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ABSTRACT

In the emerging field of research, the focus of the researchers is on nanomate-

rials as they preserve all the properties which a good material possesses with the

exceptional advantage of dimension and cost. In the existing research work,

nanocrystalline manganese sulfide (MnS) thin films were grown using glass

substrates as deposition medium at 350 �C through simple and inexpensive

spray pyrolysis technique and were characterized using different techniques.

The films have nanocrystalline nature and accompanied hexagonal structure

with preferred orientation along (1 0 0) direction with an energy bandgap of

3.20 eV. The films show n-type conductivity and the value of resistivity was

found to be 6.232 9 106 Xcm.

1 Introduction

In today’s world, many electrical and optical indus-

tries are taking valuable benefits of the nanocrys-

talline films as they have a wide range of applications

with their unique electronic, optical, and magnetic

properties. On this behalf, researchers have studied

and manufactured thin films of various metal

chalcogenides such as PbS, CdS, ZnS, CuS, SnS, and

MnS [1–9] depending on their importance as well as

advantageousness properties and applications in

numerous fields. Among these, manganese sulfide is

one of the important material which is studied for its

numerous applications in solar cells, sensor, elec-

tronic devices, and optoelectronic devices [10]. Man-

ganese sulfide (VIIB-VIA) is a wide energy gap

diluted magnetic semiconductor (DMS) material

having a bandgap approximately of the order

3.10 eV, which has a potential application in the solar

cell as a window/buffer material [11]. Various

researchers have used the chemical bath deposition

method for the deposition of manganese sulfide thin

film. Hexagonal c-manganese sulfide films were

grown on a glass substrate by Hannachi et al. [12];

they report that the films cover the entire substrate

regularly with grains of spherical shape. By changing

the concentration of the forerunner solution, different

structure was reported by Dhandayuthapani et al.

[13] which may be caused by aligning accumulation

adjoining particles. The films possessing extremely

high transmittance and low reflectance properties

were investigated by Agbo et al. [14]; this shows that

films can be used as antiglare coverings in solar

applications. The consequence of the substrate was
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reported for n-type hexagonal structured MnS films.

Studies conclude that grain size, refractive index, and

bandgap emphatically depend on the type of sub-

strate used [15]. The parameters such as thickness

and the concentration of solution also play a vital role

in film deposition. When the concentration and

thickness were increased, the absorption property

and bandgap increase while the transmission

decreases [16]. According to Daniel-Umeri et al. [17]

when the concentration of Mn2? was minimum, the

values of different parameters such as ‘‘absorbance,

absorption coefficient, refractive index, extinction

coefficient, and optical conductivity were high’’ and

when the concentration was further increased, these

values decrease but the bandgap increases. Reddy

et al. [18] utilized the thermal evaporation method for

the deposition of manganese sulfide thin films and

they reveal that annealing temperature is directly

proportional to the bandgap and lattice structure of

the material. According to Alia et al. [19] if the

annealing temperature is increased, it results in the

increases of the crystal size and growth whereas the

intensity of ultra-visible transmission decreases.

Pathan et al. [20] used successive ionic layer

adsorption and reaction technique for investigating

the films of manganese sulfide and found that the

films are amorphous and possess water-loving (hy-

drophilic) behavior, also the energy bandgap increa-

ses with thickness. Manganese sulfide thin films were

grown using electrodeposition by Lucky et al. [21]

and they report the pH of the solution is directly

proportional to thickness and resistivity and inver-

sely proportional to conductivity. The films depos-

ited by the hydrothermal technique show a highly

crystalline structure even at low deposition temper-

ature with an expected bandgap of 3.8 eV [22]. If an

appropriate amount of complexing agents are added

to the synthesis, the phase alteration and shape-con-

trol can be achieved [23]. RF-sputtering technique

was used for the deposition of polycrystalline man-

ganese sulfide thin films by Sandra et al. [24] and

they report the variation in concentration of sulfur

with temperature. The phase of film changes from

amorphous to polycrystalline as the concentration is

increased at 120 �C and 180 �C. The molecular beam

epitaxy technique was used to deposit layers of

manganese sulfide with discrete thickness and

investigated by photoluminescence spectroscopy

[25]. Films of manganese sulfide were deposited with

the help of simple and economic spray pyrolysis

method and phase change is observed due to the

annealing process and also the effect of thickness on

bandgap is reported by Chowdhury et al. [26].

Manganese sulfide film of polycrystalline nature was

deposited and the effect of annealing time was

reported. As time is increased, grain size has

increased whereas the dislocation density, micros-

train, and grain boundary energy are decreased [27].

According to existing literature, not much work is

reported on the physical characterizations of man-

ganese sulfide thin films grown by chemical spray

pyrolysis technique. Therefore, with this regards,

physical characterizations of nanocrystalline man-

ganese sulfide (MnS) thin films using simple and

economic spray pyrolysis technique were reported.

2 Experimental details

There are many deposition techniques available for

the film deposition. Each method has its advantage

and disadvantage. The selection of an appropriate

deposition method is also one of the important fac-

tors which decide the film deposition concerning the

other parameters such as deposition time, deposition

cost, instrumentation required, etc. By keeping this

fact in mind for the deposition manganese sulfide

thin films, spray pyrolysis technique was utilized. For

the film deposition, blue star makes non-conducting

glass slides which were used as deposition sub-

strates. For the deposition, chemicals such as man-

ganese chloride (MnCl2) and thiourea [SC(NH)2]2
provided by Sd-fine Chemicals were used. The

solution having a stable phase was prepared by

mixing 30 mL (MnCl2) with a molarity of (0.1 M) and

30 mL [SC(NH)2]2 with a molarity of (0.1 M) in a

measuring cylinder.

‘‘This solution was sprayed using compressed air

as a carrier gas onto hot glass substrates kept at

350 ± 5 �C temperature. Several trials were con-

ducted to optimize the different deposition parame-

ters such as substrate temperature, spray rate,

concentrations of cationic, and anionic sources, and

so on. The optimized deposition parameters are listed

in Table 1. The optimized deposition temperature

was found to be& 350 �C. The films deposited below

this temperature were discontinuous and less adhe-

sive. The optimized spray rate was found to be

5 mL/min. The films deposited above this spray rate

are discontinuous showing cracks which may be due
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to incomplete thermal decomposition. However,

films deposited at low spray rates are discontinuous

due to insufficient quantity of sprayed solution’’ [28].

The thickness of the deposited film was deter-

mined by gravimetric method [29] and the value was

found to be 168 nm. Philips PW 1710 diffractometer

was utilized for the determination of the structural

analysis with Cu-Ka radiation of wavelength

1.5405 Å. Lambda 25UV–VIS spectrophotometer

manufactured by PerkinElmer was used for the

optical characterizations and JEOL 6380A scanning

electron microscope was utilized to study the surface

morphology of the deposited films.

3 Results and discussion

3.1 Structural analysis

The XRD pattern of manganese sulfide thin film is

shown in Fig. 1. The XRD peaks could be indexed as

(100), (002), (102), (103), (201), (210), (300), and (205).

The detected peaks corresponded to the development

of the hexagonal phase of manganese sulfide and

therefore were indexed according to the hexagonal

structure. The hexagonal lattice structure of man-

ganese sulfide thin films is in good agreement with

the results reported by Yilmaz [27]. Debye Scherer’s

formula [30] and FWHM data were used to obtain the

value of crystallite size which is found to be

30.91 nm.

D ¼ Kk
bCosh

ð1Þ

In the above equation, k denotes X-ray wavelength

(0.154 nm), D denotes the crystallite size b denotes

Bragg’s angle, and h denotes full width-at-half-

maximum.

To confirm the structure of the deposited man-

ganese sulfide thin films, the comparison is done

between the standard value (JCPDS file MnS:

65–3413) and the observed value as shown in Table 2.

3.2 Morphology

The morphological characterization of nanoparticles

attracts the researcher because it shows a remarkable

effect on material properties. The morphology of the

manganese sulfide thin films was studied by using

scanning electron microscopy. Typical SEM images of

the as-deposited thin films are presented in Fig. 2.

The image shows densely compact spherical grains

that cover the entire surface of the substrate besides

neither cracks nor voids are present on the surfaces;

this gives the evidence for adequate quality of the

deposited film. The value of grain size obtained by

scanning electron microscope image is found to be

38.22 nm.

Fig. 1 XRD pattern of manganese sulfide thin films

Table 1 Optimized

preparative parameters Name of parameter Optimized value

Composition of spray solution 30 mL, 0.1 M Manganese chloride ? 30 mL, 0.1 M Thiourea

Nature of substrate Amorphous glass

Substrate temperature 350 ± 5 �C
Spray rate 5 mL/min

Spray nozzle diameter 0.5 mm

Nozzle to substrate distance 27 cm

J Mater Sci: Mater Electron
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3.3 Optical properties

For the determination of the optical absorption

spectrum, Perkin Elmer’s manufactured Lambda 25

UV–VIS spectrophotometer was used. Figure 3 dis-

plays the graph plotted between variations of optical

absorption versus wavelength for manganese sulfide

thin films in the wavelength varying from 300 to

1100 nm.

The optical bandgap energy of the film was com-

puted using the formula as described [31] below from

the graph of (ahm)2 vs. photon energy (hm) plotted for

the direct transition.

aht ¼ Aðht�EgÞn ð2Þ

where the energy of a photon is denoted by ‘‘ht,’’ ‘‘Eg’’
represents bandgap energy, and ‘‘A’’ and ‘‘n’’ are

constants. As we know that, the values of n = 1/2 are

used for direct allowed transitions, n = 2 is used for

indirectly allowed transitions, and n = 3/2 is used for

directly forbidden transitions. From Fig. 4, we can

say there is a direct transition. The calculated value of

‘‘Eg’’ was found to be 3.20 eV. The obtained value of

bandgap energy was found to be in good agreement

with the value reported by Dhandayuthapani et al.

[13].

From the value obtained of bandgap energy, we

can say that manganese sulfide has a wide bandgap

which makes it suitable to be used as window/buffer

material. To reduce the losses produced due to

thermal radiation, manganese sulfide can be used as

Fig. 2 SEM micrographs of manganese sulfide thin film

Fig. 3 Variation of optical absorption vs. wavelength for spray

deposited manganese sulfide thin film

Fig. 4 Plot of (aht)2 vs. ht for spray deposited manganese sulfide

thin film

Table 2 Comparison of

observed and standard XRD

data of manganese sulfide thin

Film Observed data Standard data h k l Phase

2h (degree) d (Å) 2h (degree) d (Å)

MnS 25.802

27.708

38.012

49.987

54.953

72.099

83.687

96.522

3.397

3.181

2.413

1.792

1.612

1.367

1.201

1.002

25.722

27.655

38.125

49.920

54.895

72.160

83.790

96.338

3.460

3.223

2.358

1.825

1.671

1.308

1.153

1.033

1 0 0

0 0 2

1 0 2

1 0 3

2 0 1

2 1 0

3 0 0

2 0 5

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal

Hexagonal
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a solar selective coating. Also, it can be utilized as a

material for short-wavelength optoelectronic devices,

sensors, photoconductors, optical mass memories,

and storage. Hence, manganese sulfide thin films can

be used in the manufacturing of the devices which

can operate at high temperature and high power.

3.4 Electrical analysis

Studies of electrical properties are a wide term that

contains several other parameters such as the mate-

rial resistivity, conductivity own by the material,

temperature coefficient of resistance, materials’

dielectric strength, and thermoelectricity property

gain by the material. In the current research materi-

als, resistivity and thermoelectric properties were

investigated. ‘‘The two probe method is one of the

standards and most commonly used method for the

measurement of resistivity for very high resistive

samples like sheets/films of polymers (Fig. 5)’’ [28],

for making ohmic contacts to MnS thin films silver

paste was used. The nature of manganese sulfide/

silver contacts was tested up to 30 V.

A current–voltage characteristic shows the linear

nature of the plot (Fig. 6). By varying the temperature

from 30 �C to 150 �C, the correlation between resis-

tivity with temperature was studied which reveals

that as the increase in temperature results the

decreases the resistivity, confirming the semicon-

ductor nature of deposited material. Figure 7 shows

the graph between log(q) and (1/T) for the as-de-

posited thin films.

The thermal activation energy of manganese sul-

fide film obtained is 0.331 eV by using the relation

[32],

q ¼ q0exp (E0=KTÞ ð3Þ

where ‘‘q’’ symbolizes resistivity, ‘‘q0’’ and ‘‘K’’ are

constant.

Electrical resistivity is found to be 6.232 9 106 Xcm
when calculated at room temperature. The compar-

ison of the obtained value of electrical resistivity with

the values reported in the literature is shown in

Table 3, which clearly confirms that electrical resis-

tivity is directly proportional to the deposition

methods, substrate temperature, thickness, and con-

centrations of cationic and anionic sources

[14, 20, 33].

Fig. 5 Two probe method setup for measuring resistivity of spray-

deposited manganese sulfide thin film

Fig. 6 I–V characteristics of spray deposited manganese sulfide

thin films

Fig. 7 Variation of Log of resistivity with 1/T for spray deposited

manganese sulfide thin film

J Mater Sci: Mater Electron
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In the existing research work, thermoelectric power

was calculated as a function of temperature in the

range of 27–210 �C (Fig. 8). The polarity of the ther-

moelectric voltage confirms that the as-deposited

films have n-type conductivity.

