 4    1    4 

 

Table 5.3 
c) Glycine mixed DSHP in the ratio 2.6:1 

   

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h     k    l 
16.0593 2514.18 0.0612 5.51454 90.72 0    2    0 
16.7283 1013.17 0.102 5.29546 36.56 2    0    0 
18.8418 1182.36 0.0816 4.70596 42.66 0    1    2 
20.8497 2152.48 0.0816 4.25706 77.67 2    1    0 
22.4397 249.87 0.0816 3.95889 9.02 2    1    1 
24.2078 113.09 0.1224 3.67361 4.08 3    1    1 
25.2775 2771.38 0.1224 3.52051 100 2    2    0 
25.8138 212.44 0.0816 3.44857 7.67 2   1    2 
28.2522 304.04 0.102 3.15623 10.97 2    1    2 
30.5847 667 0.1836 2.92063 24.07 3    1    1 
31.1976 1505.15 0.0816 2.86463 54.31 1   2    3 
31.6211 909 0.102 2.82723 32.8 2    2    2 
32.4572 2277.94 0.0816 2.75628 82.2 0    4    0 
35.4637 304.45 0.0816 2.5292 10.99 0    1   4 
35.8725 802.85 0.0816 2.50131 28.97 1   1   4 
42.5589 239.25 0.204 2.12252 8.63 1   4    3 
44.4103 604.77 0.0816 2.03824 21.82 3    4    1 
45.6091 226 0.1224 1.98741 8.15 3    4    1 
50.552 648.91 0.0612 1.80407 23.41 3   0    5 
53.934 63.75 0.4896 1.69865 2.3 5    2    1 

64.6818 69.36 0.4896 1.43993 2.5 4   0    4 
79.9427 126.78 0.1224 1.19909 4.57 3   4     1 

The grown   NLO single crystal structure belongs to monoclinic crystal system with space group P21/n, 
space groups number 14 and Z is 4. The unit cell parameters were calculated by using the software powder 
XRD. The unit cell parameters are listed in Table (5.4). 
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Table-5.4: Crystallographic data of di-sodium hydrogen phosphate 
Sample a (Å) b(Å) c(Å) β Volume 

Pure DHSP(33) 9.2580  (Å) 11.0070 (Å) 10.4370(Å) 95.65 (°) 1058.39 Å³ 
Pure DSHP(12) 9.2432  (Å) 10.9550 (Å) 10.4216(Å) 95.65  (°) 1050.15 Å³ 
Pure DSHP* 9.2291  (Å) 11.0307 (Å) 10.4376(Å) 95.65  (°) 1057.42 Å³ 
62.5% Glycine mixed DSHP* 9.1329  (Å) 11.0251(Å) 10.4077(Å) 95.65  (°) 1042.87 Å³ 
38.4% Glycine mixed DSHP* 9.1494  (Å) 11.0149 (Å) 10.4544(Å) 95.65  (°) 1048.47 Å³ 

5.4.3 FTIR Spectral assignments 
FT-IR spectra of the pure and mixed DSHP crystals are shown in Figure 5.4. The frequencies with their 
relative intensities obtained in FT-IR of Pure and mixed and their probable assignments are presented in 
Table 5.5.    The FT-IR spectrum of pure di-sodium hydrogen phosphate and Glycine mixed di-sodium 
hydrogen phosphate (DSHP) are recorded by using Perkin Elmer   spectrometer in the frequency region of 
4000 cm-1 - 600cm-1  Figure (5.4a to 5.4c). In the spectra of pure DSHP two broad bands at 468.32cm-1 and 

3314.40cm-1 frequency are due to  P
O

O H  ( single –OH) group stretching vibration[ 34]. In Glycine mixed 
DSHP (ratio 1.6:1) the –OH group stretching is lowered to 3440.19cm-1 and for Glycine mixed DSHP ratio 
(2.6:1), the frequency bands are observed at 3442.00 cm-1 and 3364.70 cm-1 respectively. 

Table-5.5: FTIR frequencies cm-1 of Pure DSHP and DSHP mixed with Glycine in the ratio 1.6:1, 
2.6:1. 

Pure DSHP 
Frequency cm-1 

62.5% Glycine mixed 
DSHP(1.6:1) 

Freq.cm-1 

38.4% Glycine mixed 
DSHP (2.6:1) 

Freq. cm-1 

Assignment 

3468.32 (m) 3440.19 (vs) 3442.00 
 
 
 

3747.90(w) 

P
O

O H  (Single –OH) 
Stretching intense band 

 
Unchanged –OH forms 

COOH 
3314.40(m)  3364.70(w) Inter molecular hydrogen 

bonded O-H stretching. 
 2922.73(w) 3086(w) C-H aliphatic Stretching 

Superimposed with N-H Str. 
 2857.88(w) 2899.18(w) P-O-H symmetric 

Stretching. 
2382.74(w)  2445.14(br) 

P
O

OH  Stretching. 
 2170.54(w)  P-O-H stretching 

1636.71(m) 1629.83(s) 1713.33(s) A broad band of P
O

O H  
(single –OH) vibration 

 1497.88(w) 1504.80(w) NH3
+ Symmetric bending. 

 1390.03(w) 1392.41(w) (C=O)2 Symmetric 
carboxylate stretching 

1196.04(w) 1321.28(w) 1262.54(m) P=O Stretching of DSHP 
 1126.62(m) 1134.00(m) C-N Stretching vibration 

from amino acid 
1082.48(s) 1056.47(m) 1058.52(m) P-O-H bending vibrations 
982.54(s)   P-O-P stretching mode 
869.78(m) 866.05(s) 863.76(w) Strong band due to N-H 

wagging vibration 
748.54(w)   P-O-P wagging mode 

  540.14(m) N-H torsional oscillation 
s - strong, vs - very strong, m - medium, w - weak, vw – very weak, br - broad. 
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Figure-5.4 a) FTIR Spectrum of Pure di-sodium hydrogen phosphate. 

 
Figure-5.4 b) FTIR Spectrum of Glycine mixed DSHP in the ratio 1.6:1 

 
Figure-5.4 c) FT-IR spectrum of Glycine mixed DSHP in the ratio 2.6:1 

The shift in of bands at lower frequency region clearly indicates the incorporation of Glycine in DSHP. A 
weak intensity band at 3747.90 cm-1 (higher frequency), is due to free –OH group stretching from unchanged 
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–COOH group of Glycine [13, 35]. It means that the overlapping of –NH2 group with –OH group of     P
O

OH   
takes place that results into lowering of frequency. A   C-H aliphatic stretching superimposed with N-H 
stretching is observed at 2922.73 cm-1 for Glycine mixed DSHP (ratio 1.6:1) and at 3086 cm-1 for Glycine 
mixed DSHP ( ratio 2.6:1). It is observed that the mixing of Glycine with DSHP causes the shifting of peaks 
of different groups or atoms of DSHP from the original positions. In case of mixed the ratio (1.6:1), the 

intense broad band for P
O

OH stretching is observed at 1659.04 cm-1 and for mixed ratio (2.6:1); a band is 
noticed at 1713.33 cm-1 clearly showing the incorporation of Glycine in the crystal lattice of DSHP. In Pure 

DSHP spectra  P
O

OH stretching is observed at 1636.71cm-1 and band nature is broad & weak. The 
appearance of sharp, intense peak of P-O-H bending vibration for pure DSHP at 1082.48 cm-1, for mixed 
DSHP (ratio 1.6:1) at 1056.47cm-1 and for mixed DSHP (ratio 2.6:1) at 1058 cm-1 clearly indicates the 
existence of Glycine in crystal lattice of DSHP. The appearance of NH3

+ symmetric bending band for 1.6:1 
ratio of Glycine mixed DSHP, for 2.6:1 Glycine mixed DSHP at 1497.88cm-1 and absence of this bending 
band in pure DSHP showing the incorporation of Glycine in DSHP [36-37] (Table 5.4).  Similarly, C-N 
stretching at 1126.62 cm-1 and  at 1134.00 cm-1 for corresponding 1.6:1 ratio of Glycine mixed DSHP and   
2.6:1 ratio of  Glycine mixed DSHP indicates the presence of Glycine in DSHP crystal lattice. During the 
formation of metal-Glycine complex H atom from DSHP is transferred towards the Glycine. The study 
confirmed that the dopant had entered the lattice sites of monoclinic DSHP. 

5.4.4 UV-visible spectrum analysis 
Single crystals are mainly used in optical applications. The optical transmittance range, transparency cut off 
and the absorbance band are important parameters to tailor the material for the specific applications [1]. The 
UV-visible spectra of the di-sodium hydrogen phosphate and Glycine mixed DSHP within the ratio of 1.6:1 
(62.5% Glycine mixed KDP), 2.6:1 (38.4% Glycine mixed KDP) are recorded by using SHIMADZU Model 
UV-1700 series, UV- visible spectrophotometer in the wavelength range 190nm-1100nm as shown in Figure 
(5.5). 

 
 

Figure-5.5 UV-visible transmission spectra of a) Pure DSHP, b) Glycine mixed DSHP in the ratio 1.6:1 and 
c) Glycine mixed DSHP in the ratio 2.6:1. 
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Table-5.6: - UV-visible spectra recorded of the Pure DSHP, Glycine amino acid doped and Glycine 
mixed DSHP single crystals. 