4 Conclusion

In the present research work, nanocrystalline films of

manganese sulfide were deposited using glass sub-

strates as deposition medium at 350 �C employing

simple and inexpensive chemical spray pyrolysis

method and were characterized using different

techniques. The films accompanied hexagonal struc-

ture with preferred orientation along (1 0 0) direction

with wide bandgap energy of 3.20 eV. The films

show n-type conductivity and the value of resistivity

was found to be 6.232 9 106 Xcm. From these stud-

ies, we can say that manganese sulfide may be one of

the extremely appropriate semiconductor materials

which can be utilized for engineering optoelectronic

devices which operate at high power, high tempera-

ture, and high frequency.
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4. T. Çayır Taşdemirci, Study of the physical properties of CuS

thin films grown by the SILAR method. Opt. Quantum Electr.

(2019). https://doi.org/10.1007/s11082-019-1963-0

5. A. Mukherjee, P. Mitra, Structural and optical characteristics

of SnS thin film prepared by SILAR. Mater. Sci. Poland

33(4), 847–851 (2015). https://doi.org/10.1515/msp-2015-

0118

6. C.D. Lokhande, A. Ennaoui, P.S. Patil, M. Giersig, M. Mul-

ler, K. Diesner, H. Tributsh, Process and characterization of

chemical bath deposited manganese sulphide (Mns) thin

films. Thin Solid Films 330, 70–75 (1998). https://doi.org/10.

1016/S0040-6090(98)00500-8

7. M.M. Hasan Farooqi, R.K. Srivastava, Structural, optical and

photoconductivity study of ZnO nanoparticles synthesized by

annealing of ZnS nanoparticles. J. Alloys Compd. 691,

Fig. 8 Variation of thermo-emf (mV) with temperature difference

for spray deposited manganese sulfide thin film

Table 3 Electrical resistivity in the present work and reported MnS-based thin films in the literature

Deposition method Deposition temp (K) Bandgap (eV) Electrical rest. (Xcm) Type of conductivity References

CBD 313 3.56 7.1 9 105 n-type [14]

Electrodeposition technique 300 1.7 2.652 9 106 – [20]

SILAR 300 3.39 11.84 9 106 – [33]

Spray pyrolysis 623 3.20 6.232 9 106 n-type Present work

J Mater Sci: Mater Electron

7

https://doi.org/10.1016/j.matchemphys.2005.07.061
https://doi.org/10.1016/j.matchemphys.2005.07.061
https://doi.org/10.1016/j.jaubas.2011.10.001
https://doi.org/10.1016/j.jaubas.2011.10.001
https://doi.org/10.1016/j.jcrysgro.2005.07.050
https://doi.org/10.1016/j.jcrysgro.2005.07.050
https://doi.org/10.1007/s11082-019-1963-0
https://doi.org/10.1515/msp-2015-0118
https://doi.org/10.1515/msp-2015-0118
https://doi.org/10.1016/S0040-6090(98)00500-8
https://doi.org/10.1016/S0040-6090(98)00500-8


275–286 (2016). https://doi.org/10.1016/j.jallcom.2016.08.

245

8. D.K. Sonavane, S.K. Jare, M.A. Shaikh, R.V. Kathare, R.N.

Bulakhe, Characterization of MnS thin films deposited by

chemical bath deposition. Mater. Sci. Forum 969, 433–438

(2019). https://doi.org/10.4028/www.scientific.net/MSF.969.

433

9. B.D. Biswas, M.D. Purkayastha, T.P. Majumder, Effect of

DAS on the optical and photocatalytic properties of

metastable c-MnS nanoparticle. Surf. Interfaces 19, 100469

(2020). https://doi.org/10.1016/j.surfin.2020.100469

10. H.S. Min, Metal selenide semiconductor thin films: a review.

Int. J. Chem. Tech Res. 9(3), 390–395 (2016)

11. S. Wang, K. Li, R. Zhai, H. Wang, Y. Hou, H. Yan, Synthesis

of metastable c-manganese sulfide crystallites by microwave

irradiation. Mater. Chem. Phys. 91(2–3), 298–300 (2005). h

ttps://doi.org/10.1016/j.matchemphys.2004.11.027

12. A. Hannachi, S. Hammami, N. Raouafi, H. Maghraoui-Me-

herzi, Preparation of manganese sulfide (MnS) thin films by

chemical bath deposition: application of the experimental

design methodology. J. Alloy Compd. 663, 507–515 (2016).

https://doi.org/10.1016/j.jallcom.2015.11.058

13. T. Dhandayuthapani, M. Girish, R. Sivakumar, C. Sanjeevi-

raja, R. Gopalakrishnan, Tuning the morphology of

metastable MnS films by the simple chemical bath deposition

technique. Appl. Surf. Sci. 353, 449–458 (2015). https://doi.

org/10.1016/j.apsusc.2015.06.154

14. S.N. Agbo, F.I. Ezema, Analysis of chemically deposited

MnS thin films. Pac. J. Sci. Technol. 8(1), 1–5 (2007)

15. C. Ulutas, O. Erken, M. Gunes, C. Gumus, The effects of

substrate on the physical properties of gamma-MnS thin films

deposited by chemical bath deposition. Phys. B 588, 412175

(2020). https://doi.org/10.1016/j.physb.2020.412175

16. C.I. Usoh, C.U. Okujagu, Spectral analysis of amorphous thin

films of MnS obtained chemically by varying solution con-

centrations. Res. J. Phys. Sci. 2(2), 1–8 (2014)

17. R.A. Daniel-Umeri, K. Emumejaye, Optical and solid state

properties of manganese sulfide thin films deposited using

chemical bath method. Int. J. Sci. Eng. Res. 6(11), 657–663

(2015)

18. D. Sreekantha Reddy, D. Raja Raddy, B. Reddy, A. Mal-

likarjuna Reddy, K. Gunasekhar, P. Sreedhere Reddy,

Annealing effect on physical properties of thermally evapo-

rated MnS nanocrystalline films. J. Optoelectron. Adv. Mat. 9,

2019–2022 (2007)

19. A.A. Alia, S. Suha, A. Fadaam, The effect of thermal

annealing processes on ructural, topographical, and optical

properties of manages sulfide thin films. J. Multi. Eng. Sci.

Stu. 2(5), 523–526 (2016)

20. H.M. Pathan, S.S. Kale, C.D. Lokhande, S.H. Han, O.S. Joo,

Preparation and characterization of amorphous manganese

sulfide thin films by the SILAR method. Mater. Res. Bull.

42(8), 1565–1569 (2007). https://doi.org/10.1016/j.materresb

ull.2006.11.017

21. I.I. Lucky, F.C. Ugbo, I.B. Okeghene, Growth and charac-

terization of manganese sulphide (MnS) thin films . Int.

J. Res. Appl. Nat. Sci. 4(1), 1–9 (2018)

22. Y. Zhang, H. Wang, B. Wang, H. Yan, M. Yoshimura, Low-

temperature hydrothermal synthesis of pure metastable c-

manganese sulfide (MnS) crystallites. J. Cryst. Growth

243(1), 214–217 (2002). https://doi.org/10.1016/s0022-0248

(02)01495-1

23. Y. Gui, L. Qian, X. Qian, Hydrothermal synthesis of uniform

rock salt (a-) MnS transformation from wurtzite (c-) MnS.

Mater. Chem. Phys. 125(3), 698–703 (2011). https://doi.org/

10.1016/j.matchemphys.2010.09.071

24. S.A. Mayén-Hernández, S. Jiménez-Sandoval, R. Castanedo-
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The highlights of the work are as below, 

 LT-BTZA bulk crystal of 5cm has been grown. 

 Optical transparency of LT-BTZA crystal is 21% higher than BTZA  

 SHG efficiency of LT-BTZA is 1.59 times BTZA while it is 1.45 times KDP crystal 

 Dielectric constant of LT-BTZA crystal is lower than BTZA. 
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 LT-BTZA crystal is thermally stable up to 137 oC 

 

 

Abstract 

In present research article the single crystal has been grown and change in traits of BTZA crystal 

has been evaluated by comparative approach. The single crystal X-ray diffraction technique has 

been utilized to determine the structural configurations of pure and LT influenced BTZA crystal. 

LT influenced BTZA sample has been subjected to energy dispersive spectroscopic technique to 

find out the chemical composition. The UV-visible spectral analysis has been carried out within 

200-900 nm to explore rise in transmittance of BTZA crystal due to LT. The prominent increase 

in frequency doubling efficiency of LT influenced BTZA crystal has been confirmed by means 

of Kurtz-Perry test. The temperature dependence of electrical parameters of pure and LT 

influenced BTZA crystal has been comparatively evaluated confined to 30-100 oC range. The 

thermal stability of LT influenced BTZA crystal has been performed within 40-400 oC by 

thermogravimetric and differential thermal analysis (TG-DTA). 

Keyword: Crystal growth, Optical studies, Dielectric studies, Thermal studies 

1. Introduction 

The development of supreme nonlinear optical (NLO) crystal delivering best crystallinity, 

mechanical, optical, electrical and thermal traits has become a need for designing the photonics, 

telecommunication systems, frequency modulation, optoelectronics and NLO devices [1-3].The 

crystals of thiourea metal framework (TMF) offer overall performance due to occurrence of 

organic ligand of thiourea and nonorganic attributes of metallic bond. The widely studied TMF 

crystals are enlisted in literature [4]. BTZA is competent second and third order NLO crystal and 
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its various characteristics have been reported in literature [5-8]. Amongst the large family of 

TMF crystals, the BTZA crystal draws much attention of researchers owing to very less 

availability of reports which evaluate the effect of different additives on BTZA crystal. The 

presence of LiCl imparts significant impact on linear-nonlinear optical and hardness of BTZA 

crystals [9]. The assertive impact of Cd+2on thermal stability and linear/laser induced optical 

traits of BTZA crystal [10]. Enhancement in features of BTZA crystals due to presence of L-

proline has been reported [11]. Specifically, amino acids are well known for enduring 

widespread H-linkage web, polarizing ability and chiral symmetry. The inherent nature of amino 

acid holds a driving force that can widely alter the properties of the host material [12-14]. Thus, 

in current investigation a very first attempt has been made to reveal the mutating ability of L-

tyrosine on optical, dielectric and thermal characteristics of BTZA crystal and foreshow its 

applicability for NLO device applications. 

2. Experimental procedure 

High quality salts of CH4N2S (2mole) and ZnC4H6O4 (1mole) were poured in distilled water to 

synthesize the bis-thiourea zinc acetate (BTZA) complex. The homogeneous solution of BTZA 

was prepared by dissolving the synthesized BTZA complex in double distilled water and 1 mole 

of L-tyrosine (LT) was supplemented to this solution. This LT added BTZA solution was allowed 

to agitate for six hours. The LT influenced BTZA (LT-BTZA) solution was passed through the 

filter paper (Whatmann No.1) and the filtrate was housed in a water bath constrained at 35 oC. 

The grown LT-BTZA bulk crystal (Fig. 1) was harvested within 28 days. 

3. Rationale 

The standard method of X-ray diffraction (XRD) has been used at room temperature and 

necessary crystallographic attributes have been obtained using the X-ray diffractometer 
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(EnrafNonius CAD4) . The recorded crystallographic information shows that the pure and LT-

BTZA crystal is found to have monoclinic crystal structure belonging to P12 space group. The 

crystallographic details of grown crystals are shown in table 1. 

The linear transmittance of pristine and LT-BTZA crystal has been tested using the 

Shimadzu UV-1601 spectrophotometer. The transmittance spectrum scanned within 200-1100 

nm is citable in Fig. 2a which reveals that the transmittance of BTZA is 71% while that of LT-

BTZA is 90%. The LT-BTZA crystal is thus determined to have superior optical transmittance 

by 19% as compared to BTZA. It is essential to know that the optical transmittance is influenced 

by crystal orientation, structural and crystalline defects [15-16] however the witnessed rise in 

transmittance of LT-BTZA crystal is clear indication of reduced internal scattering or absorption 

in the crystalline system [17]. The optical transmittance of LT-BTZA crystal remains unchanged 

throughout the investigated window of spectrum that encourages its suitability for designing the 

devices necessary for UV shelter and transmission of 2ndor 3rd harmonic signals of 1064 nm [18]. 

 The noncentrosymmetric nature of crystal is the very prime factor that promotes its 

ability to produce the second order nonlinear optical effects. Therefore in current investigation 

the Kurtz-Perry test [19] setup is used to examine the 2nd harmonic generation (SHG) efficiency 

of the grown crystals. Prior to analysis the crystals were crushed to form micro-granules and 

packed in sampling cavity. The quartz sampling cavity was then located at sample holder that 

was placed at far distance from the laser (Q-switch mode, 1064 nm, 10 Hz, 6 ns). The KDP 

(standard material), BTZA and LT-BTZA samples were respectively analyzed and the output 

intensity of each was recorded as replicated in Fig. 2b. It is spotted that the SHG efficiency of 

LT-BTZA is much better than BTZA and KDP. Thus the conversion efficiency of LT-BTZA 

crystal is 1.59 times higher than BTZA while it is 1.45 times higher than KDP crystal. The LT-
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BTZA crystal with highest SHG efficiency is found to be most desirable for fabricating SHG 

converters for 1064 nm sources [20].         