Glycine mixed 
DSHP crystals 

Ratio of mixed & 
% Concentration 

Transparency 
cut off 

wavelength in 
nm 

Percentage 
Transmission in 

UV-region 
(Relative %) 

Wavelength range 
showing variation 
in transmittance 

in nm 

Transparency 
range 

((Transmittance 
Window ) 

in nm 
Pure DSHP 217nm 92% 300nm –390nm 217nm – 1100nm 

DSHP: Gly.mixture 
ratio 

1.6:1 (62.5%) 

 
243nm 

 
95% 

 
260nm –380nm 

 
243nm – 1100nm 

DSHP: Gly.mixture 
ratio 

2.6:1(38.4%) 

220nm 78% 310nm –390nm 220nm – 1100nm 

Now a day the terms chromophore is used in a much broader sense which may be defined as any functional 
group which exhibits absorption of electromagnetic radiations in the visible or ultra violet region. It may or 
may not import any colour to the compounds [38-39]. The variation in transmittance is observed in Glycine 
mixed DSHP single crystals. The function group such as -OH, P=O, NH2 identified with help of FT-IR and 
exhibits the absorbance at wavelength which shows chromophore bonding [39].The less electro negativity of 
sodium is also important in strengthening three-dimensional bonding interaction of phosphate with the 
neighboring units in the crystals [12]. The absorption edge for 62.5% Glycine mixed DSHP (1.6:1) is shifted 
to longer wavelength than the pure DSHP, 38.4% Glycine mixed DSHP (ratio 2.6:1) single crystal. This 
gives an idea of the fundamental energy gap for doped crystal and energy gap may be more for 62.5% 
Glycine mixed DSHP (1.6:1) as compared with 38.4% Glycine mixed DSHP (2.6:1) and Pure DSHP single 
crystal [41]. The variation in transmittance observed is as shown in Table (5.6). There is enhancement in 
percentage transmittance efficiency with increasing in percentage of Glycine in the Pure DSHP. The crystals 
show a good transmittance transparency in visible region and the crystals can be used as optical window. 
Besides the appreciable transmittance and IR sensitive groups for FTIR study for nonlinear property confirm 
the merit of the DSHP, Glycine mixed DSHP crystals material. (41-43) 

5.4.5 Thermal analysis 
Thermo gravimetric (TGA) and differential scanning calorimetry (DSC) give us information regarding phase 
transition of crystallizations and decomposition of crystal lattice at different stages [44]. 

5.4.5.1. Thermogravimetric analysis 
The thermo gravimetric analysis of pure di-sodium hydrogen phosphate      Na2 H PO4   (DSHP) and Glycine 
(C2H5NO2)  mixed  DSHP in  the ratio 1.6:1,2.6:1 were carried out in the temperature range of 25°C to 
400°C in the nitrogen atmosphere at a heating rate of 10°C/min using TGA-Q500 V6.6 thermal analyzer. 
The TGA spectrum of pure and Glycine mixed DSHP in the ratio1.6:1, 2.6:1 obtained is shown in Figure 
(5.6 a) to (5.6 b) 

 
Figure-5.6 a) TGA Thermogram of Pure DSHP 
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Figure-5.6 b) TGA Thermogram of Glycine mixed DSHP in the ratio 1.6:1(62.5mole %) 

 
Figure-5.6 c) TGA Thermogram of Glycine mixed DSHP in ratio 2.6:1 (38.4mole %) 

The TGA spectrum of pure DSHP, DSHP: Gly mixed in the ratio 1.6:1, 2.6:1 in the temperature region of 
63.70 ºC to 108.62 °C, 77.13oC to 92.53ºC, 60.15°C to 102.47ºC clearly shows the loss of weight equal to 
45.94%, 14.80%, and 32.63% due to weakly entrapped lattice water. A close inspection of TGA spectrum of 
pure DSHP and DSHP: Gly mixed in ratio the 1.6:1, 2.6:1 shows that a crystal is thermally stable in the 
temperature region of 108.62°C to 248.14ºC, 92.53°C to 210.14ºC, 102.47 °C to 205.35ºC and no weight 
loss is observed. After 24.14 °C in the pure DSHP TGA curve there is intense weight loss that is equal to 
3.404%. This weight loss is due to the decomposition of the substance in the temperature region of 248.14°C 
to 289.15ºC and beyond 210.14°C, 205.35ºC temperature there is sudden weight loss due to decomposition 
of material. The weight loss equal to 16.4%, 7.93% be in the temperature region of 210.14ºC to 228.55°C, 
205.36ºC to 236.5°C   for 1.6:1, 2.6:1 DSHP: Gly mixed ratio. 

5.4.5.2 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) spectrum are carried out using DSC Q-100 V9.7 Thermal Analyzer 
System in the temperature range of 50°C to 300ºC in nitrogen 

 



 

Nonlinear Optical Crystals for Laser : Growth and Analysis Techniques 

85 

 
 

Figure-5.7 a) DSC Thermogram of Pure DSHP 

 
 

Figure-5.7 b) DSC Thermogram of Glycine mixed DSHP in the ratio 1.6:1(62.5 mole %) 

atmosphere at a heating rate of 10ºC/min.The pure di-sodium hydrogen phosphate (DSHP), Glycine mixed 
DSHP in the ratio 1.6:1, 2.6:1 was also subjected to DSC to study phase transition and to measure the 
decomposition temperature. Figure (5.7a), There major changes occurred during analysis of pure DSHP 
sample is due to loss of water molecule, melting of crystal and decomposition of crystal respectively. The 
first change corresponds to loss of water molecule at 109°C and it is called endothermic change and then 
crystal looks stable up to 249.05°C.The second phase transition starts at 249.05ºC temperature that 
corresponds to melting stage of pure DSHP crystal. The third change occurs at 292.17ºC temperature where 
the decomposition of crystal takes place.  Figure (5.7b),  The Glycine mixed DSHP single crystal in the ratio 
1.6:1, a first endothermic peak at 106.83°C corresponds to release of water molecule from the crystal lattice 
and then crystal seems to appear stable till 213.36ºC temperature. A peak at 219.87°C temperature 
corresponds to the melting stage of crystal. It is observe that the melting point of pure DSHP is lowered due 
to mixing of Glycine. A third change corresponding to decomposition of crystal clearly indicates that the 
decomposition temperature   of pure DSHP crystal is lowered from 219.87 °C  to 230.56°C due to mixing of 
Glycine in the crystal lattice of DSHP. The reduction in decomposition value of Glycine mixed DSHP crystal 
as compared to pure DSHP may be due to the decrease in band energy between the molecules and atoms. 
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Figure-5.7 c) DSC Thermogram of Glycine mixed DSHP in the ratio 2.6:1 

Figure (5.7c), A first endothermic change corresponds to dehydration of water from the crystal lattice at 
100.2°C temperature. The dehydration of water occurs at somewhat lower temperature to that of pure DSHP 
sample and first phase transition takes place at 100.2ºC temperature. It is also observed that the melting and 
decomposition temperature of DSHP are decreased by mixing Glycine in DSHP. A change at 227.4°C and 
236.05ºC temperatures corresponds to melting point and decomposition of crystal respectively. The 
Sharpness of the endothermic peaks shows the good degree of crystalline and purity of the sample [45]. TGA 
and DSC spectrum of the dehydration of DSHP and that of mixed DSHP show that the dehydration occurs in 
three steps. According to mass loss calculations the first section represents the loss of two crystal water 
molecules during the temperature increase to 109ºC, 106.83°C, 100.2ºC. It should be noted that on the TGA 
curve the mass loss has already started at the onset of the recording. The difficulty in preparing separate 
phases of the hydrates necessitated the in situ measurements of this study. In the second part, one 
constitutional water per two phosphate units is lost at 249.3ºC, 213.36°C, and 215.4°C. Finally, one 
constitutionally water molecule per two phosphate units is released in the temperature range 249.3°C to 
300°C, 213.36 to250 °C, 215.4°C to 250°C  [46]. It is concluded from TGA and DSC spectrum, these 
sample is not subjected to phase transition still its dehydration state which reveal that its possesses higher 
thermal stability and can be used for potential device application [47]. The resulting residue is found to be 
thermally stable in the spectrum of TGA and DSC without any decomposing in the range 109ºCto 249.05ºC, 
106.3ºC to 213.36°C and 100.02°C to 215.04°C [12]. The DSC trace show a endothermic transition at 
approximately 249.05°C, 213.36°C,215.04°C which corresponds to the melting point of the crystal sample. 

5.5 Conclusions 
 Single crystal of pure di-sodium hydrogen phosphate Glycine mixed DSHP is synthesized and its 

solubility is analyzed in the temperature range 30°C- 50°C. The solubility curve indicates high solubility 
of Glycine mixed DSHP in water with a positive solubility temperature gradient. 

 The Pure DSHP and Glycine mixed and doped di-sodium hydrogen Phosphate (DSHP) have been 
grown using the slow solvent evaporation method. 

 The powder X-ray diffraction confirms the crystal structure of grown crystal. The lattice parameters 
were determined from the powder X-ray diffraction pattern studies. It is found that the Pure DSHP and 
Glycine mixed DSHP the grown   NLO single crystal structure belongs to monoclinic crystal system 
with space group P21/n, space groups number 14 and Z is 4. 

 The FTIR analysis qualitatively confirmed the presence of all functional groups and the mixed Glycine 
in DSHP. 
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 The absence of absorption and excellent transmission in entire visible region for Pure DSHP 217-
1100nm, Glycine mixed DSHP 243-1100nm and 220-1100nm. 

 The thermal study by Thermogravimetric analysis and Differential Scanning Calorimetry of grown Pure 
DSHP and 1.6:1.2.6:1 Glycine mixed DSHP crystal indicated that this crystal thermally stable without 
any decomposing in the range 109°Cto 249.05°C, 106.3°C to 213.36°C and 100.02°C to 215.04°C. The 
DSC trace shows a endothermic transition at approximately 249.05°C, 213.36°C, 215.04°C which 
corresponds to the melting point of the crystal sample can be exploited for the NLO applications. 

 The SHG efficiency of the grown single crystal was measured by Kurtz powder technique using Nd: 
YAG Laser. It also shows that the powder SHG efficiency of 1.6:1(62.5%), Glycine mixed DSHP is 
9.09 times greater than that of Pure DSHP & 2.6:1 (38.4%) Glycine mixed DSHP was 5.06 times 
greater pure DSHP. The observed SHG efficiency of Glycine mixed DSHP crystal was compared with 
standard NLO material. Glycine mixed DSHP crystal with large SHG efficiency may be useful for 
frequency conversion, optical communication and Laser fusion experiment and optoelectronics 
application. 
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6.1) Introduction 
Nonlinear optical material (NLO) play a vital role in advanced Laser technology and optoelectronic 
applications and wide applications in the field of telecommunication, optical data storage and information 
devices [1-13]. Organic NLO materials are attracting a great deal of attention for possible use in optical 
devices because of their large optical nonlinearity, low cut-off wavelength, short response time and high 
threshold for laser power [14-15]. The organic materials are being widely used for the development of 
optical devices, because they posses large nonlinearity [16]. 

Nonlinear optical (NLO) properties of organomettalic complexes are recently under great research due to 
their potential applications in optoelectronics. Molecule from donor and acceptor interaction, resulting from 
charge transfer between electron donating and withdrawing groups is good candidates owing to their large 
dipole moment and in transition dipole moment. Some intuitive understanding of the advantages of the NLO 
properties of co-ordination compounds (Thiourea complexes) was reported in the literature [17-19]. There is 
small energy gap between ground and excited states and more optical absorption transitions, such as ligand 
to metal and metal to ligand charge transfer bands in UV-Visible region. The intensities of these bands are 
associated with their transition dipole moment. The Thiourea molecule is an interesting inorganic matrix 
modifier due to its large dipole moment and ability to form the extensive network hydrogen bonds. Some of 
the reported Thiourea metal complexes are Zinc Thiourea chloride (ZTC), Zinc Thiourea sulfate (ZTS), Bis-
cadmium Thiourea chloride and Bis-Thiourea Formate which are potentially useful materials for frequency 
doubling of the near IR Laser radiation. Single crystals of these materials have very high Laser damage 
threshold [20- 22] 

Recent interest in quantum electronics has centered on finding the new materials for efficient second 
harmonic electro optic modulation [23]. The organic additive such as Thiourea has emerged a new class of 
promising nonlinear materials because of its superior qualities over inorganic materials [24]. The ideal 
material that could have potential application in the nonlinear  optical devices should posses a combination 
of large nonlinear figure of merit for frequency conversion, high laser damage threshold, fast optical 
response time, wide phase matchable angle, architectural flexibility for molecular design and morphology, 
optical transparency and high mechanical strength. Essentially second order NLO effect in organic molecule 
originates from a strong donor-acceptor intermolecular interaction in particular system, which lacks a centre 
of symmetry [25]. Similarly the organic NLO material contains an optically active atom i.e. it will have 
hyper polar molecule, which favors the formation of big size crystals [26]. 

The special favoring features of Thiourea for nonlinear properties prompted to dope it in DSHP. The 
generation of the harmonic was confirmed by the emission of green light. The output power signal of 2 
mole%, 4mole%, 6mole% Thiourea doped DSHP is found as 10.6mV, 10.9mV, 11.2mV, which is 0.1927, 
0.1981, 0.2036 times than that of pure KDP. Behavior is observed in Thiourea doped DSHP the increasing 
SHG intensities with increasing doping percentage. A comparison of SHG efficiency of Thiourea doped 
DSHP with a few potential semiorganic reported the NLO samples are as shown in Table 6.1. 

In the present investigation the SHG property of the DSHP with addition of different mole percent of organic 
addiatative Thiourea are determined by Kurtz Powder method.  It is observed that there is high enhancement 
in SHG for 2mole% to 6mole% in increasing order. Therefore these doped DSHP single crystals are grown 
by slow evaporation technique and characterized them by X-ray diffraction (XRD). Incorporation of 
Thiourea in DSHP was analyzed by FTIR analysis. The optical transmission was carried out by UV visible 
spectra. The thermal study was carried out by Thermo Gravimetric Analysis (TGA), Differential Scanning 
Calorimetry (DSC) and the NLO efficiency test studies are carried out. The reason for choosing the organic 
additives Thiourea are due to the well known Non-linear optical (NLO) and ferroelectric nature, respectively. 
It was also found that SHG efficiency of 2mole%, 4mole%, 6mole% Thiourea doped DSHP was 1.405, 
1.493, 1.534 times greater than that of Pure di-sodium hydrogen phosphate (DSHP). 

6.2) Experimental section 

6.2.1) The Solubility studies 
As a first step towards crystallization of Thiourea doped DSHP, its solubility studies in double distilled water 
are carried out in the temperature range 30 ºC - 45 ºC. The solubility curve is shown in Figure (6.1). To 
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determine the equilibrium concentration, the solution of title sample was prepared using double distilled 
water as solvent. 

 
 

Figure-6.1 Solubility curve of Thiourea doped DSHP and Pure DSHP 

 
Figure 6.2)   Photographs of 2 mole%, 4 mole%, 6 mole% Thiourea doped DSHP bulk single NLO crystals 

The breaker containing the solution was covered at top to prevent evaporation of the solvent. The solution 
was maintained at a constant temperature and continuously stirred using a magnetic stirrer to ensure 
homogeneous temperature and concentration, throughout the volume of the solution. On reaching saturation, 
the content of the solution was analyzed gravimetrically and this process was repeated for every temperature. 
The solubility curve shows that Thiourea doped DSHP has a positive solubility- temperature gradient and 
solution growth technique can be followed for crystal growth. 

6.2.2) Synthesis and Crystal growth 
The saturated solution is prepared at 35ºC in accordance with the solubility curve to grow single crystals by 
slow evaporation technique at room temperature. Transparent tiny crystals, free from visible inclusions and 
possessing well-defined shapes are obtained by spontaneous crystallizations and are selected as the seed 
crystals. The pH of solution was to be 5.5. The solution was preheated to 2ºC above the saturation 
temperature for homogenization. The solution was left at the superheated temperature for one hour before 
cooling. When the solution was subjected to slow cooling (0.5°C/day), the supersaturation was achieved to 
initiate nucleation and the temperature has been therefore reduced at 0.10°C /day. Transparent colorless Bulk 
single crystals of size (1x.0.75x0.5cm3, 0.85x0.6x0.25cm3, 1.2x1x0.5cm3) were harvested in a period of 20-
22 days.  These crystals are grown in constant temperature bath of controlled accuracy ±0.01°C at 35ºC 
where the super saturation was achieved. The photographs of grown crystal are shown in Figure (6.2). 
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6.3) Characterization 
The grown crystals were subjected to different characterization viz. Powder XRD, NLO test, FTIR analysis, 
UV-visible spectral studies, and Thermal study by TGA and DSC. 

6.4) Results and Discussion 

6.4.1) Nonlinear optical test 
Employing Kurtz and Perry NLO powder test [27], the second harmonic efficiency of the crystal is measured 
as a function of intensities. The incident fundamental beam of 8ns pulse width, 10Hz repetition rate and 
2mJ/pulse energy at a wavelength of 1064nm from a Q-Switched ND: YAG Laser is directed on to the 
sample. The crystal of Pure DSHP and Thiourea was powdered with a uniform particle size and then packed 
in a micro capillary of uniform bore and exposed to Laser radiations. The output from the sample was 
monochromatic to collect the intensity of 532nm component and to eliminate the fundamental wavelength. 

Second harmonic radiation generated by the randomly oriented micro crystals was focused by a lens and 
detected by a photomultiplier tube. The generation of the harmonic was confirmed by the emission of green 
light. The output power signal of 2 mole%, 4mole%, 6mole% Thiourea doped DSHP was found as 10.6mV, 
10.9mV, 11.2mV, which is 0.1927, 0.1981, 0.2036 times than that of pure KDP. Behavior was observed in 
Thiourea doped DSHP the increasing SHG intensities with increasing doping percentage. A comparison of 
SHG efficiency of Thiourea doped DSHP with a few potential semi organic NLO crystals as is presented in 
Table [6.1]. 

Table (6.1) comparison of SHG efficiency of Thiourea doped DSHP with a few potential semi organic 
NLO crystal *present work 

 
 

Name of NLO Samples 

 
Reported SHG 

in mV relative to DSHP 

SHG signal 
in mV in present investigation 

relative to DSHP 

 
NLO 

efficiency 
Coblt Thiourea 
sulfate(28) 

9.9 mV  0.18 

L-Arginine chloride(29) 11 mV  0.2 
L-Proline(30) 11 mV  0.2 
L-Alanine(30) 11 mV  0.2 
L-Arginine bromide(31) 16.5 mV  0.3 
L-Arginine 
tetrafluorobortae(31) 

29.5 mV  0.54 

2mole% Thiourea doped 
DSHP* 

 10.6 mV 0.1927* 
 

4mole% Thiourea doped 
DSHP* 

 10.9 mV 0.1981* 

6mole% Thiourea doped 
DSHP* 

 11.2 mV 0.2036* 

DSHP 7.3 mV  0.1327 
KDP 55 mV  1 
L-Hystidine 
fluroborate(32) 

25.3 mV  0.46 

L-Alanine acetate(29) 16.5 mV  0.30 

It is also found that SHG efficiency of 2mole%, 4mole%, 6mole% Thiourea doped DSHP is observed to be 
1.405, 1.493, 1.534 times greater than that of Pure di-sodium hydrogen phosphate (DSHP). While for higher 
concentration of Thiourea doping in DSHP there was enhancement in SHG property than pure DSHP. But it 
was less in comparison of low concentration of Thiourea in the DSHP. This indicates that the SHG 
efficiency of Thiourea doped crystal is high as compare to pure DSHP. This is due to the fact that the sulfar 
present in Thiourea is more electro-negative. This causes more delocalization of electrons in case of 
Thiourea doped DSHP crystals. This increases the non Centro-symmetric structure of DSHP, hence enhances 
its nonlinearity [2]. 
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6.4.2.)  XRD analysis 
X-ray diffractometer using CuKα radiation λ = 1.5406ºA  from a X-ray generator setting 45kV, 40mA.The 
Powder samples was scanned in steps of 0.02º for a time interval of 10.3377 sec over a 2θ range of 10º to 
120 º intensity data were recorded by  2θ  [º2Th] mode. The X-ray patterns of the Thiourea doped DSHP 
samples are as shown in Figure (6.3a, 6.3b). The crystal structures of the 2 mole%, 4 mole%, 6mole% 
Thiourea doped DSHP samples are confirmed by X-ray diffraction. X-ray diffraction studies reveale that the 
structure of the 2 mole%, 4 mole%, 6 mole% Thiourea doped DSHP crystals are slightly distorted as 
compared to the pure. The XRD studies confirmed the monoclinic structure system with space group P21/n 
space group number 14 the lattice parameter values are estimated as shown in Table (6.3) and The nature of 
2°Th, intensity and (h k l) value gives ideal of good crystallinity synthesized crystal salts and identify the 
lattice parameters. The lattice parameters for Thiourea doped DSHP are slightly change than these of Pure 
DSHP confirming the incorporation of Thiourea in the grown crystal. Two theta values, FWHM, d-spacing 
and their corresponding (h k l) and Intensity values are listed in Table (6.2). [33-36, 39] 