 The dielectric studies have been carried out at fixed frequency of 100 Hz by applying 

temperature ranging from 30-100 oC. The variation in electrical parameters has been collected 

and the data plot is shown in Fig. 3a (dielectric constant, εr = Cd/ε0A where C is the capacitance, 

d is the breadth of the sample and A is the area of the sample, ε0 is the permittivity of free space) 

and 3b (dielectric loss, δ = Tan-1(εr/ε0)). The εr is consequence of electronic, ionic, dipolar and 

space charge polarization [21]. As thermal energy is provided to the crystal its εr is largely 

contributed by activeness of space charge polarization [22] and so it is witnessed that the εr of 

studies crystals significantly enlargement with increase in temperature. It is eye catching that the 

εr of LT-BTZA crystal shows significantly lesser magnitude at given values of temperature. The 

lower dielectric constant indicates that the material offers less power consumption, low RC delay 

and minimum crass talk which are most desirable factors for designing various photonic devices 

[23-24]. The deficiency of electrical signal in a medium trenches from the existence of micro-

cracks, pores, random orientation and various defects [25-26] which leads to origin of physical 

parameter of dielectric loss. The dielectric loss of grown crystal shows increasing trend with 

temperature however the dielectric loss of LT-BTZA crystal is much lower than BTZA. This 

confirms the minimum possession of impurities and better quality of LT-BTZA. The LT-BTZA 

crystal with better dielectric properties can be suggested more suitable for crafting advanced 

electro-optic, optoelectronics, THz wave generators and photonic devices [27-29]. 

The thermogravimetric and differential thermal analysis (TG-DTA) of LT-BTZA crystal 

material has been performed within the nitrogen atmosphere by means of Perkin-Elmer Diamond 

thermal analyzer. The sample temperature was incremented at the constant pace (10 oC/min) and 
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the TG-DTA thermogram was simultaneously recorded from 40-415 oC as depicted in Fig. 4. 

The survey of TG curve unearths that the LT-BTZA crystal can withstand thermal 

decomposition up to 137 oC which also justifies the absence of water molecule in synthesized 

LT-BTZA. The DTA curve evidences that the presence of two endothermic peaks cited at 161.5 

and 207.7 oC within the evaluated range of temperature. The sharp peak observed at 161.5 oC 

defines the melting point of LT-BTZA material. The high thermal stability is much preferable for 

applications which are largely governed by laser exposure. 

4. Conclusion                  

A bulk crystal of LT-BTZA has been harvested by conventional slow solvent evaporation modus 

operandi. The XRD analysis revealed minimal change in unit cell dimensions without altering 

monoclinic crystal structure of pristine and LT-BTZA crystal. The UV-visible studies revealed 

that the transmittance of BTZA and LT-BTZA is 71% and 90% respectively. The enhancement 

in transmittance by 19% vitalizes the credibility of LT-BTZA crystal over BTZA for distinct 

optical devices. The SHG efficiency of LT-BTZA sample owing to enhanced delocalization of π-

electron crystal is found to be 1.59×BTZA and 1.45×KDP crystal. In electrical studies, the 

dielectric constant and dielectric loss of LT-BTZA is obtained to be much lower than BTZA 

within the temperature range of 30-100 oC. The TG-DTA analysis validates that LT-BTZA 

crystal is strongly resistant to thermal changes up to 137 oC and the melting point is found to be 

at 161.5 oC. The LT-BTZA crystal with unique and intriguing properties may serve as promising 

material to flourish various domains of fundamental and technological aspects of NLO 

applications. 
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Fig. 1. Bulk crystal of LT-BTZA 
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Fig. 2. (a) Linear optical spectrum (b) SHG output 
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Fig. 3. Thermal dependence of (a) dielectric constant and (b) dielectric loss 
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Fig. 4. TG-DTA curve 
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Table 1. XRD data 

Crystal Unit cell parameter (Å) and Volume (Å)3 Structure Space group 

BTZA a = 7.12, b = 17.67, c = 11.15, β = 103.11, V = 1366.22 

a = 7.15, b = 17.73, c = 11.20, β = 103.13, V = 1382.70  

Monoclinic P12 

LT-BTZA Monoclinic P12 
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 Doping of Zn enhanced the optical transparency of KDP crystal by 9%. 

 The enhanced SHG efficiency of Zn-KDP crystal is 1.55 × KDP. 

 Doping of Zn tunes the nonlinear refraction of KDP crystal from positive to negative.  

 The χ3 of 6×10-4 esu infer high charge delocalization ability of Zn-KDP crystal. 

 Zn reduced dielectrics of KDP crystal vital for optoelectronics device applications. 

 

 

 

 

Abstract 

Pure (KH2PO4, KDP) and zinc (Zn2+) influenced KH2PO4 (Zn-KDP) crystal have been grown by 

slow evaporation solution technique. The structural details of grown crystals were determined by 

means of powder X-ray diffraction analysis. The incorporation of Zn2+ in KDP crystal has been 

qualitatively analyzed by virtue of energy dispersive spectroscopy. The paramount linear optical 

constant of pure and Zn-KDP crystals have been illustrated using the transmission data from UV-

visible spectral analysis recorded within range 200-900 nm. Kurtz-Perry test reveals the 

enhancement of 1.55 times in SHG efficiency of Zn-KDP crystal with reference to KDP. First 

ever, third order nonlinear optical (TONLO) parameters of Zn-KDP crystal has been investigated 

using Z-scan technique. Laser withstanding limit of Zn-KDP crystal has been determined by 

laser damage threshold (LDT) study. The dielectric response of pure and Zn-KDP crystals has 

been investigated at different temperatures. Microscopic etching study was employed to evaluate 

the crystal quality of grown crystal. 

Keywords: Crystal growth, Dielectric studies, Optical studies, Nonlinear optical materials 
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1. Introduction           

       Since laser inception, nonlinear optical (NLO) crystals became conducive for  

discrete NLO phenomenon such as electro optic effect, second harmonic generation(SHG) 

,sum/difference  frequency generation(SFG/DFG) and  χ3 effect such as nonlinear refraction and 

Kerr effect. Hitherto, intense investigations on NLO crystals has brought avalanche development 

in technological devices which lead to its wide possibility for application in the field of 

biomedical, SHG, optical switching, electro-optic signal modulation, photonics and data storage 

devices [1, 2]. Potassium dihydrogen phosphate (KH2PO4, KDP) is one such vital NLO crystal 

belonging to noncentrosymmetric I42d space group which offers high growth rate for single bulk 

crystals with prominent optical homogeneity, large χ2 coefficient and lower dielectric response 

decisive for optoelectronics devices [3, 4]. Among several existing growth methods, 

conventional slow evaporation technique has gained tremendous attention to harvest NLO crystal 

owing to commercial viability.  Concurrently, it is evidenced that doping of adequate amount of 

impurity can largely optimize the growth parameters and modify the intrinsic qualities of host 

material. In past, several properties pertaining to KDP crystal have been improved by doping 

metallic impurities to explore its potential candidature for practical device fabrication. Addition 

of Al3+ and Na+ metal ions has decisively tailored opacity and hardness of KDP crystal [5]. The 

influence of Mn2+ on growth of  KDP crystal has been investigated in detail by Preeti Singh et 

al.[6].The incorporation of selected impurities such as Li(I), Ca(II), Ce(IV) and V(V) have 

resulted to large improvement in crystalline perfection, optical transparency and SHG efficiency 

of KDP crystal [7]. It is evidenced that metallic impurities offer the uplifting impact on optical 

and dielectric properties of KDP crystal. The detail literature survey strongly implicates toward 

the fact that effect of various metallic impurities might optimize the third order nonlinear optical 
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(TONLO) and laser damage threshold (LDT) performance of KDP crystal which will explore 

new vendors for optical switching application. This urges a stringent research on laser induced 

optical properties of KDP crystal in presence of metallic impurities. Herein, we claim novel 

investigation exploring the impact of Zn2+ metal ion on growth, structural, microscopic, UV-

visible, SHG efficiency, TONLO, LDT and dielectric properties of KDP crystal grown by slow 

evaporation technique to discuss its possible utility in intense light assisted devices.  

2. Experimental procedure 

Required supersaturated solution of host material was prepared by dissolving KDP salt in 

distilled deionized water. Subsequently, to achieve doping, 1 wt% of zinc chloride (ZnCl2) was 

added gradually to the solution of KDP. Further, uniform stirring was continued for six hours to 

ensure doping of Zn2+ in KDP. The Zn2+ influenced KDP (Zn- KDP) solution was filtered using 

the nylon membrane filter (47 mm diameter) in rinsed beaker and kept in a constant temperature 

bath having accuracy ±0.01 0C. Fig. 1 shows single crystal which was harvested within 18-20 

days. Striking observation is that, addition of Zn2+ has improved the optical quality of KDP 

crystal.  

3. Results and discussion 

3.1. X-ray Diffraction analysis 

In order to ascertain the structural details, the grown crystal materials were characterized by 

powder X-ray diffraction (PXRD) in the 2θ range of 20-70 degree using the Rigaku Miniflex (II) 

X-ray diffractometer. The recorded PXRD patterns were indexed and the identified peaks were 

matched using the powder-X software by keeping the 2θ error of 0.01. The indexed PXRD 

pattern of pure and Zn-KDP crystal material is depicted in Fig. 2a and 2b respectively. PXRD 

pattern reveals that the identified peaks are sharper in Zn-KDP crystal as compared to KDP 
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crystal in particular the peaks of plane (200), (211), (202), (301), (321), (213) and (323) are more 

expressive in PXRD pattern of Zn-KDP crystal. The relatively sharper peaks confirm the 

improved crystallinity and reduced grain boundaries in Zn-KDP crystal [8]. This study 

confirmed that the pure and Zn-KDP crystals possess tetragonal crystal structure. The evaluated 

cell parameters of KDP crystal are a = b = 7.448 (Å), c = 6.988 (Å), V = 387.64 (Å)3 and that of 

Zn-KDP crystal are a = b = 7.461(Å), c = 6.991 (Å), V = 389.16 (Å)3. The effect of dopant can 

be significantly observed in physical appearance and the dimensions of the crystal. The slight 

change in crystal dimension suggests the promising influence of Zn2+ in crystal lattice of KDP 

crystal material. 

3.2. Microscopic studies 

The quality of the crystal can be identified by observing the growth habitat of crystal along the 

desired plane which can be analyzed by employing the surface etching study at a microscopic 

level. The good quality crystal is expected to have smooth surface, uniform growth habitat and 

absence of pits, voids and defects (structural and crystalline). In present analysis, etch patterns of 

pure and Zn-KDP crystals shown in Fig. 3 were recorded after 15 seconds at a scale of 50 μm. 

The micrograph etch pattern of KDP crystal shown in Fig. 3a reveals to have irregular defects, 

non-uniform growth and bumpy surface. However, the micrograph etch pattern of Zn-KDP 

crystal shown in Fig. 3b reveals to have smooth surface, uniform layered growth throughout the 

surface and absence of pits, structural and crystalline defects. Thus, confirming the improved 

crystal quality of Zn-KDP crystal. The microscopic study infers that Zn2+ is vital in enhancing 

the crystal quality along with growth habitat of KDP crystal. 

3.3. Elemental analysis 
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Elemental confirmation in the host KDP has been done by energy dispersive spectroscopic 

(EDS) technique. Well-conditioned HITACHI S4700 instrument has been deployed for the EDS 

analysis of Zn-KDP crystals. For analysis, crystals were taken in the form of powder and 

exposed to electromagnetic beam in the range 0-10 KeV. The EDS spectrum has been recorded 

and the identified elements at different energies are indexed in Fig. 4a. The major intensity peaks 

at 4 KeV, 5.3 KeV and 7.5 KeV are contributed by dopant Zn2+ which confirms inhabitation of 

Zn in KDP crystal. The principle elements of host material KDP that are potassium (K) 

phosphorous (P) and oxygen (O) are also confirmed. 

3.4. Optical and electrical studies 

3.4.1. UV-visible analysis 

Electronic transitions associated with the optically active functional group of material plays 

decisive role in limiting the cut-off wavelength, % transmittance and transmittance range of the 

crystal. In present analysis, transmittance spectrum (Fig. 4b) of unpolished pure and Zn-KDP 

crystals has been recorded within range 200-900 nm using the Shimadzu UV-1061 

spectrophotometer. It exhibits that % transmittance of Zn-KDP crystal (88%) is relatively higher 

than KDP crystal (79%). It is necessary to understand that the transmittance in single crystal is 

dependent on defect (structural and crystalline) density and inherent optically active functional 

chromophores [9]. Therefore, the observed enhancement in transmittance by a margin of 9% 

indicates that the Zn-KDP crystal possesses less defect centers and solvent inclusions resulting to 

less optical absorption and scattering [10], which is in concurrence with observed results in 

microscopic studies demonstrated in Fig. 3. In addition, the photonic response of optical 

conductivity (Fig. 5a) and extinction coefficient (Fig. 5b) has been investigated. The optical 

conductivity increases with photon energy at the same time the extinction coefficient of Zn-KDP 
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crystal is essentially lower than KDP crystal. The high transmittance over wide wavelength 

range, reduced absorption quality, improve optical conductivity and lower extinction coefficient 

of Zn-KDP crystal makes it a potential material for UV-tunable lasers, ultrafast information 

processing/computing systems and SHG device applications [11-13]. 

3.4.2. SHG efficiency test 

SHG efficiency test has been performed by employing well-recognized Kurtz-Perry powder 

technique [14]. For sake of SHG characterization, quartz cavity involved in the test setup is filled 

with small scale uniform micro-granules of pure and Zn-KDP crystal. Furthermore, quartz cavity 

was multishot by gaussian filtered beam of Nd: YAG laser (λ=1064 nm, 5.4 μJ/pulse, 10 Hz, 6ns). 

Due to this intense beam, exhibition of SHG in Zn-KDP crystal was confirmed vis- a- vis light 

signal of wavelength 532 nm was noticed at the output window. Fig. 6 shows SHG output 

intensity which reveals significant upliftment in SHG efficiency of Zn-KDP crystal. Notably, Zn-

KDP has 1.55 times higher efficiency than host KDP crystal. Large electronegativity of Zn2+ as 

compared to host KDP could be instrumental in enhancing  photoinduced electron delocalization 

which  might be the key reason for increase in SHG efficiency of KDP crystal [15, 16].The higher 

value of Zn-KDP crystal than host indicate that it  may play pivotal role in devising the frequency 

converter devises [17] 

3.4.3. Z-scan study                 

Sheikh Bahea et al. developed promising scanning technique which determines distinct third 

order nonlinear optical (TONLO) parameters reported in literature [18]. Details of optical 

resolution pertaining to Z- Scan setup is tabulated in table1. In present study, He-Ne LASER is 

used to scan Zn-KDP crystal along the Z direction about the focal point and light coming through 

the crystal has been apparently recorded by photodetector. In closed aperture configuration, 
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exposure of highly repetitive beam through crystal sample results into localized absorption which 

introduces phase shift in transmission about the beam focus (Z=0) of irradiance. Pre-focus peak 

followed by post-focus valley observed in Fig. 7a.  Confirms negative nonlinear refraction 

(NLR) tendency of Zn-KDP crystal. NLR is an intrinsic attribute of material possessing self-

defocusing nature which is highly susceptible to be used in protection of optical night vision 

sensors [19]. In open aperture configuration, transmittance decreases to lower value at focus 

indicating the existence of reverse saturable absorption (RSA) effect in Zn-KDP crystal(shown in 

Fig. 7b).This noticed RSA effect may be  due to multiphoton absorption followed by excited 

photon absorption among the different energy levels [20].  The RSA effect makes the Zn-KDP 

crystal enticing for biomedical and optical assisting photonic devices [21]. 

The enhanced charge transfer through the π-electron network might have promoted high 

nonlinearities in studied Zn-KDP crystal [22]. It is important to note that incorporation of Zn2+ 

tailored the positive refraction of KDP to negative while the saturable absorption to reverse 

saturable absorption. Noteworthy, similar pattern altering results have been observed in literature 

[23].This may be due to the fact that incorporation of metal impurity might have modified the 

band structure of the material [24]. The significant parameters namely, third order NLR (n2), 

nonlinear absorption coefficient (β) and TONLO susceptibility (χ3) of Zn-KDP crystal are 

derived from standard set of  equations reported in literature [25]. β of Zn-KDP crystal is found 

to be 2.14×10-4 cm/W and other nonlinear optical parameters pertaining to Zn-KDP are discussed 

in table 2. 

Table. 1. Optical resolution of Z-scan setup 

Parameters  Value 
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Laser wavelength (λ) 632.8 nm 

Laser power (P) 10 mW 

Lens focal length (f) 20 cm 

Optical path distance (Z) 115 cm 

Beam waist radius (ωa) 1 mm 

Aperture radius (ra) 15 mm 

Incident intensity at the focus (Io) 2.3375 KW/m2 

 

 

 

 

Table. 2. TONLO parameters 

Crystal n2 (esu) χ3 (esu) Reference 

Zn-KDP 6.48×10-6 6×10-4 Present case 

KDP 1.16×10-5 2.75×10-4 [26] 

OA-KDP 2.25×10-5  1.90×10-7 [27] 

MA-KDP 7.92×10-5  2.13×10-7  [27] 

 

3.4.4. Laser damage threshold (LDT) analysis 

The advent of LDT has prompted scientific fraternity to discover a material which can withstand 

up to high value laser intensity. High laser damage threshold is prerequisite for a material to be 

used for IR NLO material system and high power laser application [28, 29]. The laser damage 

mechanism is attributed by thermal effects which is predominant at nano-second pulse width [30, 
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31] and avalanche effect which arises due to multi photo-ionization at focused site of crystal 

[32].It is also evident from literature that the laser damage is depend on the status quo of laser 

parameters and crystallinity of crystal [33]. 

In present study, Gaussian beam of Nd: YAG laser (1064 nm, 10 Hz, 10 ns, pulse mode) is used 

to focus crystal sample (3 mm thickness) which is present at focus point of convex lense (Focal 

length: 35 cm). The variable attenuators is used to shot multiple laser beams of variable energy. 

Incident shot rate was maintained at 30 s/shot and the energy at which crystal showed significant 

damage was recorded using the energy/power meter (specification: Model No. EPM 200). 

In this investigation, crystal got damaged at threshold energy 335 mJ with spot size of (1000 µm 

diameter). Micrograph of laser damaged Zn-KDP crystal is depicted in fig. 8. Using the formula 

reported in literature [34], Laser damage threshold of Zn-KDP is found to be 4.2 Gw/cm2. 

Enhanced LDT of Zn-KDP signifies that metallic impurity may have reinforce bond strength 

[35]. 

3.4.5. Dielectric studies 

The materials with lower dielectric parameters are largely demanded for microelectronics and 

optoelectronics device applications. In present study the HIOKI-3532 LCR meter has been used 

to explore dielectric response of pure and Zn-KDP crystal at different temperatures for a constant 

external frequency of 100 KHz. The crystals with flat plane were coated with the silver polish 

and subjected for measurements to obtain error less data. Through literature, it is evident that 

external electric field and applied temperature are decisive parameters in tailoring dielectrics of 

the material [36].Significantly, dielectric constant of the material is driven by electronic, ionic, 

dipolar and space charge polarization which turn out to be manifestation of power consumption 

capacity of crystal [37]. Fig. 9a. depicts variation of dielectric constant with temperature which 
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shows dielectric constant increases with temperature. Higher magnitude of dielectric constant is 

offered by large hindrance of space charge polarization of molecular dipoles at higher 

temperatures and lower frequency domain [38]. It is noteworthy that in the entire studied range 

of temperature, dielectric constant of Zn-KDP crystal is lower than KDP by a large margin. This 

may be due to the presence of large ionic radii of Zn2+ which leads to downfall of dielectric 

constant [39-41], as evident in Zn-KDP. Furthermore, studied material support Millers rule 

which establish that lower dielectric constant favor enhancement in SHG coefficient [42]. Fig. 

9b. Schematically illustrate variation of dielectric loss of pure and Zn-KDP crystal. Zn-KDP 

crystal has significantly lower dielectric loss than KDP. Moreover, Zn-KDP crystal with 

characteristic of lower dielectric loss hints that sample crystal possesses good quality and lesser 

electrically active defect concentration [43]. Zn-KDP with lower dielectric constant and 

dielectric loss favor its utility for designing electro-optic based detectors, modulators, wave 

generators, microelectronic and laser assisted devises [44-46]. 

4. Conclusion 

Most viable slow solution evaporation crystal growth technique has been employed to harvest 

pure and Zn-KDP crystals. PXRD confirms the tetragonal structure of the grown crystals. The 

EDS analysis confirmed the inclusion of Zn in host KDP material. The microscopic etching 

study revealed improved crystalline quality of Zn-KDP as compared to KDP crystal. The UV-

visible spectral analysis illustrated that Zn2+ inherits less optical scattering and absorption 

features in KDP crystal which result rise in optical transmittance by 9%. The high optical 

transmittance of 89%, increasing optical conductivity and lower extinction coefficient of Zn-

KDP crystal are technically desirous parameters for optical data processing and signaling 

applications. Kurtz-Perry test confirmed enhancement in SHG efficiency of KDP crystal after 
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addition of Zn2+. It is evident that, metallic dopant has substantially enhanced SHG of Zn-KDP 

crystal by 1.55 times KDP. Z-scan study disclosed negative NLR/self-defocusing behavior of 

Zn-KDP crystal with magnitude of 6.48×10-6 esu. The multi photon absorption in excited states 

points out reverse saturable absorption (RSA) effect in Zn-KDP crystal with the β value of 

2.14×10-4 cm/W making it most desirable for optical limiting and biomedical applications. The 

χ3 of magnitude 6×10-4 esu confirmed the enhanced charge delocalization over π-electron 

network leading to large nonlinearity and polarizing tendency in Zn-KDP crystal. The impressive 

4.2 Gw/cm2  Zn-KDP LDT value has been instrumental in devising the laser assisted technology. 

Dielectric studies confirmed that addition of Zn has resulted in reduction of dielectric constant 

and dielectric loss of KDP crystal to much lower magnitude. In a nutshell, present studies 

proposed that Zn2+ is one of the most suitable dopant for tuning the laser induced optical and 

electrical properties of KDP. Furthermore, Zn-KDP crystal with superior performance might be a 

better replacement of KDP crystal while designing laser frequency conversion, photonics and 

technological NLO devices. 
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Fig.1. Single crystal of (a) KDP (b) Zn-KDP 
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Fig. 2. PXRD pattern of (a) KDP (b) Zn-KDP  
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Fig. 3. Etch pattern after 15 seconds (a) KDP (b) Zn-KDP 
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Fig. 4. (a) EDS spectrum of Zn-KDP crystal (b) Transmittance spectrum 
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Fig. 5. (a) Optical conductivity vs. photon energy (b) Extinction coefficient vs. photon energy 
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Fig. 6. SHG response 
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Fig. 7. Z-scan transmittance curve with (a) close and (b) open aperture of photo detector 
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Fig. 8. Micrograph of laser damaged Zn-KDP crystal  
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Fig. 9. Variation of (a) dielectric constant and (b) dielectric loss with temperature 
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ABSTRACT

In the current era, excellent characteristic inorganic crystals that can last for a

long time are largely demanded for photonics device application which mani-

fests our attention to optimize the linear-nonlinear optical, physical and

dielectric properties of sulphamic acid (SA) crystal by doping Zn2? metal ion.

Optically transparent Zn2?-doped SA bulk crystal of dimension 33 9 22 9 10

mm3 has been successfully grown by slow solvent evaporation technique. The

structural data of grown crystals has been experimentally determined using

single-crystal X-ray diffraction technique. The incorporation of Zn2? in SA

crystal has been qualitatively examined by means of energy-dispersive spec-

troscopic technique. The influence of Zn2? on optical transparency has been

ascertained within 200–900 nm by employing UV–Vis spectral analysis. The

second harmonic generation signal has been tested by Kurtz–Perry test. He–Ne

laser (632.8 nm) assisted Z-scan technique has been employed to investigate the

Zn2? facilitated optical switching in third order nonlinear optical refraction of

SA crystal. The effect of Zn2? impurity on laser damage threshold of SA crystal

has been investigated at 1064 nm using Nd:YAG laser. The comparative

dielectric measurement studies of pure and Zn2?-doped SA crystal have been

carried out within temperature range of 35–90 �C. The growth habitat has been

investigated by microscopic chemical etching studies.
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1 Introduction

In existing era of ultrafast optical technology non-

linear optics has emerged as most fascinating field for

scientific development at the same time single crystal

of materials (organic/inorganic/semiorganic)

demonstrating unique set of nonlinear optical (NLO)

qualities seek huge practical impetus for designing

and fabricating electro-optic, photonics, optoelec-

tronics, telecommunication, frequency conversion,

optical switching and optical data storage devices

[1–4]. Inorganic materials pull attention of large sci-

entific fraternity owing to intruding feature such as

(i) abundance of mechanical and physical compati-

bility [5] and (ii) they facilitate ideal medium for

doping of metal ions, organic molecules and noni-

somorphic impurities [6]. Sulphamic acid (SA) is

unique inorganic acid which demonstrates promising

zwitter ionic property in aqueous medium [7] at the

same time it has been recognized as potential mate-

rial for distinct scientific applications by reputed

research bodies [8]. The distinguishing quality of SA

crystal is that it can retain its properties for longer

span and therefore emphasis has been centered to

grow good quality SA crystal by different growth

techniques [9–11]. In recent past doping of additives

has been evolved as significant idea to modify the

morphological and characteristic properties of SA

crystal. As doping can effectively probe the molecu-

lar and electronic thrust of host materials, it raises the

likelihood of improving its linear-laser induced

nonlinear optical and electrical traits [12–16]. The

doping of organic additives like thiourea [17], urea

[18], L-proline and L-lysine [19] have imposed sig-

nificant impact on distinct properties of SA crystal. A

series of metallic impurities have been doped in SA

crystal. The study on literature revealed that the

doping of cesium [20], neodymium [21], gadolinium

[22], lanthanum [23], yttrium [24] and magnesium

[25] have uncovered interesting modifications in

morphology of SA crystal. Most importantly the

impact of aforesaid metal ions on optical, mechanical,

electrical and thermal properties of SA crystal has

been phenomenal. The SA crystal is found to exhibit

marginal nonlinear response. The metal ions are

potential matrix modifier that reinforces asymmetry

in crystal structure and enhance the charge transfer

mobility serving as prerequisite factors to achieve

gain in SHG efficiency. In case of SA crystal it is

found that doping of cesium contributed 3.5 times

higher SHG efficiency than KDP crystal [15]. Looking

at the strong impetus of metallic impurity on SA

crystal present investigation is very firstly articulated

to explore the influence of zinc (Zn2?) on growth,

structural, optical, electrical and surface properties of

SA crystal. The specific selection of Zn2? can be jus-

tified by the fact that the metal belonging to (IIB)

group offer high optical properties owing to closed

d10 shell electrons [26] which is supposed to inculcate

better optical performance in SA crystal. Therefore

the comparative analysis on pure and Zn2? doped SA

crystal has been accomplished by employing bulk

growth, crystal X-ray diffraction, energy-dispersive

spectroscopy, UV–Vis study, Kurtz–Perry test,

Z-scan, laser damage threshold, etching and dielec-

tric characterization techniques.