 
Figure-6.3 a) The Powder XRD Pattern of 2 mole% Thiourea doped DSHP 

 
Figure-6.3 b) The Powder XRD Pattern of 6 mole% Thiourea doped DSHP 
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Table [6.2]:- Two theta values, FWHM,  d-spacing and   their corresponding (h k l) and Intensity 
values of 2 mole%, 4mole%, 6mole% Thiourea doped DSHP 
2 mole% Thiourea doped DSHP   

Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h    k   l 
18.8978 2413.51 0.0612 4.69213 68.76 0    1    2 
20.9056 1495.77 0.0816 4.2133 83.15 2    1    0 
25.8613 507.65 0.0612 3.43987 28.89 -2    1    2 
28.3399 155.78 0.204 3.14987 4.87 1    0    3 
30.6332 1952.26 0.0816 2.91611 55.62 -3    1    1 
31.6755 3510.19 0.0612 2.8225 100 2    2    2 
42.5953 108.31 0.2448 2.12079 3.09 0    3    4 
45.6419 255.46 0.1224 1.98606 7.28 3    4    1 
50.5659 1599.36 0.0612 1.8036 45.56 -3    0    5 
53.9774 310.65 0.0612 1.69739 8.85 5    2    1 

 

6mole% Thiourea doped DSHP   
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h      k     l 

18.8618 3458.56 0.0816 4.70102 100 0     1    2 
20.8794 1848.22 0.0816 4.22789 85.52 2     1    0 
25.8385 519.65 0.0612 3.55567 29.06 -2    1     2 
28.3374 253.04 0.1632 3.13768 6.08 2     1     2 
31.6165 2424.74 0.0816 2.82763 70.11 2     2     2 
35.4638 292.31 0.0816 2.52919 8.45 0     1     4 
42.5814 137.37 0.204 2.12145 3.97 0     3     4 
45.6396 308.73 0.1224 1.98616 8.93 3     4     1 

Table-6.3 Lattice parameter values for Thiourea doped DSHP 
Sample a (Å) b(Å) c(Å) β Volume 

Pure DHSP(37) 9.2580 (Å) 1.0070 (Å) 10.4370 (Å) 95.65(º) 1058.39Å³ 
Pure DSHP(38) 9.2432 (Å) 10.9550 (Å) 10.4216 (Å) 95.65(º) 1050.15Å³ 

Pure DSHP* 9.2291 (Å) 11.0307  (Å) 10.4376 (Å) 95.65(º) 1057.42Å³ 
2mole% Glycine 

doped DSHP* 
8.21163(Å) 11.0029 (Å) 10.39159(Å) 95.65(º) 934.33Å³ 

6mole%Glycine 
doped DSHP* 

8.20492(Å) 11.01848(Å) 10.4422 (Å) 95.65(º) 939.44Å³ 

6.4.3) FTIR spectral analysis 
FTIR spectroscopy is a powerful tool which gives sufficient information about the structure of a molecule. 
When molecule absorbs infrared radiations, stretching and bending of the various bands in a molecule 
occurs. The vibrations which cause rhythmical change in the dipole moment are observed in the IR spectra. 
Using Perkin Elmer spectrometer, the IR spectrum of thiourea doped DSHP was recorded. The KBr pellets 
were used for the analysis. The molecular vibrations were detected and measured in the frequency of 4000- 
600 cm-1 a shown in the Figure (6.4a to 6.4c) 

Table (6.4) FTIR frequencies cm-1 of Thiourea doped DSHP assignment 
Pure DSHP 

Frequency in 
cm-1 

Thiourea 
doped DSHP 

(2mole %) 
Freq. cm-1 

Thiourea 
doped DSHP 

(4mole %) 
Freq.cm-1 

Thiourea doped 
DSHP 

(6mole %) 
Fequ.cm-1 

Assignment 

3468.32(m) 3474.60 (br) 3472.05 (s) 
 

3466.83 (s) 
 
 

P
O

OH  (single –OH) 
Stretching intense band. 

3314.40(m) 3278.77 (m) 3322.99 (br) 
3366.04(br) 

 Intermolecular hydrogen 
bonded –OH Stretching. 
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2382.74(w)  
 
 
 

2925.87(m) 
2855.18(w) 

 2248.06(w) 
P
O

OHStretching 
 
 

Symmetric and asymmetric 
NH2 hydrogen bond 

1636.71(m) 1651.29(w) 1635.80(m) 1633.85(m) 
P
O

OH  (Single –OH) a 
broad band. 

 1741.83(m) 1651.2 (m) 1590.55(m) NH2 bending 
 1458.16(w) 1558.31(w) 

 
1505.53(w) 
1469.79(m) 

C=S linked to N vibration 

1196.04(w) 1256.08(vw) 1194.21(w) 1195.85(w) P=O Stretching of DSHP 
1082.48(vs)  

 
1082.45(vs) 

 

 
 

1082.38(vs)     
1084.72(vs) 

 P-O-H bending of DSHP 
 
 

N-C-N Stretching 
982.54(s) 982.80(s) 982.75 (s) 982.47(s) P-O-P Stretching mode 

mode 
869.78(m) 870.86(m) 869.92(m) 

869.77(m) 
 A strong band due N-H 

wagging 
748.54(w)  

 
727.93(w) 

 

 
 

740.03(w) 

 
 

733.10(w) 

P-O-P wagging vibration 
 

C=S Symmetric band 
stretching 

 624.51(w) 646.93(w) 648.81(w) N-H Torsional oscillation 
s-strong, vs.-very strong, m-medium, w-weak, vw-very weak, br-broad. 

 

 
Figure-6.4 a) FTIR spectrum of 2 mole % Thiourea doped DSHP 
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Figure-6.4 b) FTIR of spectrum of 4 mole % Thiourea doped DSHP 

 
Figure-6.5: b) FTIR of spectrum 0f 6 mole % Thiourea doped DSHP 

FTIR spectrum of pure DSHP and Thiourea doped DSHP analyzed and the characteristic vibration 
frequencies of doped Thiourea were compared with pure DSHP.  The asymmetric  stretching vibration at  
1417 cm-1   and symmetric stretching vibration at 740 cm-1 of C=S  is lowered the corresponding 1374.90 
cm-1 and 727 cm-1 frequencies respectively [13,17]. The characteristic absorption peaks at 2925.87cm-1 and 
2855.18 cm-1  in the   frequency  region of 3000-2600 cm-1 are due to  symmetric and asymmetric –NH2 
hydrogen bonding.  The broad bands at 3474.60 cm-1 and 3278.77 cm-1 are due to the overlapping of the 
peaks of –NH2 asymmetric stretching of Thiourea and –OH stretching of DSHP. The broadening of peaks 
and lowering of frequencies of C=S stretching vibrations clearly indicating the formation of metal-Thiourea 
complex. As the frequencies of C=S are lowered the formation of complex must be due to metal-sulfur 
bonding [40-42]. The broadening of peaks also indicates the shifting of proton from DSHP to Thiourea. 
Hence, this confirms that the doped amount of Thiourea is present in the crystal lattice of DSHP Table 6.4. 

6.4.4) UV-visible spectrum analysis 
The UV-visible spectrum of the Thiourea doped DSHP 2% & 6% was recorded using UV-visible 
spectrophotometer SHIMADZU Model UV-1700 series in the range 190nm-1100nm as shown in Figure 
(6.5). 
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Figure-6.5)   UV-Spectrum of 2 mole%, 6 mole% Thiourea doped DSHP compare with Pure DSHP, Glycine 
mixed DSHP. 

UV-visible spectra of Glycine mixed DSHP single crystal shows 99.5% transmittance in the entire 250nm-
1100nm region. This is due to dislocation of electrons of bonded oxygen along P=O, which is expected to 
largely destroy the double bond character.  This behavior may enhance three-dimensional bonding 
interaction of phosphate with the neighboring units crystal. The less electro negativity of sodium is also 
important in strengthening such interactions [38, 43]. The absorption edge for 6 mole% Thiourea doped 
DSHP is shifted to longer wavelength than the 62.5 mole % Glycine mixed DSHP ratio 1.6:1.This gives an 
idea of the fundamental energy gap for the Thiourea doped crystals and energy gap may be more for 6 
mole% Thiourea doped DSHP compared with 62.5 mole%, 38.4 mole% Glycine mixed DSHP (ratio 1.6:1, 
2.6:1 DSHP) [44, 45]. The optical transmission efficiency is observed to be appreciable considerable. The 
percentage of transmittance efficiency of Thiourea 2 mole%, 6mole%, doped DSHP is found to be improved 
as comp aired to that of the Glycine mixed DSHP and Pure DSHP. The spectra reveal that Thiourea doped 
DSHP, Glycine doped and mixed DSHP compounds have a wide transparency window in the UV region are 
presented in Table (6.5). The UV spectra show no remarkable absorption in the entire region. The UV 
transparencies cut off wavelengths occur at   217 nm, 242 nm, 276 nm the single crystals are favorable for 
the production of Second Harmonic Generation from Nd: YAG Laser (λ=1064nm) in the visible region and 
can be tailored for optoelectronic nonlinear devices. [46-47] 

Table-6.5: - UV-visible spectra recorded of the Thiourea doped   DSHP 
Doped and mixed 

DSHP  sample 
crystals % 

Concentration 

Transparency cut 
off wavelength in 

nm 

Percentage 
Transmission in 

UV-region 
(Relative %) 

Wavelength         
range            

showing variation 
in transmittance 

in nm 

Transparency 
range 

(Transmittance 
Window ) in nm 

 
Pure DSHP 217nm 92% 300nm - 390nm 217nm – 1100nm 

2 mole 
%Thiourea 

doped DSHP 

 
242nm 

 
98% 

 
275nm - 400nm 

 
242nm – 1100nm 

6 mole % 
Thiourea doped 

DSHP 

 
276nm 

 
99.5% 

 
310nm - 400nm 

 
276nm – 1100nm 

Glycine mixed 
DSHP 

 
243nm 

 
95% 

 
260nm - 380nm 

 
243nm – 1100nm 
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1.6:1 (62.5%) 
2.6:1 (38.4%) 220nm 78% 310nm - 390nm 220nm – 1100nm 

A single crystal is mainly used in optical application, SHG, THG of generation of Nd: YAG Laser. Table of 
comparison of UV-visible spectra transparency cut off wavelength in nm and transmission window of 
different reported semi organic NLO crystals with this work is presented in Table (6.6). 