2 Experimental procedure

The Merck make AR grade sulphamic acid (SA) and

zinc chloride has been used as starting material. In

order to dope Zn2? ion in SA, the saturated solution

of SA was prepared in double-distilled water at room

temperature and the precisely measured one mole of

zinc chloride was gradually added to the saturated

solution of SA. This mixture of SA and zinc chloride

is allowed to agitate for 4 h in order to facilitate

homogenous reaction of host and dopant. This Zn2?

ion-doped SA solution was later filtered in flask

using the membrane filter paper and further trans-

ferred to the clean rinsed beaker. The beaker con-

taining the filtrate of Zn2? ion-doped SA was covered

with the perforated coil to avoid dust inclusion and

later placed in a constant temperature bath to facili-

tate uniform surrounding for growth of crystals. The

excellent quality pure and Zn2? ion doped SA (Zn-

SA) crystal grown at 35 �C is shown in Fig. 1. In this

study the grown 33 9 22 9 10 mm3 Zn-SA bulk sin-

gle crystal is noticeable.

3 Results and discussion

The structural parameters of pure and Zn-SA crystal

has been experimentally determined at room tem-

perature employing the single crystal X-ray diffrac-

tion (XRD) technique using the ENRAF Nonius

CAD4 crystal X-ray diffractometer. The structural

data of pure and Zn-SA crystal are compiled in
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Table 1. It reveals that doping of metal impurity Zn2?

unaltered the crystal structure and space group of

host SA at the same time the slight discrepancy in cell

dimensions of SA crystal is conclusive owing to the

strain developed on lattice sites of host crystal subject

to inhabiting of Zn2? ion.

The element detection of Zn-SA crystal has been

qualitatively and quantitatively determined by

means of energy dispersive spectroscopy (EDS)

technique using the Hitachi S4700 instrument. The

single crystals were finely powdered and the EDS

spectrum has been traced up to 10 keV. The peaks

contributed at different energies due to presence of

each constituent element are respectively indexed

and the percentage of each element is shown in

Fig. 2. The presence of zinc along with sulphur,

oxygen and nitrogen confirms the successful incor-

poration of Zn in SA crystal.

Crystals offering high optical transparency are

obviously vital and desirable for NLO device appli-

cations [27]. The optical transmittance in given

material is primarily contributed by allowed transi-

tions to different energy states and the inherent

optically responsive functional unit of the material

[28–30]. On the other hand the magnitude of trans-

mittance in single crystal is controlled by external

factors such as optical anisotropy along the crystal

plane and structural/crystalline defects which

include grain boundaries, impurities, solvent inclu-

sion, striations, voids, vacancies, etc. [31–33]. In cur-

rent analysis the pure and Zn-SA crystal has been

scanned in the range of 200–900 nm using the Shi-

madzu UV-2450 spectrophotometer. The spec-

trophotometer was configured to slit width = 1 nm,

scan speed = medium, scan resolution = 1 nm and

the recorded transmittance spectrum of 1.5 mm

thickness crystal is shown in Fig. 3a. The highest

transmittance expressed throughout the investigated

spectral range is 88% for SA crystal and 94% for Zn-

Fig. 1 Single crystal of a SA, b Zn-SA

Table 1 Single crystal XRD

data Crystal a (Å) b (Å) c (Å) V (Å)3 Structure Space group

SA 8.071 8.102 9.249 604.8 Orthorhombic Pbca
Zn-SA 8.093 8.121 9.267 609.05 Orthorhombic Pbca

Fig. 2 EDS spectrum of Zn-SA
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SA crystal. It is observed that the doping of Zn2? in

SA has enhanced the optical transmittance by 6%.

This clarifies that the inherent tendency of Zn2? to

offer high optical transmittance due to presence of

closed d10 shell electrons [26] inculcated more trans-

mittance in SA crystal and might have reduced the

defect density to some extent which reduces the

internal scattering/absorption [34]. It is noticeable

that the similar enhancing effects are observed in

optical transmittance of sodium hydrogen phthalate

crystal doped with Zn2? [35]. The crystals with wide

and high optical transmittance window are readily

demanded for engineering components for UV-tun-

able lasers, frequency conversion and parametric

oscillators [36] thus observed result validates Zn-SA

crystal a promising technological crystal. The optical

band gap (Eg) of grown crystals has been evaluated

from the Tauc’s plot (Fig. 3b) drawn using the for-

mulae available in literature [37]. The band gap of SA

and Zn-SA is found to be 4.9 and 4.8 eV, respectively.

The second harmonic generation (SHG) is the

identity property of material orienting with noncen-

trosymmetric symmetry and to determine the mag-

nitude of SHG efficiency the Kurtz-Perry test [38] is

employed. Initially the crystal samples of KDP and

Zn-SA crystals were powdered to even size micro-

granules and sieved in the quartz cavity. For present

analysis the Nd:YAG laser (1064 nm, 6 ns, 10 Hz)

was optically aligned with the sample position and

tuned to Q-switched mode operation. Further the

laser source was initiated and the Gaussian filtered

beam was multi-shot perpendicularly on each sam-

ple, respectively. The observed emergence of sharp

green light for Zn-SA and KDP sample confirmed the

successful generation of second harmonic signal at

1064 nm. The output intensity of each sample was

collected through the optical fiber which was con-

nected to the portable spectrophotometer (BS-Stel-

larnet) interfaced with the computer system. The

SHG signal of Zn-SA crystal is found to be sligh-

tly higher than KDP crystal. Obtained results in

current studies are compatible with urea [18], Tb3?

[39] and Ce3? [20] doped SA crystal. The incorpora-

tion of Zn2? in crystal matrix of SA crystal might

have facilitated high polarization and enhanced

charge transfer over the donor–acceptor network

which is indicated to be the core reason for observed

enhancement in SHG efficiency of Zn-SA crystal. The

Zn-SA crystal with good SHG signal could find

future applications in designing frequency converters

for lasers and electro-optic devices.

The trace of third-order nonlinear optical (TONLO)

response in any crystalline material can be realized at

nano-, pico- and femto-second time scale which can

largely assist to identify the definite application of

crystal for NLO assisted optical devices. The simple

and sensitive setup designed and developed by

Bahae et al. [40] is globally recognized as Z-scan

technique which is vital asset to investigate the

TONLO properties of the material. The optical reso-

lution of Z-scan setup is detailed in Table 2. The

sample of pure and Zn-SA crystal were finely pol-

ished and placed at the focus position (Z = 0) divid-

ing the beam irradiated path in two equal halves of

distance ranging from - 10 to ? 10 mm. Initially the

Z-scan was configured to closed aperture analysis

and the pure and Zn-SA crystal samples were

respectively translated about the focus parallel to Z-

Fig. 3 a UV–Vis spectrum, and b Tauc’s plot of SA and Zn-SA
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direction. The intensity of transmitted optical signal

from each crystal sample was systematically recorded

using the photo detector placed at far field. The close

aperture Z-scan transmittance curve of pure and Zn-

SA crystal is represented in Fig. 4a and c respectively.

The analysis of graphical data reveals that the non-

linear refraction is of positive format (pre-focus val-

ley to post-focus peak, feature of self-focusing

material) [41] for SA crystal on the contrary it is

found to be of negative format (pre-focus peak to

post-focus valley, feature of self-defocusing material)

[42] in case of Zn-SA crystal. At nanosecond pulse

duration the change in propagation of TONLO

refraction (n2) in crystal medium is dwelled due to

the localized irradiation of highly repetitive laser

beam leading to dominance of thermal lensing effect

manifesting optical energy gradient along the crystal

surface [43, 44]. In addition the magnitude of n2 can

be effectively tuned by varying the pulse duration of

incident laser beam [45]. However, noteworthy fact is

that the observed optical switching in nature of n2
from positive to negative has been expressed due to

presence of optically active Zn2? ion in crystal matrix

of SA. The SA crystal with positive n2 demonstrates

to be exhibiting Kerr lens modelocking effect (KLM)

which is prerequisite property for generating shorter

pulse signals and calibrating/alignment of laser sys-

tems [46–48]. The DU (on axis phase shift) and DTp-v

(peak to valley transmittance difference) are related

through equation given below [40],

DTp�v ¼ 0:406ð1� SÞ0:25 D/j j; ð1Þ

where S = [1 - exp (- 2ra
2/xa

2)] is the aperture

linear transmittance, ra is the aperture radius and xa

is the beam radius at the aperture. The magnitude of

n2 was calculated using the relation [40],

n2 ¼
D/

KI0Leff
; ð2Þ

where K = 2p/k (k is the laser wavelength), I0 is the

intensity of the laser beam at the focus (Z = 0), Leff-
= [1 - exp (- aL)]/a, is the effective thickness of the

sample depending on linear absorption coefficient (a)
and L thickness of the sample. The n2 of pure and Zn-

SA crystal is found to be of order 10–9 cm2/W

respectively. The TONLO absorption coefficient (b) of
can be evaluated using the open aperture Z-scan

configuration. The open aperture Z-scan transmit-

tance curves of pure and Zn-SA crystal is shown in

Fig. 4b and d respectively. It reveals that the intensity

of the nonlinear absorption drops to the lowest value

at the focus confirming the presence of reverse sat-

urable absorption (RSA) effect [49]. The abundance of

excited state absorption over the ground state

absorption leads to spontaneous nonlinear effects

such as two photon absorption and multi photon

absorption dwelled in excited states governs the RSA

phenomenon [50, 51]. The b value of each crystal has

been evaluated using the equation [40],

b ¼ 2
ffiffiffi

2
p

DT
I0Leff

; ð3Þ

where DT is the one valley value at the open aperture

Z-scan curve. The order of b magnitude of pure and

Zn-SA crystal is found to be10-8 cm/W respectively.

The TONLO susceptibility (v3) is most essential

parameter to determine the polarizing ability of the

material [52]. The v3 was determined by illustrating

the following equations [40],

Revð3ÞðesuÞ ¼ 10�4ðe0C2n20n2Þ=pðcm2=WÞ ð4Þ

Imvð3ÞðesuÞ ¼ 10�2ðe0C2n20kbÞ=4p2ðcm=WÞ ð5Þ

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðRevð3ÞÞ2 þ ðImvð3ÞÞ2
q

; ð6Þ

where e0 is the vacuum permittivity, n0 is the linear

refractive index of the sample and C is the velocity of

light in vacuum. The v3 of Zn-SA crystal is found to

be 100 times more than pure SA crystal. The

enhanced delocalization of p-electron over the Zn2?

ion coordinated SA crystal bridge might be the

probable reason for observed higher magnitude of v3

in Zn-SA crystal. The decisive TONLO parameters

are comparatively tabulated in Table 3 [53, 54] which

dictates the vital compatibility of pure and Zn-SA

crystal for designing optical signal processing, optical

Table 2 Z-scan setup details

Parameters and notations Details

Laser wavelength (k) 632.8 nm

Lens focal length (f) 30 mm

Optical path distance (Z) 85 cm

Beam waist radius (xa) 3.3 mm

Aperture radius (ra) 2 mm

Incident intensity at the focus (Io) 2.3375 KW/m2
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communication, optical computing, optical limiting

devices [55, 56].

The technical factors determining/limiting the

laser damage threshold (LDT) in bulk crystal are

(a) surface quality [57], (b) linear absorption and

nonlinear effects (self-focusing, multiphoton absorp-

tion, stimulated Brillouin scattering, stimulated

Raman scattering, electron avalanche breakdown)

[58], (c) laser parameters (irradiance, fluence, pulse

duration, pulse repetition rate) [59]. In particular

cases the temperature of damaged vicinity of optical

crystal ingot due to localized irradiation of nanosec-

ond pulse duration laser beam may rise up to

12,000 K [60]. Therefore the determination of LDT of

grown crystal material has become the essential fac-

tor to find out the most suitable application for laser

utilities. In present analysis the LDT of 3 mm thick-

ness pure and Zn-SA crystal has been determined

using the Nd:YAG laser (1064 nm, 10 Hz, 10 ns)

operating in pulse mode. The Gaussian filtered beam

was focused on respective crystal sample through the

convex lens of focal length 35 cm and multiple laser

shots were processed by altering the beam energy by

variable attenuator. Each incident shot was main-

tained for 30 s/shot and the energy at which crystal

showed significant damage was recorded using the

energy/power meter (Model No. EPM 200). The

threshold energy for damage was found to be 44 mJ

for SA and 166 mJ for Zn-SA crystal. It is proven that

thermal effects are more active at nano-second pulse

width [61, 62] however in present case the localized

irradiation might have resulted to photo-ionization of

Fig. 4 Closed orifice Z-scan transmittance curve for SA (a), Zn-SA (c) and open orifice Z-scan transmittance curve for SA (b), Zn-SA (d)
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focused site of crystal in the form of decomposi-

tion/solidification/melting/fusion. It is noteworthy

that Zn-SA crystal has 3.77 times higher resistance to

laser damage as compared to SA crystal which

vitalizes its prime utility for laser-assisted NLO

device applications.

The electro-optic properties of crystal can be

effectively uncovered by investigating the dielectric

parameters of the crystal [63]. The decisive dielectric

parameters of crystal are dielectric constant and

dielectric loss which are sensitive to external electric

field and temperature [64]. The experimental analysis

has been carried out using the HIOKI-3532 LCR

cubemeter by applying the frequency of 100 kHz and

the temperature of crystal sample was increased in

steps of 10 �C from room temperature to 90 �C. The
dielectric constant in a crystal is contributed by

electronic, ionic, dipolar and space charge polariza-

tion mechanism. All the four polarizations are active

at lower frequency and higher temperatures. In par-

ticular, the space charge polarization (Maxwell–

Wagner (M–W) polarization) becomes more domi-

nant at higher temperatures [65, 66]. The sole factor

responsible for M–W polarization is accumulation of

mobile charge carriers, electrons and ions near the

grain boundaries [67, 68]. The variation of dielectric

constant with increasing temperature is shown in

Fig. 5a. It reveals that dielectric constant of studied

crystals successively increases with rise in tempera-

ture which is expected due to active space charge

polarization at high temperatures [69]. The noticeable

fact is that the dielectric constant of Zn-SA crystal is

dropped down to lower magnitude with reference to

SA crystal which is the desirable result. The material

exhibiting lower dielectric constant offer decreased

RC delay in microelectronics and less power con-

sumption [70] and it is prerequisite demand for

designing broadband electro-optic modulators and

field detectors [71]. In addition Millers report proved

that material with lower dielectric constant enhances

the SHG coefficient of the material [72] which stands

true in case of Zn-SA crystal conclusive from

enhanced SHG response. Another essential parame-

ter dielectric loss (measure of electromagnetic loss in

crystal medium) find its physical origin from intrinsic

and extrinsic factors such as electron–phonon inter-

actions, surface roughness, cracks (micro/macro),

random crystal orientation, porosity, impurities,

grain boundaries, etc. [26, 73, 74]. As evident from

Fig. 5b, the dielectric loss trails the same profile as

that of dielectric constant. The Zn-SA crystal con-

tributed lesser dielectric loss as compared to SA

crystal and lower dielectric loss indicates the pres-

ence of minimum electrically active defects [75]. The

Zn-SA crystal with superior dielectric properties is

advised as superior alternative than SA crystal for

application in fabricating reliable photonics, micro-

electronics, THz wave generators and optoelectronics

devices [76, 77].

The microscopic surface analysis has been carried

out to investigate the nature of plane growth and

unearth the parameters (growth band, dislocations,

voids, slip band, cracks, hillocks, faults, stacking) that

directly impact the quality of crystal [78, 79]. The

prerequisite for etching technique is selection of

suitable solvent which can unearth the clear picture

of surface. This helps to investigate the dimension,

shape, regularity and orientation of the defect. It is

very obvious that effective etching can be done fol-

lowing the thumb rules stated as (a) use of suit-

able etchant, (b) rate of etchant reaction with crystal

plane and (c) etchant-surface time interaction [80].

The etching micrographs were captured and the

images are shown in Fig. 6. The surface image before

etching are shown in Fig. 6a (SA) and b (Zn-

SA) while the images captured after 60 S of etching

are shown in Fig. 6c (SA) and d (Zn-SA) respectively.

It is clearly noticed that the SA crystal shows very

randomly oriented growth while the Zn-SA crystal

shows symmetrical and uniformly oriented growth

along the plane. This vitalizes the impact of Zn in

optimizing the crystal growth as well in addition this

Table 3 Comparison of

TONLO parameters Crystal n2 (cm
2/W) b (cm/W) v3 (esu) Reference

SA 4.09 9 10–9 3.81 9 10–8 8.74 9 10–9 Present case

Zn-SA - 2.55 9 10–9 2.93 9 10–8 9.15 9 10–7 Present case

Mg-SA 2.63 9 10–9 1.22 9 10–3 5.01 9 10–10 [25]

Zn-ADP 5.44 9 10–12 4.5 9 10–7 1.14 9 10–6 [53]

SMS-ADP 5.94 9 10–10 2.81 9 10–5 6.19 9 10–5 [54]
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also indicates that the crystal gains much strength to

withstand the mechanical and optical anharmonicity

(as observed in lifted linear optical transmittance and

LDT results).

4 Conclusion

Optically transparent Zn-SA bulk crystal of dimen-

sion 33 9 22 9 10 mm3 has been successfully grown

by slow solvent evaporation technique. The single

crystal XRD analysis confirmed the struc-

ture = orthorhombic, space group = Pbca and slight

modifications in unit cell dimensions of pure and Zn-

SA crystal. The EDS analysis confirmed the

Fig. 5 a Variation of dielectric constant and b dielectric loss

Fig. 6 Photographs of etch

pattern
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incorporation of Zn in SA crystal. The UV–Vis studies

revealed that within the spectral range of 200–900 nm

the optical transmittance is 88% and 94% for pure and

Zn-SA crystal affirming the rise in transmittance by

6% due to presence of dopant Zn2?. The Eg of SA and

Zn-SA is found to be 4.9 eV and 4.8 eV respectively.

The laser induced nonlinear optical properties of

pure and Zn-SA crystal has been systematically

examined by Kurtz-Perry test, LDT and Z-scan

characterization studies. The 1064 nm Nd:YAG laser

assisted LDT of pure and Zn-SA crystal is determined

to be at 44 mJ and 166 mJ respectively. The Z-scan

study uncovered the promising TONLO behavior of

pure and Zn-SA crystal at 632.8 nm. The on axis

phase transition in TONLO refraction is observed to

be of positive signature in SA crystal on the contrary

it is switched to negative signature in Zn-SA crystal.

In open aperture Z-scan analysis the occurrence of

TONLO absorption in pure and Zn-SA crystal is

found to govern by reverse saturable absorption

(RSA) effect. The magnitude of TONLO parameters

of SA crystal (n2 = 4.09 9 10–9 cm2/W,

b = 3.81 9 10–8 cm/W, v3 = 8.74 9 10–9 esu) and Zn-

SA crystal (n2 = - 2.55 9 10–9 cm2/W, b = 2.93

9 10–8 cm/W, v3 = 9.15 9 10–7 esu) are decisive and

significant. The dielectric constant and dielectric loss

of SA crystal has been significantly tuned to lower

magnitude within the temperature range of 35–90 �C
owing to presence of dopant Zn2?. The microscopic

studies revealed the improved the surface properties

of Zn-SA crystal as compared to SA. The Zn-SA

crystal with superior performance meets all the

requirements desirable in a candidate for designing

optoelectronics, optical switching, photonics, micro-

electronics and distinct NLO devices. The two

important conclusions drawn out from above studies

are (a) the doping of Zn2? increased the growth rate

as well as growth dimension of SA crystal and (b) the

doping of Zn2? significantly improves the linear-

nonlinear optical and dielectric nature of SA crystal.

Thus, above studies infer that single crystal growth,

optical, dielectric and microscopic properties of SA

crystal can be substantial optimized by inhabiting the

Zn2? metal impurity which facilitates the favorable

surrounding to dwell the intrinsic properties of SA

crystal and helps to accomplish the prime aim of

developing good quality crystal for aforesaid tech-

nological device applications.
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ABSTRACT

The 0.5 and 1 mol% thiourea ‘‘mixed’’ potassium dihydrogen phosphate (KDP)

crystals have been developed by conventional slow solution evaporation

method. The crystallographic parameters of grown crystals have been deter-

mined by employing single crystal X-ray diffraction technique. The functional

groups of grown crystals were successfully identified by means of FTIR spectral

analysis. The optical transmittance is 79%, 84%, and 89% for KDP, 0.5 mol

thiourea mixed KDP, and 1 mol thiourea mixed KDP crystal. The energy band

gap (Eg) of KDP, 0.5 mol thiourea mixed KDP, and 1 mol thiourea mixed KDP

crystal is 3.71 eV, 3.61 eV, and 3.75 eV, respectively. The Kurtz–Perry test has

been employed to determine the SHG efficiency and SHG efficiency of 0.5 and

1 mol thiourea mixed KDP crystal is 2.09 and 2.22 times superior to KDP crystal.

Effect of thiourea mixing on hardness properties of KDP crystal have been

scrutinized using the Vickers microhardness studies. The frequency dependent

dielectric behavior of grown crystals has been analyzed at room temperature.
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1 Introduction

Current trends in bulk and nano dimensional mate-

rials are synchronously appealing for developing

futuristic technological devices. In past few epochs

research fraternity has realized the technological

importance of potassium dihydrogen phosphate

(KDP) crystal for nonlinear optical laser applications

which is also obvious from literature showing its

ability to generate second, third, and fourth harmonic

frequencies for Nd:YAG/Nd:YLF lasers. This diverse

NLO feature of KDP enlarges its realm of applica-

tions in the field of optical storage, optical switching,

laser alignment, and optical communication systems.

In addition to that the piezoelectric behavior of KDP

is significant for construction of crystal filters and

frequency stabilizers in electronic circuits [1–22]. The

NLO applications demand optically homogeneous

and fast responsive nature which can be inculcated in

KDP crystal by optimizing its traits by several ways

namely (a) growing crystal by different techniques,

(b) by maneuvering the growth parameters, and

(c) by using different additives. The most eye-catch-

ing approach to improve the qualities of KDP crystal

is to combine the additives with KDP. The organic

materials offer decisive results after combining with

KDP [23], however, one of the promising organic

molecule is thiourea. Literature analysis revealed that

thiourea is unique organic dopant possessing large

dipole moment and extensive network of hydrogen

bond for constructing the strong bond with inorganic

molecules. The use of thiourea as a dopant has sig-

nificantly improved the optical, electrical, and ther-

mal behavior of several organic and semi-organic

crystals [23–27]. The detailed analysis of morpho-

logical changes inherited due to doping of 1, 2, 5, 7.5,

and 10 mol% of thiourea in ammonium dihydrogen

phosphate crystal has been reported [28]. The influ-

ence of doping thiourea on various properties of KDP

crystal has also been investigated [29]. The foresaid

reports emphasizes the fact that thiourea is used as

doping agent in various host materials contrary to

that not a single report was encountered on use of

thiourea as a ‘‘mixing agent’’ with KDP crystal. Thus

approach of using thiourea as a mixing agent with

KDP is adopted and with this novel approach current

work is focused to grow and investigate the optical,

SHG efficiency, physical and electrical properties of

0.5 and 1 mol% thiourea mixed with 1 mol% of KDP

crystal for exploring its vitalized applications for

laser devices.

2 Experimental procedure

The Merck make AR grade (99% pure) KDP and

thiourea were used as the raw material for the syn-

thesis process. Step I: Weight the KDP salt required to

make 1 mol of KDP solution in 100 ml of deionized

water. Step II: Prepare 1 mol KDP solution using

100 ml of deionized water in two separate beakers A

and B. Step III: Weight the thiourea salt required to

make 0.5 and 1 mol thiourea solution in 100 ml of

deionized water. Step IV: Gradually add the thiourea

weighed to prepare 0.5 mol of solution in beaker A

and add the thiourea weighed to prepare 1 mol of

solution in beaker B. Step V: Allow the thiourea

mixed KDP solutions in beaker A and B stirred for

four hours. Step VI: Filter the thiourea mixed KDP

solutions obtained in beaker A and B using Whatman

filter paper in clean rinsed beakers C (0.5 mol

thiourea mixed with 1 mol of KDP solution) and D

(1 mol thiourea mixed with 1 mol of KDP solution)

respectively. Step VII: The beakers C and D were

housed in water bath (temperature accu-

racy = ± 0.05 �C) for slow solvent evaporation pro-

cess. Step VIII: The self-nucleated crystals were

procured within 15–18 days and grown crystals are

shown in Fig. 1. To facilitate ease for reader the

crystals obtained from 0.5 mol thiourea mixed with

1 mol of KDP solution and 1 mol thiourea mixed

with 1 mol of KDP solution are referred as 0.5T:KDP

and 1T:KDP in manuscript.

Fig. 1 a 0.5T:KDP crystal and b 1T:KDP crystal
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3 Results and discussion

3.1 Single crystal X-ray diffraction analysis

The crystal system, cell parameters and space group

of the grown crystals have been determined using the

Enraf Nonius CAD4 crystal X-ray diffractometer. The

recorded XRD data confirmed that the grown crystals

belong to the tetragonal crystal system. The cell

parameters and space group of crystals are deter-

mined and augmented cell parameters are evident

from values discussed in Table 1.

3.2 Fourier transform infrared analysis

The functional groups of 0.5T:KDP and 1T:KDP

crystals have been qualitatively identified by

recording the FT-IR spectrum in the range of

600–4000 cm-1 using Bruker ALPHA ATR system,

shown in Fig. 2. The peaks observed in spectra at

670 cm-1 confirms the presence of C-S bond stretch-

ing vibrations associated with thiourea. The coordi-

nation between KDP and thiourea is evidenced by

P-O-C coordinated bond vibration attributed at

1023 cm-1. The peak observed at 1395 cm-1 corre-

sponds to the C-N bond stretching vibration. The

NH3
? deformation observed at 1515 cm-1 is conclu-

sive. The characteristic P-OH and P-H bond stretch-

ing modes of KDP are observed at wavenumbers

1693 and 2361 cm-1, respectively. The peak observed

at wavenumbers 3619, 3742, and 3847 cm-1 corre-

sponds to the O-H stretching of phosphate group in

KDP [30]. The comparative FT-IR analysis aids to

confirm co-existence of thiourea and KDP material in

0.5T:KDP and 1T:KDP crystals.