Table-6.6:- Comparison of UV-visible spectra transparency cut off wavelengths in nm for some useful   
NLO crystals to pure DSHP, Glycine mixed DSHP, Thiourea doped DSHP single crystals. 
Name NLO 
Compound 

Transparency cutoff 
wavelength in nm 

reported 

Transparency cutoff 
wavelength  in nm 

observed 

Transmittance 
Window in nm 

2ASNPBr(48) 404nm  404-1200nm 
L-AlAc(57) 227nm  227-1200nm (80%) 

TGS(50) 251.88nm  252-1100nm (95%) 
GPS (51) Below 300nm  200-1100nm (84%) 

LBMB (52) 230nm  230-1100nm 
DSHP*  217nm 217-1100nm (92%) 

62.5% Gly.mixed 
DSHP* 

 243nm 243-1100nm (95%) 

38.4% Gly.mixed 
DSHP* 

 220nm 220-1100nm (78%) 

2 mole%Thiourea doped 
DSHP* 

 242nm 242-1100nm ((98%) 

6 mole% Thiourea 
doped DSHP* 

 276nm 276-1100nm (99.5%) 

TNP(53) 320nm  320-950nm (90%) 
LAF(54) 233nm  233-1100nm 

BTCF(17) 290nm  290-1100nm (90%) 
BTCC(55) 285nm  285-1100nm (90%) 

Thiourea doped 
KDP(56) 

280nm  280-1100nm 

SPNP (48) 520nm  520-1500nm 
LAA(49) 240nm  240-1100nm 

2A5NPDP(44) 350nm  350-1100nm 
BGHC(58) 300nm  300-2000nm 

*present work 

(2ASNPBr[48]-2-amino-5-nitropyridinium bromide, TGS[ 50]-Triglycine Sulphate, GPS [51]-Glycine 
Potassium Sulphate,LBMB[52] – Lithium Bis L-Malato Borate,  TNR [53]- 2,4,6-trinitrophenol , LAF[54] - 
L-Arginine Formate,BTCF[17]- Bis (Thiourea) Cadmium Formate, BTCC[55]-Bis (Thiourea) Cadmium 
chloride,SPNP[48]- Sodium p-nitrophenolate dihydrate, LAA[57]-L-Arginine Acetate, 2A5NPDP [44]-2-
amino-5-nitropyridinium dihydrogen phosphate BGHC[58]- Bis-Glycine Hydrogen Chloride ) 

6.4.5 Thermal analysis 
In order to   analyze the thermal stability [59, 60] and to confirm the melting points of the material, TGA and 
DSC studies are carried out on Thiourea doped DSHP single crystals. Single crystals powder samples were 
prepared by crushing single crystal using mortar and pestle. 
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Figure-6.6 a) TGA Thermogram of 2 mole % Thiourea doped DSHP 

 
Figure-6.6   b) TGA Thermogram of 6 mole % Thiourea doped DSHP 

Thermogravimetric analysis (TGA) is carried out using TGA-Q500 V6.6 Thermogravimetric analyzer 
between temperature limit 25ºC to 350ºC in heating rate of 10°C/min in nitrogen inert atmosphere to study 
the weight loss and thermal stability of DSHP crystal after addition of Thiourea is as shown in Figure (6.6 a 
to 6.6c ) A spectrum curve in the temperature region 41.14°C to 88.01°C is clearly showing the marginal 
weight loss of the substance due to weakening of the bonding of loosely and strongly entrapped water 
molecules in the crystal lattice. At first 10.64% loss is observed due to weakly entrapped water loss and then 
weight loss 17.59% corresponds to removal of strongly entrapped water. The crystal was found to be 
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thermally stable in the temperature region of 88.01°C to 159.30°C and then weight loss is observed 
continuously to the end of analysis as shown in the Figure (6.6a). It has been observed that the doping of 
Thiourea continuously decreases the thermal stability of pure DSHP crystal and dehydration takes place at 
lower temperature and crystal becomes dry faster than the pure DSHP Since the amino acid becomes 
unstable at lower temperature it weakens DSHP crystal and it results into earlier and faster dehydration as 
compared to pure DSHP. It is concluded from the curves that as doping increases the crystals becomes 
thermally less stable and becomes dry at comparatively lower temperature. 

The weight loss of the crystal is observed in two stages below 100°C temperature. Initially about 27.72% 
weight loss is observed in the temperature region of 45.94°C to 84.15°C and 14.20% weight loss observed in 
the temperature region of 84.15°C to 99.45°C. This weight loss below 100°C temperature indicates that the 
doping of Thiourea weakness the crystal lattice of DSHP and dehydration takes place earlier and faster. A 
crystal seems to be stable in the temperature range of 99.45°C to 175.33°C. Since doping decreases the 
thermal stability of crystal after 175.33°C temperature there is continuous weight loss of crystal to the end of 
analysis Figure (6.6b) 

 
Figure-6.7 a) DSC Thermogram of 2 mole % Thiourea doped DSHP 

 
Figure-6.7 b) DSC Thermogram of 6 mole % Thiourea doped DSHP 

The 2mole% and 4mole% Thiourea doped DSHP   was analyzed by using DSC-Q100V9.7 Thermal analysis 
system in the temperature range of 25°C to 300°C at a heating rate of 10°C/min. typical changes were 
recorded as shown in Figure (6.7a to 6.7b). The weight loss at 59.71°C and 86.5°C, 105.45°C corresponds 
to loosely held water molecule respectively. It is observed that after first endothermic peak the crystal 
remains stable till 165.8012°C and 183.40°C temperature and then at third stage water is completely released 



 

Nonlinear Optical Crystals for Laser : Growth and Analysis Techniques 

101 

from the crystal lattice. A dry crystal starts to decompose at endothermic peak 183.12°C, 206.63°C and then 
decomposition takes place in differ stages.         The DSC curve of DSHP doped Thiourea clearly indicate 
that the doping does certain changes in the original crystal lattice structure and dehydration and melting point 
and decomposition stages are forced backward from their original positions [61].The resulting residue is 
found to be thermally stable in the spectrum of TGA and DSC without any decomposing in the range 
88.01°Cto 159.3°C, 99.45°C to 175.33°C. 

6.5. Conclusions 
 The single crystal of pure DSHP and Thiourea doped DSHP crystals are grown by low temperature 

solution growth method. 

 The Powder X-ray diffraction pattern obtained for Thiourea doped DSHP samples X-ray diffraction 
studies confirms the monoclinic structure system with space group P21/n space group number 14 the 
lattice parameter values are estimated as shown in table (6.2). The lattice parameters values for Thiourea 
doped DSHP are slightly change than these of Pure DSHP confirming the incorporation of Thiourea in 
the grown crystal 

 The incorporation of Thiourea in DSHP was confirmed by FTIR Study. The spectra revealed that due to 
addition of Thiourea the frequency is slightly shifted. 

 The UV spectra show no remarkable absorption in the entire region 217nm to 1100nm, 242nm to 
1100nm, 276nm to 1100nm for Pure DSHP, Thiourea doped DSHP. The UV transparency cut off 
wavelengths occur at   217nm, 242nm, 276nm the single crystals are favorable for the production of 
Second Harmonic Generation from Nd: YAG Laser (λ=1064nm) in the visible region and can be 
tailored for optoelectronic nonlinear devices. 

 The SHG efficiency of 2mole%, 4mole%, 6mole% Thiourea doped DSHP was 1.405, 1.493, 1.534 
times greater than that of Pure di-sodium hydrogen phosphate (DSHP). 

 The SHG test shows that the optically active carbon in Thiourea reacts with hydrogen of DSHP and 
enhanced the non Centro symmetric structure of host and hence its nonlinearity increases. 

 The thermal studies revealed that Thiourea doped DSHP is thermally stable in the spectrum of TGA and 
DSC without any decomposing in the range 88.01oCto 159.3oC, 99.45oC to 175.33.oC.The DSC Curve 
shows a dry crystal starts to decompose at endothermic peak 183.12oC, 206.63oC and then 
decomposition takes place in differ stages. 
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Chapter - 7 

Growth and characterization of L-Tartaric 
Acid and L-Tartaric Acid Doped and Mixed 

DSHP, Nonlinear Optical Materials for 
Laser Applications. 
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7.1) Introduction 
Nonlinear optical (NLO) materials have received much attention due to their potential application in various 
fields like optical data storage, color displays, optical communications, Laser fusion, Telecommunication, 
Laser technology [1,2]. The generation coherent blue light through second harmonic generation (SHG) from 
near infrared (NIR) Laser sources is an important technological problem that has attraction in the last few 
years. Potential applications lie in the fields of high-density optical data storage high resolution printing and 
Laser spectroscopy [3,4]. Organic nonlinear materials are attracting a great deal of attention as they have 
large optical susceptibilities inherent ultra fast response times and high optical thresholds for Laser power as 
compared with inorganic materials [5]. A number of such materials have been reported in Literature for their 
potential application [6, 7].Single crystals of L-Tartaric acid (C6 H6 O6) is an organic nonlinear optical 
material. It is white, crystalline optically active organic acid. Due to asymmetric carbon atoms it shows 
optical activity. The chirality of L-Tartaric acid was discovered in 1832 by Jean Baptiste Biot. According to 
him it is able to rotate plane polarized light. It was observed that L-Tartaric acid shows the NLO property. 
The NLO property was found to be enhanced when doped and mixed with Inorganic materials. Compared 
with inorganic counter parts organic NLO materials have large NLO coefficients and synthetic flexibility but 
in general they have very poor thermal and chemical stabilities, lower c.w. radiation damage [8] and a poor 
optical transparency [9].The search for New NLO materials with improved thermal stability and a wide 
transparency window has resulted in the development of the new class of materials called semiorgaincs 
material. On the search of new NLO materials with better mechanical properties many researchers have 
focused the small organic molecules having a large dipole moment and a chiral structure. There molecules 
are usually linked through the hydrogen bond [10].L-Tartaric acid –Nicotinamide (LTN, C20 H26 N4 O15) was 
found to be a new NLO material recently [11].The transmission range and intense SHG signals from the 
crystal is better than KDP. 