3.3 UV–visible studies

In light matter interaction linear optical transmittance

is the prime phenomenon and in bulk crystal trans-

mittance is influenced by several intrinsic (optically

active clique, molecular anisotropy, and chemical

composition) and extrinsic (crystal plane, structural

and crystalline defects) factor [31, 32]. The optical

response of material gives the blueprint of molecular

retort hence, the transmittance spectrum (shown in

Fig. 3a) of grown crystals was recorded in the range

of 200–900 nm using the spectrophotometer (Shi-

madzu UV-2450). It reveals that KDP, 0.5T:KDP and

1T:KDP crystals offer 79%, 83% and 88% of trans-

mittance in visible region. This indicates superiority

of 0.5T:KDP and 1T:KDP crystals over KDP which

suggest its prominence for effortless transmission of

blue-green laser radiations. It is notable that the

transmittance of mixed KDP crystals sharply fall near

300 nm owing to characteristic n to p* transition

favored by amine unit of thiourea [33]. The absorp-

tion coefficient (a) and incident photon energy (hm)

aids to evaluate the band gap (Eg) of grown crystals

using equation (ahm)2 = A (hm - Eg). The Tauc’s

extrapolation plot (Fig. 3b) shows that Eg of

0.5T:KDP\KDP\ 1T:KDP crystal. Among all the Eg

of 1T:KDP crystal is 3.75 eV suggesting its suitability

for optoelectronics applications [34].

Transmittance (T) dependent optical constants viz.

refractive index (n), extinction coefficient (K), optical

conductivity (rop) and reflectance (R) were evalu-

ated using the fundamental equations reported else-

where [35, 36]. The variation in optical conductivity

is shown in Fig. 4a which depicts rise in optical

conductivity with increasing mole% of thiourea

Table 1 XRD data
Crystal Crystal system Cell parameters (Å) Volume (Å)3 Space group

KDP Tetragonal a = b = 7.44, c = 6.94 384.15 I-42d

0.5T:KDP Tetragonal a = b = 7.45, c = 6.95 385.74 I-42d

1T:KDP Tetragonal a = b = 7.46, c = 6.97 387.89 I-42d

Fig. 2 FT-IR spectrum
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owing to which 0.5T:KDP and 1T:KDP crystals are

vital candidates for ultrafast photosensitive process-

ing and computing devices [36]. The variation in

optical conductivity is shown in Fig. 3a which depicts

rise in optical conductivity with increasing mole% of

thiourea owing to which 0.5T:KDP and 1T:KDP

crystals are vital candidates for ultrafast photosensi-

tive processing and computing devices [36]. The

profile of optical conductivity (Fig. 4a), extinction

coefficient (Fig. 4b), refractive index (Fig. 5a), and

reflectance (Fig. 5b) as a function of wavelength are

graphically represented. The study of refractive index

is significant as it helps to configure figure of merit

associated to optical reflectors, resonators, and filters

[38]. The optical parameters comparatively analyzed

in Table 2 confirms that high transmittance, low

extinction coefficient, lower refractive index and

reflectance are excellent qualities of thiourea mixed

KDP crystals for developing efficient antireflectant

demanded for coating solar thermal devices [34, 37].

3.4 Kurtz-Perry test

For ensuring the NLO response and utility of

thiourea mixed KDP crystals for laser frequency

conversion device applications the Kurtz–Perry

Fig. 3 a UV–visible transmittance spectrum b Tauc’s plot

Fig. 4 a Optical conductivity vs. photon energy, b Extinction coefficient as a function of wavelength
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powder technique has been employed using the

Q-switched Nd:YAG laser (6 ns, 1064 nm, 10 Hz,

5.4 lJ/pulse). The ADP, KDP, 0.5T:KDP and 1T:KDP

crystals were powdered and sieved in a quartz

holder. The sieved samples were multishot by the

Gaussian filtered laser beam and the second order

response from the crystals was confirmed by the

evident green light at the output interface.

The SHG intensity (Fig. 6) reveals that SHG effi-

ciency of 0.5T:KDP and 1T:KDP crystal is 2.09 and

2.22 times higher than KDP while it is 1.16 and 1.23

times higher than ADP, respectively. The SHG

response of thiourea mixed KDP crystal is amply

expressed due to large charge transfer through

extensive hydrogen bonding network of thiourea

which overpowered the intrinsic photoinduced

effects of (PO4)3- chromophore which is responsible

for NLO behavior of KDP [39], eventually resulted to

high SHG response. Thus, thiourea mixed KDP

crystals with high nonlinear response can be

endorsed for the applications of laser frequency

conversion and optical modulation devices. The lin-

ear and nonlinear optical results are compared with

literature in Table 3.

3.5 Microhardness analysis

Microhardness studies of crystal has been probed

using the Shimadzu HMV-2T Vicker’s microhardness

analyzer by applying different loads (25, 50, and

100 g) on defect less plane of pure and thiourea

mixed KDP crystals. Hardness analysis of crystal

provides vital information about crystal perfection

and crystalline stability of the material. To evaluate

the hardness number (Hv) few indentations were

crafted on crystal surface and respective diagonal

Fig. 5 Plot of a refractive index and b reflectance as a function of wavelength

Table 2 Optical parameters

Crystal Eg rop Data at 532 nm

T K R n

KDP 3.71 eV 6.4 9 1010 79% 0.000004 7% 1.75

0.5T:KDP 3.61 eV 9.7 9 1010 84% 0.000003 5% 1.64

1T:KDP 3.75 eV 2.3 9 1011 89% 0.000002 3% 1.47

Fig. 6 Plot of SHG output intensity
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length of indentation was recorded. The Hv was cal-

culated using Hv = 1.8544 P/d2 where, P is the

applied load in kg and d is the diagonal length in

mm. The change in Hv with applied load is shown in

Fig. 7a. It is evident that Hv of KDP crystal has been

largely improved with rising mole% of thiourea. It

assures that effect of defect centers in KDP crystals

has been suppressed due to mixing of thiourea

thereby offering higher resistance to withstand the

lattice dislocation. The work hardening index (n) of

studied crystals has been evaluated by Meyer’s for-

mula, P = Kdn [40]. The n value of pure and thiourea

mixed KDP crystals obtained from Fig. 7b is higher

than 1.6, which in accordance to Onitsch criterion

confirms the soft nature of crystals [41]. It is

notable that n of KDP shows significant fall with

increasing mole% of thiourea. In addition, the yield

strength (ry = (0.1)n-2 Hv/3) and elastic stiffness

(C11 = Hv
7/4) of the grown crystals can be analyzed to

explore applications for high edge mechanical devi-

ces. The 0.5T:KDP and 1T:KDP crystals express

superior C11 and ry than KDP crystal. This assures

that interatomic bonding between the consecutive

atoms has been highly strengthened by mixing

thiourea with KDP [42]. The hardness parameters

measured along\001[plane are discussed in

Table 4.

3.6 Dielectric analysis

The frequency response of dielectric constant

(Fig. 8a) and dielectric loss (Fig. 8b) was studied at

Table 3 Comparison of linear and nonlinear optical parameters of pure and doped KDP crystals

Sample Transmittance SHG efficiency References

KDP 79% 1 Present case

0.5T:KDP 84% 2.09 times KDP Present case

1T:KDP 89% 2.09 times KDP Present case

TA:KDP * 83% 5.68 times KDP [23]

FA:KDP * 82% 1.13 times KDP [23]

MA:KDP 92% 1.82 times KDP [23]

SA:KDP 79% 0.9 times KDP [23]

OA:KDP 96% 1.41 times KDP [23]

Fig. 7 a Load dependent hardness b log P vs. Log d

Table 4 Hardness parameters of pure and T:KDP crystals

Crystals Hv (kg/mm2) n ry (MPa) C11 (GPa)

KDP 73.85 4.3 11.27 3.38 9 105

0.5T:KDP 80.24 3.2 136.4 3.86 9 105

1T:KDP 89.38 3.1 186.2 4.58 9 105
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room temperature using the Gwinstek-819 LCR

cubemeter. The flat surfaces of crystal samples were

gently coated with silver glop to make perfect elec-

trical contact for precise measurement. Dielectric

constant of pure and thiourea mixed KDP crystals is

higher at lower frequencies due to dominance of

polarization activity while it decreases substantially

at higher frequencies due to decline in polarization

mechanism. It is observed that dielectric constant of

thiourea mixed KDP crystals is much lower than

KDP also magnitude of dielectric constant decreases

with increasing mole% of thiourea.

The lower dielectric constant of thiourea mixed

KDP crystals indicate that it might be advantageous

for fabricating microelectronics and photonics devi-

ces [43]. The substance with lower dielectric constant

consume very few power and RC delay which is an

important factor for devising the broadband electro-

optic modulators and field detectors. The dielectric

loss of grown crystals decreases with increasing fre-

quency at the same time thiourea mixed KDP crystal

show significantly lower dielectric loss compared to

pure KDP. The lower dielectric loss of thiourea mixed

KDP crystals at higher frequencies is observed due to

reduced defects enhancing the optical quality of

crystal. The lower dielectrics of thiourea mixed KDP

crystals is vital parameter for NLO and electro-optic

applications [44]. Among the studied crystals the

1T:KDP crystal has lowest dielectric parameters

which makes it superior to KDP and 0.5T:KDP

crystal.

4 Conclusion

In present studies the 0.5T:KDP and 1T:KDP crystals

have been grown by slow evaporation method and

established that optical, mechanical and electrical

traits of KDP crystal can be improved by simply

mixing thiourea with KDP. The unit cell parameters

and tetragonal structure of pure and thiourea mixed

KDP crystals were determined by single crystal XRD

analysis. The functional groups observed in FT-IR

spectrum of 0.5T:KDP and 1T:KDP crystals affirmed

the presence of thiourea and KDP in grown crystals.

UV–visible analysis confirmed that 0.5T:KDP (84%)

and 1T:KDP (89%) crystals possess superior optical

transmittance than KDP (79%). The calculated value

of Eg for KDP, 0.5T:KDP and 1T:KDP crystals is

3.71 eV, 3.61 eV, and 3.75 eV, respectively. The

improved linear optical parameters (rop, k, n, and

R) of thiourea mixed KDP crystals are vital for dis-

tinct optical device applications. The SHG efficiency

of 0.5T:KDP = 2.09 9 KDP, 1T:KDP = 2.22 9 KDP,

0.5T:KDP = 1.16 9 ADP and 1T:KDP = 1.23 9 ADP.

The microhardness studies along the plane revealed

that 0.5T:KDP and 1T:KDP crystals exhibit superior

mechanical properties than KDP crystal. The dielec-

tric constant and dielectric loss of 0.5T:KDP and

1T:KDP crystals is significantly less than KDP crystal

which is essential for electro-optic devices. All above

studies infer that 0.5T:KDP and 1T:KDP crystals are

competent NLO materials which can prove to be vital

for designing laser frequency conversion and electro-

optic modulator devices.

Fig. 8 Frequency response of a dielectric constant and b dielectric loss
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Comparative structural, linear-non-linear optical, laser damage threshold, 
dielectric and thermal analysis of pristine and L-cysteine influenced KH2PO4 
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A B S T R A C T   

Current comparative investigation explores the structural, optical, frequency conversion efficiency, laser damage 
threshold, dielectric and thermal traits of undoped and L-cysteine (LC) doped potassium dihydrogen phosphate 
(KDP) crystal grown by slow solvent evaporation method. The qualitative analysis of LC doped KDP crystal has 
been performed by means of fourier transform infrared analysis. Powder X-ray diffraction technique has been 
employed to assess the crystallinity, purity and unit cell values of LC doped KDP crystal. UV–visible study has 
been carried out within 200–900 nm to probe the effect of LC on transmittance of KDP. In LC doped KDP, large 
boost in second harmonic generation due to charge delocalization phenomenon has been ascertained by Kurtz- 
Perry test. The laser induced damage resistance of LC doped KDP crystal has been determined by 1064 nm laser 
and it is valued to be 5.31 GW/cm2. The dielectrics of undoped and LC doped KDP crystals have been investi-
gated by means of dielectric characterization study. The thermal parameters of LC doped KDP crystal has been 
examined using thermogravimetric and differential scanning calorimetry.   

1. Introduction 

Search for excellent nonlinear optical (NLO) crystals has been an 
exclusive topic of research and dwelled more rapidly in past few decades 
due to large necessity of NLO crystals in fundamental technological 
applications which include laser frequency conversion, telecommuni-
cation systems, optical modulation, optical parametric oscillators, op-
tical switching and photonics devices [1,2]. The potassium dihydrogen 
phosphate (KDP) is widely investigated material crystallizing in non-
centrosymmetric I42d space group with tetragonal symmetry in addition 
it possesses high optical homogeneity, large nonlinear response and low 
dielectric response which pronounces its exclusive advantage for opto-
electronics applications. Specifically, in KDP (KH2PO4), the root cause of 
nonlinear response is the photoinduced effect associated with the 

phosphate chromophore [3]. The third order nonlinear photo refraction 
tendency in KDP crystal has been studied at different wavelengths which 
vitalize its utility for optical switching applications [4]. As research has 
been focused to develop an excellent NLO material an impurity doping 
has been in light as a crucial technique to modify the properties of KDP 
crystal. The amino acids owing to wide hydrogen bonding network, 
chiral centres and high photochemical stability might act as superior 
dopants to achieve high structural stability, high optical and low 
dielectric response in KDP crystal. In recent past L-lysine, L-alanine, L- 
glutamic acid, L-valine, glycine and L-histidine have been used as a 
dopant which facilitated appreciable enhancement in growth, dielectric, 
UV–visible, SHG efficiency and mechanical performance of KDP crystal 
[5-7]. Amongst amino acids, L-cysteine is an exceptional compound 
possessing a sulphur chain in addition to carboxyl group and amine 
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group which triggers more electron density in itself. Further the wide –H 
bonding network, high polar nature, more chiral centres and 
donor–acceptor channel advertises L-cysteine as most effective dopant 
for achieving uplift in desired properties of KDP crystal. Hence, in this 
communication our group has adopted the idea of doping a very small 
quantity of amino acid L-cysteine to investigate the modifications in 
technologically essential properties of KDP crystal. The current study on 
undoped and LC doped KDP crystals has been achieved by employing 
powder X-ray diffraction, FT-IR, UV–visible, laser damage threshold, 
SHG efficiency, electrical and thermal analysis. 