In the present investigation, the bulk growth of the nonlinear optical material (NLO), L-Tartaric acid and its 
crystalline perfection spectroscopic and the NLO properties are discussed. The SHG efficiency of L-Tartaric 
acid is slightly on the lower side than the KDP crystals and thermal stability is of the same order. A number 
of L-Tartaric acid complexes are known to possess NLO property [12-14].Also in the present investigation 
growth of 5% L-Tartaric acid doped DSHP and 50% L-Tartaric acid mixed DSHP are studied by using slow 
evaporation technique. The grown crystals are characterized .The crystal system has been confirmed from 
the XRD. The functional groups were idented by using FTIR spectroscopy, UV-Vis spectrum showed the 
absence of absorption in the wavelength region 260 - 1100 nm. The NLO  efficiency  of studied material is 
compared with reported NLO Material and It was found that SHG efficiency of 5 mole % doped and 50 
mole% mixed L-Tartaric acid  and Pure L-Tartaric acid is 0.206,0.7454,0.9454 times of KDP (i.e. 20%, 74%, 
94%)  KDP.  But it was 1.534, 5.614 times greater than that of pure DSHP for doped and mixed DSHP 
crystals. 

7.2) Experimental studies 
The selection of the solvent is an important step in the bulk growth of crystal from solution by slow 
evaporation method. The size of the crystal depends on the amount of material available in the solution, 
which in turn is decided by the solubility of the material in that solvent. 

7.2.1) Solubility measurements 
To grow bulk crystals from solution by the slow evaporation technique. It is          desirable to select a 
solvent in which the molecule is moderately soluble. The size of crystal depends on the amount of material 
available in the solution which in turn is decided by the solubility of the material in that solvent. Hence the 
solubility measurements of L-Tartaric acid were carried out in double distilled water for various 
temperatures 30°C to 55 °C. A sealed container charged with water & the solute, maintained at a constant 
temperature was used to determine  the equilibrium concentration. The solution was stirred continuously for 
24 hours. The content of the solution was analyzed gravimetrically and the results are presented in Figure 
(7.1). 
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It is seen that the solubility increases with the increases of temperature .The solubility is much higher in 
water. Hence water was selected as the solvent for crystal growth for these materials. It is seen from the 
curve that solubility of L-Tartaric mixed DSHP sample is reduced as compared to Pure L-Tartaric acid and 
increased as comparison with Pure DSHP, Thiourea doped DSHP, and Glycine mixed DSHP samples. 

 
 

Figure-7.1: Solubility curve of Pure L-Tartaric acid, Pure DSHP and 62.5% Glycine mixed DSHP, 50% L-
Tartaric acid mixed DSHP, 6 mole% Thiourea doped DSHP. 

7.2.2) Synthesis and Crystal growth 

 

 
c) L-Tartaric acid doped and mixed DSHP 
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Figure-7.2: The Photograph of the Single bulk   a ) Pure L-Tartaric acid  b) Pure DSHP c) L-Tartaric acid 

doped and mixed DSHP cotton silk filament nature 

Commercially available L-Tartaric acid (A.R. grade) was used for repeated recrystallization. Recrystallized 
L-Tartaric acid was dissolved in double-distilled water at 35°C. After obtaining the saturation, the solution 
was filtered using micro filter paper and the solution was optimally closed using a perforated polythene 
sheet. Seed crystals were harvested within a eight days. A suitable seed crystal was selected from the 
harvested crystals. A saturated solution was prepared and the seed crystal was hung inside the solution that 
was optimally closed for controlled evaporation. The pH of solution was to be 2.5. A good quality 
transparent crystal of size 5x2.2x.5cm3, 3.95x1.85x.38cm3, 1.1x1x.15cm3 was obtained in a period of 15-20 
days. These crystals were grown in constant temperature bath of controlled accuracy ± 0.01°C at 35 o C 
where saturation was achieved. The photographs of grown crystals are shown in Figure (7.2a to7.2 b). 
When L-Tartaric acid was doped and mixed with DSHP, the grown crystals have   surprisingly shown   a 
cotton silk filament type nature as shown in Figure (7.2c). 

7.3) Characterization 
The grown Glycine mixed and doped KDP bulk single crystal was subjected to various characterizations viz. 
NLO test, XRD, FTIR,UV-visible spectra study ,TGA, DSC analysis and the results were  compared with 
that of KDP. 

7.4) Results and Discussion 

7.4.1) Nonlinear optical studies 
The NLO conversion efficiency was tested using a modified setup of Kurtz and Perry [15]. A Q-switched 
Nd: YAG Laser beam of wavelength 1064nm was within an input power of 2mJ and pulse width of 10 ns the 
repetition rate being 10 Hz. The crystals of L-Tartaric acid and L-Tartaric doped and mixed di-sodium 
hydrogen phosphate (DSHP) were ground with a uniform particle size and then packed in a micro capillary 
of   uniform bore and exposed to Laser radiation. Potassium dihydrogen phosphate (KDP) is used as a 
reference material. The output from the sample was monochromated to collect only the second harmonic 
wavelength 532nm and eliminate the fundamental and the intensity was measured using a photomultiplier 
tube. A SHG signal of 11.5 mV,41mV, 52mV was obtained from 5mole% L-Tartaric acid doped 
DSHP,50mole% L-Tartaric acid mixed DSHP, Pure L-Tartaric acid with reference to 55mV of KDP. It was 
found that SHG efficiency of 5mole% doped and 50 mole%  mixed, Pure L-Tartaric acid is 
0.2036,0.7454,0.9454 times of KDP. And it was 1.534, 5.616 times greater than that of Pure DSHP for 5 
mole % doped and 50 mole% mixed L-Tartaric acid with in DSHP crystal. This increase in SHG of DSHP 
with addition of L-Tartaric acid is due to delocalization of electrons of bonded oxygen along P=O which is 
expected to largely destroy the double bond character. This behavior may enhance three-dimensional 
bonding interaction of phosphate with the neighboring units in the crystal in the crystal. The less electro-
negativity of sodium is also important in strengthening such interactions [16].The nature of comparison of 
SHG signal efficiency of these crystals along with other semi organic NLO crystals with respect to KDP 
crystal is presented in Table [7.1] 
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Table (7.1): - Comparison of SHG signal efficiency for some useful NLO crystals with respect to KDP. 
*present work 

NLO  Sample SHG signal in mV NLO efficiency 
Ammonium borodilactate[17] 30.36 mV 0.552 
L-Histidine bromide [18] 66 mV 1.20 
L-Arginine diphosphate [18] 53.9 mV 0.98 
L- Histidine tartarate [19] 43.45 mV 0.79 
L- Tartaric acid-Nicotinamide [13] 71.5 mV 1.3 
L-Prolinium tartrate [12] 40mV 0.88 
6mole% Thiourea doped DSHP* 11.2mV 0.2036* 
DSHP* 7.3mV 0.1327* 
KDP* 55mV 1* 
L-Tartaric acid* 51 0.9454* 
L-Tartaric acid [20] 48.8 0.888 
Coblt Thiourea sulfate [21] 9.9mV 0.18 
L-Arginine chloride [22] 11mV 0.2 
L-Proline [19] 11mV 0.2 
5% L-Tartaric acid doped DSHP* 11.2mV 0.2036* 
50% l-Tartaric acid mixed DSHP* 41mV 0.7454* 
Benzophenone [19] 35.75mV 0.65 

7.4.2)  XRD analysis 
Powder X-ray diffraction pattern was recorded using a Diffractometer system with CuKα (λ= 1.5406°C) 
radiation for structural accurate cell parameters of the grown crystal at room temperature. X-ray pattern are 
recorded at a scan speed of 0.02°/sec. The intensity data were recorded by continuous 2θ [°2Th] mode from 
10° to 100°.  Figure (7.3a to7.3c), In order to confirm the presence of functional groups in the crystal lattice. 
The powder X-ray diffraction pattern recorded for L-Tartaric acid crystal was crystallized in the monoclinic 
crystal system, space P21, space group number 4. The X-ray powder diffraction pattern of L–Tartaric acid 
doped and mixed DSHP crystal was Orthorhombic with Space group Pbca, Space group number 61 and 
Lattice parameters  values of these crystal systems  are shown in Table [7.2]. These values agreed well with 
the reported values [23]. The density of the L-Tartaric acid crystal was found to be 1.76 gm/cm3 using 
floatation method and the melting point was found to be 170 °C using a melting point apparatus. The lattice 
parameters for L-Tartaric acid are slightly larger than these of doped and mixed crystals confirming the 
incorporation of L-Tartaric acid in the grown crystal. From the diffraction pattern of L-Tartaric, L-Tartaric 
acid doped and mixed DSHP, the lattice parameters were calculated by using values of the high intensity 
peaks corresponding to the d- spacing and (h k l) planes using the monoclinic  and Orthorhombic 
crystallographic equation [25]. The lattice parameter values of the crystals are shown in Table [7.3].The 
position of the peaks were found to be in good agreement with the data available in JCPDS of file there by 
confirming the purity of the grown crystal. 

Table-7.2: Crystallographic data of L-Tartaric acid and L-Tartaric acid doped and mixed DSHP NLO 
single crystals 

NLO Sample a (Å) b (Å) c (Å) β  (°) Volume (Å³) 

Pure L-Tartaric acid (24) 7.7220 (Å) 6.0050 (Å) 6.2110 (Å) 100.16(°) 0283.49(Å³) 

Pure L-Tartaric acid (20) 6.203 (Å) 6.018 (Å) 7.720 (Å) 100.10(°) 0283.71(Å³) 

L-Tartaric acid 7.632014(Å) 6.123282 (Å) 7.20504 (Å) 100.16(°) 0331.43(Å³) 

5%L-Tartaric acid doped 
DSHP 

16.89232(Å) 10.32672 (Å) 6.58923 (Å) 90(°) 1149.44(Å³) 

50%L-Tartaric acid mixed 
DSHP 

16.82691(Å) 10.30325 (Å) 6.59488 (Å) 90(°) 1143.36(Å³) 
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Figure-7.3 a) XRD Pattern of L-Tartaric acid 

 
Figure-7.3 b) XRD Pattern of L-Tartaric acid doped DSHP 

 
Figure-7.3 c) XRD Pattern of L-Tartaric acid mixed DSHP 
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Table (7.3)  Two theta values, FWHM,  d-spacing and   their corresponding (h k l) and Intensity values 
of Pure L-Tartaric acid and L-Tartaric acid 5 mole % doped , 50mole% mixed with DSHP 

Pure L-Tartaric     
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel.Int. [%] h     k    l 

16.8564 850.1 0.0612 5.25551 12.26 1   0    -1 
18.7664 1993.65 0.102 4.72471 28.75 1   1     0 
20.6689 6934.97 0.1224 4.29389 100 0    1    1 
22.4656 1485.34 0.1632 3.95439 21.42 1    1   -1 
27.6816 1040.77 0.0612 3.21997 15.01 2    1    0 
29.698 1933.02 0.1224 3.00578 27.87 2    0    1 
31.905 3430.88 0.0612 2.80272 49.47  
33.3676 466.61 0.204 2.68313 6.73 2    1    1 
34.2875 142.32 0.4896 2.61322 2.05  
35.3211 859.56 0.0612 2.53908 12.39 3    0    0 
42.4976 428.62 0.1224 2.12544 6.18 2    2    1 
43.7065 105.26 0.3264 2.06941 1.52 1    0   -3 
51.4019 179.16 0.2448 1.77622 2.58 2    3    0 
61.6287 72.96 0.3264 1.50373 1.05  
80.9301 83.92 0.4896 1.18693 1.21  

 

5% L-Tartaric acid doped DSHP    
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel.Int. [%] h      k       l 

16.7461 338.06 0.0816 5.28988 9.31 1      1      1 
18.8485 743.29 0.0816 4.70431 20.47 2      1      1 
20.8794 2704.42 0.0816 4.25108 74.46 2      1      0 
27.1949 748.11 0.0612 3.27649 20.6 4      2      0 
29.4777 1345.44 0.0816 3.02774 37.04 -2     2      2 
31.2050 2657.06 0.0612 2.86397 73.16 -1     2      3 
33.3529 128.44 0.1224 2.68428 3.54 3      3      1 
34.4998 566.73 0.0816 2.59763 15.6 4      0      2 
35.2166 573.62 0.0612 2.54638 15.79 -1     2      3 
42.5503 403.47 0.102 2.12293 11.11 1      1      3 
43.6853 207.06 0.1224 2.07037 5.7 6      3      1 
51.8628 184.34 0.1224 1.76151 5.08 3      3      3 
60.0169 230.97 0.0816 1.54021 6.36 4      0      4 

 

50% L-Tartaric acid mixed DSHP    
Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [Å] Rel. Int. [%] h    k     l 

16.7981 672.24 0.0816 5.2736 9.99 1    1    1 
20.5269 6056.73 0.1224 4.32328 89.99  
22.1774 6053.84 0.0612 4.00512 89.95 1    2     1 
27.3074 1322.88 0.0816 3.26325 19.65 4    2     0 
29.3418 294.16 0.102 3.04145 4.37  
31.6501 178.78 0.1224 2.8247 2.66 3    0     2 
33.3743 967.91 0.1224 2.6826 14.38 3    1     1 
34.4547 1183.49 0.0816 2.60092 17.58 4    0     2 
35.3782 1205.89 0.0816 2.53511 17.92 1    4     1 
42.3543 89.53 0.408 2.1323 1.33 1    1     3 
43.4807 420.1 0.204 2.07964 6.24 2    1     3 
51.1716 160.24 0.1224 1.78367 2.38 5    0     1 
60.7672 167.05 0.1224 1.52297 2.48 1    6     2 
80.0957 50.24 0.3264 1.19718 0.75  
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7.4.3 FTIR analysis 
The frequencies of Pure L-Tartaric acid are compared with the frequencies of L-Tartaric acid mixed with di-
sodium hydrogen phosphate (DSHP) and L-Tartaric acid doped   di-sodium hydrogen phosphate (DSHP). 
The recorded FT-IR spectra Figure (7.4a to 7.4c) were compared with the standard spectra of the functional 
groups [26- 27]. 

Table (7.4) FTIR assignment of Pure L-Tartaric acid and L-Tartaric acid doped, mixed DSHP. 
Pure                  

L-Tartaric acid 
frequencies 

cm-1 

50% 
L-Tartaric acid 

mixed DSHP 
frequencies in 

cm-1 

5% 
L-Tartaric acid 

doped DSHP 
frequencies in 

cm-1 

 
Assignment 

3405.82 (s) 
3333.00(m) 

3439.14(s) 
3346.93(m) 

3468.11(s) 
3340.24(br) 

Hydroxyl C-H group stretching 
vibrations. 

2966.80(vw) 
2933.52(vw) 

2925.54(w) 
2853.05(w) 

 Aliphatic C-H group stretching mode 
for L-Tartaric acid. 

1740.69(vs) 1671.25(s) 
1625.15(vs) 

1656.05 
1649.62 

1632.55(br) 

The carbonyl group (sym. & asym.) 
stretching of –COOH. 

1448.95(m) 1463.51(s) 
1452.39(s) 

1408.37(w) Combination of C-O stretching & OH 
bending bands 

1396.99(m) 
1364.35(m) 
1317.24(m) 

  C-H bending (symmetric and 
asymmetric) vibrations 

 
1085.83(s) 1157.08(m) 1082.83(vs) C-O stretching vibration 
991.95 (m) 
941.01(m) 

1002.23(w) 982.38(s) O-H out of plane bending vibrations 

872.5(m) 
668.37(w) 

788.14(w) 
721.38(vw) 

869.49(m) 
739.76(w) 

C-H out of plane bending vibrations 

s-strong, vs.-very strong, m-medium, w-weak, vw-very weak, br-broad. 

 
Figure-7.4 a) FTIR Spectrum of Pure L- Tartaric acid 
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Figure-7.4 b) FTIR Spectrum of 5% L-Tartaric acid doped DSHP 

 
Figure-7.4 c) FTIR Spectrum of 50 mole % L-Tartaric acid mixed with DSHP 
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The following assignments are made. For Pure L-Tartaric acid the peaks at 3405.82 cm-1 and 3333.00 cm-

1frequency are due to –OH stretching vibration, while –OH stretching vibration is observed at 3439.14 cm-1 , 
3346.93 cm-1  frequency &  3468.11cm-1, 3340.24cm-1 frequency for L-Tartaric mixed with di-sodium 
hydrogen phosphate and  L-Tartaric doped with DSHP respectively. The peaks at 2966.80 cm-1,2933.52 cm-

1are due to C-H stretching vibration for Pure L-Tartaric acid while C-H stretching peaks for L-Tartaric acid 
mixed DSHP are  observed at 2925.54cm-1, 2853.05cm-1 frequency and C-H stretching peaks are absent for 
L-Tartaric doped DSHP in the spectra. The appearance of intense peak at 1740.69 cm-1 frequency for L-
Tartaric acid is due to C=O stretching vibration. For L-Tartaric acid mixed di-sodium hydrogen phosphate, 
C=O stretching is observed at 1671.25cm-1 and 1625.15cm-1 due to symmetric and asymmetric stretching 
vibrations. In case of L-Tartaric acid doped DSHP, C=O stretching is observed at 1656.05cm-1 and 1649.62 
cm-1 respectively due to symmetric and asymmetric stretching modes. The reduction of C=O stretching 
frequencies for L-Tartaric acid mixed and doped DSHP clearly indicates the formation of metal- oxygen 
bonding (M- O+ =C<) during the formation of complex. The appearance of peak at 1448.95cm-1 for Pure L-
Tartaric acid, peak at 1463.51 cm-1 and 1452.39 cm-1 for L- 

Tartaric acid mixed DSHP and peak at 1408 cm-1 are due to combination of C-O stretching and O-H bending 
bands. The sharp, intense peak at 1085.83 cm-1,1157.08 cm-1 and 1082.83 cm-1 for pure L-Tartaric mixed 
DSHP  and doped DSHP are due to C-O stretching vibration respectively. The sharp bands at 991.95cm-1, 
941.01cm-1 for Pure L-Tartaric, 1002.23 cm-1 for L-tartaric mixed and 982.38 cm-1 for doped DSHP are due 
to O-H out of plane bending vibrations. [13, 20] 

The shifting of peak positions for functional; groups and atoms after L-Tartaric acid doping and mixing with 
DSHP clearly confirm the existence of L-Tartaric acid in crystal lattice of DSHP (Table 7.4). In dopened 
DSHP, the weaker C-H stretching peaks are disappeared due to superimposed upon O-H stretching bands. 

7.4.4 UV-visible spectra analysis 
UV-visible transmission spectra of L-Tartaric and L-tartaric mixed DSHP crystals are recorded by UV-
visible spectrophotometer SHIMADZU Model UV-1700 series in the range 190nm-1100nm and are shown 
in Figure. (7.5) 

 
 

Figure-7.5: UV- visible Spectrum of L-Tartaric acid and L-Tartaric acid mixed DSHP 
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It is seen that the UV-transparency cutoff occurs around 260nm and there is no remarkable absorption in the 
entire region of the spectra with in Transmission Window 260nm-1100nm. For both types of crystals and it 
possesses greater the 100% transmittance which as comparable higher than the Pure DSHP and Thiourea 
doped DSHP and also Glycine mixed DSHP.  It is an important requirement for nonlinear optical material 
for possible application [20, 28]. The lower cut off wavelength 260nm which below 300nm.The large 
transmittance window in the visible region enables very good optical transmission of second harmonic 
frequencies of Nd: YAG Lasers [29] Single crystals are mainly used in optical application optical 
transmission range and transparency cutoff are important. Comparison of UV-visible spectra of different 
reported semi organic NLO crystals with this work is presented in Table (7.6).Thus among various analogs 
of the NLO crystals reported so far, L- Tartaric acid mixed DSHP NLO single crystals has the superior cut 
off wavelength. 

Table (7.5): - UV-visible spectra recorded of the L-Tartaric acid mixed DSHP single crystals and Pure 
L-Tartaric acid. 

*present work 

Table (7.6):- Comparison of UV-visible spectra transparency cut off wavelengths in nm for some 
useful NLO crystals to pure DSHP, L-Tartaric acid, L-Tartaric acid mixed DSHP single crystals. 

NLO  Compounds Transparency cutoff wavelength  
in nm 

Transmittance Window 
in nm 

LHMHCL (30) 260nm 260-1200nm 
LHDHCL  (30) 265nm 265-1200nm 
LTN (11) 280nm 280-1500nm 
MMTC(31) 275nm 373-3000nm 
L-Arg.2HIO3(32) 290nm 290-1200nm 
LAM (33) 310nm 320-1100nm 
L-Tartaric acid pure* 260nm 260-1100nm 
L-Tartaric acid mixed DSHP* 260nm 260-1100nm 
TNP(34) 320nm 320-950nm (90%) 
SPNP (35) 520nm 520-1500nm 
6 mole% Thiourea doped 
DSHP* 

276nm 276-1100nm (99.5%) 

BTCC(36) 285nm 285-1100nm (90%) 

*present work 

LHMHCL30 – L -histidine monhydrochloride, LHDHCL30- L-histidine dihyrochloride, LTN11 – L- Tartaric 
acid nicotinamide, MMTC31 - Manganese mercury thiocyanate, LAM33-L-Alaninium Maleate, TNR 34- 2, 4, 
6-trinitrophenol, SPNP35- Sodium p-nitrophenolate dihydrate, BTCC36-Bis (Thiourea) Cadmium chloride 

7.4.5. Thermal Analysis 
Thermal strength of the L-Tartaric acid ,L-Tartaric acid 5 mole % doped and 50mole%  mixed DSHP has 
been determined by TGA and DSC using TGA-Q500 V6.6 and DSC-Q 100 V9.7 thermal analyzer  system in 
the temperature range 25°C to 400oC  and 25°C to 300°C  in nitrogen atmosphere. Same heating rate 
10oC/min was applied to all the samples. TGA and DSC give information regarding phase transition water of 
crystallization and different stage of decomposition of the crystal [37] 

L -Tartaric acid 
doped & mixed 
DSHP  sample 

crystals   % concentration 

Transparen
cy cut off 

wavelength 
in nm 

Percentage 
Transmission 
UV-region. 

Range showing 
variation in 

transmittance in 
nm 

Transparency 
range 

(Transmittance 
Window) 

L-Tartaric acid 260nm 100% 345nm-465nm 260nm-1100nm 
L-tartaric mixed DSHP 

(50%) 
260nm 100% 345nm-465nm 260nm-1100nm 
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Figure-7.6 a) TGA Thermogram of Pure L-Tartaric acid 

TGA curve recorded is found that the L-Tartaric acid is stable at least up to 232.67°C.Below these 
temperature there is no detectable weight loss. It may be due to physically adsorbed water in the crystal. 
Above this temperature the material lost it weight abruptly due to the decomposition of carbon dioxide [13]. 
The TGA shows that the materials is thermally stable until it melts at 232.67°C.The material was fully 
decomposed at about 300°C. 

 
Figure-7.6 b) DSC Thermogram of Pure L-Tartaric acid 

DSC curve gives information that there is no phase transition up to 169.55°C there is starting slightly weight 
loss after this temperature. The first endothermic sharp peak corresponds to loss of water. The sharpness of 
these endothermic peaks at temperature shows the good degree of crystalline and purity of    sample [1]. A 
crystal melts at 171.53°C temperature and undergoes phase transition which is shown by sharp endothermic 
peak Figure (7.6 a), (7.6b). 
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Figure-7.7 a) TGA Thermogram of 5mole% L-Tartaric acid doped DSHP 

TGA curve of 5 mole% L-Tartaric acid doped DSHP Figure(7.7a), recorded clearly indicated that initially 
there is 43.26% weight loss of the crystal below temperature 109.85°C.A crystal remains thermally stable at 
109.85°C to 231.95°C temperature and no weight loss take place. When a crystal is heated above 231.95°C 
temperature a weight loss 4.140% is observed. It is also observed that a crystal is completely dehydrated 
before 231.95°C temperature and decomposed at 271.13°C temperature. A further heating does not affect 
much more on the crystal lattice. A deep study of TGA spectrum of L-Tartaric acid   50mole % mixed in 
DSHP Figure (7.7b) shows that the dehydration stages of water are forced back ward as the amount of L-
Tartaric acid is increased. This increased amount of    L-Tartaric acid certainty affect the crystal and crystal 
becomes dry faster and earlier. Initially there are 8.837% weight losses below 97.12°C temperature. A 
sample remains thermally stable at 97.12°C to 168.60°C temperature, no weight loss takes place and after 
there are various stages where observed in temperature range 168.60°C to 241.20°C due to liberation of 
volatile substances probably carbon dioxide, hydrate groups and ammonia [38] 

 
Figure-7.7 b) TGA Thermogram of 50 mole% L-Tartaric acid    mixed in DSHP 

A detailed inspection of DSC spectrum of 50mole% L-Tartaric mixed DSHP Figure (7.7c) shows that there 
are three major changes takes place while heating the sample, first endothermic peak at 78.34°C, second at 
115.52°C and third at 253.01°C temperature respectively. The first and second endothermic peaks 
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correspond to release of water at two stages. After releasing of water, a crystal becomes dry and remains 
stable up to melting stage. The decomposition of amino molecules associated with sample takes place at 
253.01°C temperature which is indicated by a sharp intense peak in the spectrum of DSC analysis. 

 
Figure-7.7 c) DSC Thermogram of 50 mole% L-Tartaric acid mixed DSHP 

7.5 Conclusions 
 A single bulk NLO Crystals of L-Tartaric acid were grown by using slow evaporation method and 

When L-Tartaric acid was doped and mixed with DSHP, the grown crystals have surprisingly shown a 
cotton silk filament type nature. 

 The NLO property of L-Tartaric acid and L-Tartaric acid doped and mixed di-sodium hydrogen 
phosphate crystal has been tested by powder Kurtz method using the Nd: YAG Laser and the result 
shows that this material can also used for Nonlinear optical applications. The SHG efficiency of 5% 
doped and 50% mixed, Pure L-Tartaric acid is 0.2036, 0.7454, 0.9454 times of KDP. And it was 1.534, 
5.616 times greater than that of Pure DSHP for 5% doped and 50% mixed L-Tartaric acid with in DSHP 
crystal. 

 The powder X-ray diffraction pattern studies confirm the crystallinity  and shows that  L-Tartaric acid 
crystal structure  is  monoclinic  crystal system, space P21, space group number 4 and The X-ray 
powder diffraction pattern of L–Tartaric acid doped and mixed DSHP  crystal is  Orthorhombic with 
Space group Pbca, Space group number  61 and Lattice parameters  values of these crystal systems 

 The presence of functional groups has been confirmed by FTIR Analysis and the shifting of peak 
positions for functional; groups and atoms after L-Tartaric acid doping & mixing with DSHP clearly 
confirm by FTIR Spectral analysis the existence of L-Tartaric acid in crystal lattice of DSHP. 

 The minimum absorption in the visible region is observed from the UV-visible measurement. The lower 
cut off wavelength 260nm which below 300nm.The large transmittance window in the visible region 
enables very good optical transmission of second harmonic frequencies of Nd: YAG Lasers. 
Comparison of UV-visible spectra of different reported semi organic NLO crystals with this work, 
various analogs of NLO crystals reported so far, L- tartaric acid mixed DSHP NLO single crystals has 
the superior cut off wavelength. 

 The TGA and DSC shows that the material is thermally stable until it melts at 232.67ºC. The material 
was fully decomposed at about 300ºC. The sample 5% L-Tartaric acid doped DSHP  thermally stable in  
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the range  109.85ºC to 231.95ºC temperature and the sample 50% L-Tartaric acid mixed DSHP remains 
thermally stable at 97.12ºC to 168.60 ºC temperature, 
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8.1. Summary 
In recent years many significant achievements have been realized in the field of nonlinear optics, because of 
the development of laser technology and new nonlinear optical materials of inorganic, organic and semi 
organic type. The KDP, DSHP, L-Tartaric acid and amino acid Glycine, Thiourea metal complexes are well 
known nonlinear optical materials used for different applications. The objectives of the present work were to 
grow the NLO crystals with enhanced SHG efficiency, which can be used for various optoelectronics, Laser 
applications. 

In this work the KDP, DSHP, L-Tartaric acid crystals were grown by addition of different impurities of 
amino acid (Glycine) by using slow evaporation technique. We observed enhancement in the SHG efficiency 
after addition of above dopants in comparison of pure KDP. All this grown crystals were subjected to various 
characterizations to study the change in the optical, structural and thermal properties. 

The Thiourea metal complexes are good candidates for nonlinear optics. 

The Pure DSHP ,DSHP doped Thiurea,DSHP mixed Glycine, Pure L-Tartaric acid ,L-Tartaric acid  doped 
and Mixed DSHP crystal was characterized by Powder XRD, FTIR, UV-Visible, Powder NLO test, Thermal 
analysis by using Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC). 

Now days the phenomenon of the frequency conversion in nonlinear optical materials are attracting 
increasing attention with increasing demand. The growth of bulk NLO crystals becomes inevitable. Many 
crystals of higher purity and high perfection for the electronics and optical industries are grown from 
solution method. 

8.2. Suggestions for future work 
In future bulk single crystal of new nonlinear optical materials L-Alanine doped urea phosphate, Cynoacetic 
acid doped L-Arginine, L-Tartaric acid mixed L-Alanine, 

L-Alanine doped KDP and L-Arginine doped and mixed dimethyl urea phosphate,L-Alanine doped and 
mixed dimethyl urea phosphate can be grown and studied by various characterization. The effect of solution 
pH on the growth, morphology, electrical, mechanical,thermal, and optical characteristics can be studied 
after addition of dopant. 
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ABOUT BOOK 
Nonlinear optical crystals are widely used in modern optical science and technology for frequency 
conversion of Laser light. This book is intended to provide most fundamental but new development of 
techniques of fabrication of NLO crystals well as the characterizations in order to understand the 
mystery behind novel properties of the NLO crystals. This book will be useful for students and 
researchers to have sound idea about fabrication and crystal growth, how the properties can be 
achieved by nonlinear optical material with the help of different composition, doping and crystal 
growing techniques.  The book covers characterization techniques and actual characterization of some 
samples which will be useful for researchers. The book presents of NLO crystal growth techniques, 
NLO properties, next chapter covers role of amino acids in achieving NLO properties and highlights 
Glycine Amino Acid doped mixed KDP NLO crystal besides Disodium hydrogen phosphate (DSHP) 
along with their applications and explains characterizations such as NLO test, XRD, FITIR, UV visible 
spectrum Analysis and TGA and DSC (Thermal Analysis). The book contains systematic description 
of crystal growth techniques, NLO properties, sample characterizations catering useful contents to 
develop understanding in the area of NLO materials and LASERS. The authors sincerely hope that 
readers of the book will be benefited from approach presented and will oblige with useful suggestions.   

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 