2. Experimental procedure 

2.1. Crystal growth 

The supersaturated solution of KDP salt (Merck make AR grade) was 
prepared at room temperature using distilled deionized water as a sol-
vent. As quantity of dopant play vital role in modifying the traits of host 
material, filtered solution of KDP was added with 1 wt% L-cysteine (LC). 
The LC added solution was stirred for four hours on magnetic stirrer to 
ensure uniform doping. LC doped KDP solution was filtered and further 
evaporation was achieved in water bath maintained at 38 ◦C. The LC- 
KDP bulk crystal of dimension 20 × 06 × 04 mm3 was harvested 
within 20 days (Fig. 1a). 

2.2. Characterization techniques 

The functional clusters have been determined within 600–4000 cm− 1 

using spectrophotometer (Bruker α-ATR). The XRD patterns were 
recorded using the Rigaku Miniflex II powder X-ray diffractometer. The 
UV–visible transmittance spectrum was recorded within 200–900 nm by 
means of Shimadzu make UV-1061 spectrophotometer. The SHG effi-
ciency of samples were determined by aid of setup included with Q- 
switched mode Nd:YAG laser (1064 nm) which delivered power of 10.3 
μW with the repetition rate of 10 Hz and pulse width 6 ns. Laser Damage 
Threshold (LDT) analysis was performed using the Litron make Nd:YAG 
laser (1064 nm, 10 ns, 10 Hz). The dielectric measurements were per-
formed using the HIOKI-3532 LCR meter at 100 KHz frequency. The 
simultaneous thermogravimetric and differential scanning calorimetry 
(TG-DSC) analysis were employed in the homogeneous nitrogen atmo-
sphere using the SDT Q600 thermal analyzer. 

3. Results and discussion 

3.1. Fourier transform infrared (FT-IR) analysis 

The FT-IR transmittance spectrum of LC-KDP crystal is graphically 
represented in Fig. 1b. The functional groups attribute absorption at 
particular wavenumber which are also observed in FT-IR spectrum. The 
mild peak observed at 702 cm− 1 is attributed by stretching of C–S bond 
associated with L-cysteine. The prominent absorption at 853 cm− 1 is 
contributed by NO2 wagging of amine group. The P–O–C bond anti-
symmetric stretching vibration is reflected at 1074 cm− 1. The C–N bond 
stretching vibration is contributed at 1283 cm− 1. The sharp peak of SO2 
antisymmetric stretching is observed at 1388 cm− 1. The major absorp-
tion peak noticed at 1578 cm− 1 originates for NH2 bond deformation. 
The presence of C––O is attributed at 1770 cm− 1. The mild peak at 2065 
cm− 1 affirms the stretching of P–H bond vibration. The peaks assigned at 
3105 and 3243 cm− 1 corresponds to –OH bond vibration. The FTIR of 
KDP has been reported [1] and the wavenumbers of characteristic 
functional groups of KDP correlated well with observed FTIR peaks of 
current LC-KDP sample. 

3.2. Powder X-ray diffraction (PXRD) analysis 

The PXRD analysis is crucial tool to assess the quality of crystalline 
nature by scrutinizing X-ray diffraction peak as reported by plane wave 
dynamical theory of X-ray diffraction. Fig. 2a and 2b represents the 
PXRD pattern of pristine and LC-KDP crystal samples. The PXRD pattern 
peaks were indexed and were resolved to determine the crystal param-
eters using the professional powderX software. A comparative evalua-
tion of PXRD pattern confirm that the identified peaks in KDP sample 
possess large full width half maxima and less intensity which might have 
been attributed due to presence of large structural grain boundaries on 
the contrary the sharp and high intensity peaks of LC-KDP sample 
confirm that the crystal inhibits better crystalline nature and lesser grain 
boundaries [8]. The XRD data of LC-KDP has been compared by KDP. 
The structure of KDP is in agreement with ICSD reference file (01–084- 
0520). The studied crystals were revealed to have crystallized with 
tetragonal shape and unit cell parameters of studied crystals are given in 
Table 1. The slight changes were noticed in cell values of doped KDP 
crystal which might have been appeared due to lattice strain enacted by 
existence of dopant in KDP crystal. 

3.3. UV–visible study 

The absorption of optical energy by electrons in different energy 
states facilitates specific transitions which determine the transparency 
of crystalline material and high transparency window crystals are 
widely needed for different photonic applications. In current study the 
transmittance spectrum of 2 mm undoped and LC-KDP crystals has been Fig. 1. (a) LC-KDP crystal (b) FT-IR spectrum of LC-KDP crystal.  
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traced (From Fig. 3a). The transmittance is found to be 79% for pure 
KDP crystal while after addition of LC the enhancement in transmittance 
up to 87% was achieved in KDP crystal. In crystals grown at lower 
temperature active trapping of defects is more prone phenomenon. The 
defects in crystal hamper the transmittance by internal scattering and 
optical absorption of incident light [8]. In LC-KDP crystal the rise in 
transmittance by 8% in entire visible region might have been favored by 
intrinsic low absorption affinity of amino acid (L-cysteine in existing 
case) in visible region [9] and presence of relatively less solvent in-
clusions, structural and crystalline defects [10,11]. The reduced optical 
absorption, high optical transparency and good crystal quality sub-
stantiates the candidature of LC-KDP crystal for UV-tunable lasers, 
photonics and NLO device applications [12-14]. It is notable that the 
transmittance about 200 nm is 11% lower for LC-KDP than KDP owing to 
amine group of LC [15]. 

3.4. NLO study 

The Kurtz-Perry technique has been employed to uncover the 

prominent frequency doubling phenomenon in studied crystals. The 
selected pure and LC-KDP single crystals were uniformly grounded and 
densely compressed in a micro capillary tube of uniform bore. The 
samples were placed in target slot and multishot by polarized Gaussian 
beam of Q-switched mode Nd:YAG laser. The green colored output 
indicated the successful generation of second harmonic for 1064 nm 
wavelength. The SHG output response was collected in the form of in-
tensity which is shown in Fig. 3b. The enhanced SHG efficiency of LC- 
KDP crystal is 1.84 × (KDP) crystal. In addition to the photoinduced 
impact of phosphate group of KDP [16], the rise in SHG efficiency might 
have been inculcated by high charge mobility and π-electron distribu-
tion over the broad –H bonding network of dopant LC. The SHG effi-
ciency of LC-KDP crystal has been highlighted with reported work in 

Fig. 2. PXRD pattern of (a) KDP (b) LC-KDP.  

Table 1 
XRD data.  

Crystal Unit cell parameters (Å) Volume 
(Å)3 

Space 
group 

Crystal 
system 

KDP a = b = 7.45c = 6.99 387 I-42d Tetragonal 
LC- 

KDP 
a = b = 7.47 (±0.02) c =
6.96 (±0.02) 

388 I-42d Tetragonal  

Fig. 3. (a) Transmittance spectrum (b) SHG response of studied crystals.  

Table 2 
SHG efficiency of crystals  

Dopant in KDP SHG efficiency Reference 

L-cysteine (1 wt%)  1.84 Present study 
L-arginine (0.01 M %)  1.2 [5] 
L-histidine (0.05 M %)  1.06 [5] 
Glycine (0.1 M %)  1.09 [5] 
Formic acid (1 M %)  1.13 [16]  
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Table 2. 

3.5. Laser damage threshold (LDT) analysis 

For up-to-the-minute laser assisted devices the single crystal with 
appreciably large operative range of laser power intensities is demanded 
[17]. Hence, in present LDT analysis the single crystal LC-KDP crystal 
was multishot by the laser beam of 0.8 mm through focusing lens of focal 
length 30 cm. The prominent damage on surface observed in micrograph 
(Fig. 4) was attributed by laser pulse of energy 275 mJ which was 
quantified using energy/power meter (Model No. EPM 200). Laser 
damage is the multifaceted phenomenon which majorly depends on the 
beam width of irradiated laser and number of pulse shots applied. In 
present case, the beam irradiance leads to thermal conduction as a 
consequence of which the photo-ionization of crystal surface occurs in 
the form of melting or decomposition or crack or fusion of material 
resulting to damage [18]. The LDT of LC-KDP crystal is found to be 5.31 
GW/cm2 which is appreciably higher than several technologically vital 
NLO crystals discussed in Table 3 [19,20]. 

3.6. Dielectric study 

The low dielectric of material is the most desirable parameter for 
designing the microelectronics devices. In current investigation single 
crystals were processed and subjected to dielectric measurements. The 
dielectric constant and dielectric loss of pristine and LC-KDP crystals 
were measured at a frequency of 100 KHz within temperature range of 
40–120 ◦C by raising temperature in steps by 10 ◦C. The selectivity of 
crystal for different applications can be identified by tuning the dielec-
tric properties of crystal which are readily influenced by the external 

electric field and temperature which affect the relaxation time of mo-
lecular dipoles of material [21]. In order to study relaxation response of 
molecular dipoles the behavior of physical quantity dielectric constant 
has been plotted against temperature (Fig. 5a). The dielectric constant of 
material is attributed by ionic, electronic, space charge and dipolar 
polarization mechanisms [22]. As a consequence of active space charge 
polarization at higher temperatures the dielectric constant of both the 
studied crystals show rise in magnitude with increase in temperature 
[23]. The noteworthy fact is that the dielectric constant of LC-KDP 
crystal is much lower than KDP crystal in studied temperature range 
which indicates that power consumption is less in LC-KDP crystal. The 
lower dielectric constant increases the SHG response in material which 
is in good agreement with present SHG results and the Millers study 
[24]. The electromagnetic energy loss in the crystal can be evaluated by 
studying the profile of dielectric loss at different temperatures. The 
major dissipation is originated by extrinsic losses driven by structural 
defects, solvent impurities, porosity, micro-cracks, grain boundaries and 
random crystallite orientation [25]. Lower dielectric loss of LC-KDP 
crystal with reference to KDP shown in Fig. 5b confirms that the LC- 
KDP crystal possess fewer electrically active defects and deepened 

Fig. 4. Laser damage micrograph picture of LC-KDP crystal.  

Table 3 
LDT of crystals  

Crystal Laser damage threshold Reference 

LC-KDP 5.31 GW/cm2 Present study 
KDP 0.2 MW/cm2 [19] 
BTZA 1.9 MW/cm2 [19] 
Benzimidazole 12.44 MW/cm2 [19] 
CBTC 1.2 GW/cm2 [20]  
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optical quality [21]. The lower dielectric constant and dielectric loss 
vitalizes the utility of LC-KDP crystal for manufacturing photonics, field 
detectors, THz wave generators, electro-optic modulators and NLO de-
vices [26-28]. 

3.7. Thermal studies 

The laser based industrial devices demands crystal having high 
thermal stability operative over wide range of temperature. The 
knowledge of thermal parameters of a material is vital factor for selec-
tivity of crystal for specific application hence, LC-KDP crystal has been 
subjected to thermal analysis. The thermogram was recorded in the 
range of 25 to 800 ◦C by increasing the temperature of sample at rate of 
20 ◦C/minute. The recorded TG-DSC thermogram is depicted in Fig. 6. 
The TG curve discloses that LC-KDP crystal is thermally stable up to 
212 ◦C corresponding to 8.23 gm and further rise in temperature causes 
the steady decomposition of crystal material in several steps. The 
analysis of DSC curve reveals absence of any peak below 100 ◦C which 
evidences the absence of water molecule in crystal material. However, 
exothermic peaks appearing at 229 ◦C and 270 ◦C corresponding to 8.13 
gm and 7.89 gm, respectively, are responsible for preliminary decom-
position of material. The more sharp and prominent exothermic peak at 
325 ◦C (corresponding weight is 7.48 gm) might have been attributed 

due to fast dissociation of unstable bonds and volatile elements associ-
ated with the crystal material. The high thermal stability of LC-KDP 
crystal suggests its potential utility for NLO application operative 
below 212 ◦C. 

4. Conclusion 

A promising LC-KDP crystal of dimension 20 × 06 × 04 mm3 with 
enhanced optical, SHG efficiency, LDT and dielectric properties has been 
grown by slow solution evaporation technique. In powder XRD analysis, 
the tetragonal structure of crystals has been determined while sharp and 
high intensity peaks confirmed the enhanced crystalline purity of LC- 
KDP crystal as compared to KDP crystal. The FT-IR analysis affirmed 
the necessary functional groups of LC-KDP crystal. In UV–visible study, 
transmittance of LC-KDP crystal is found to be 87% and 79% for KDP 
crystal. The less optical scattering and absorption in LC-KDP crystal 
resulted to rise in transmittance by 8% with reference to KDP. The 
enhanced charge delocalization inculcated large increase in SHG effi-
ciency of LC-KDP which is found to be 1.84 × (KDP) crystal. The induced 
LDT of LC-KDP crystal is 5.31 GW/cm2. The dielectric measurement 
revealed that dielectric constant and dielectric loss of LC-KDP crystal is 
substantially lower than KDP crystal. The high thermal stability of LC- 
KDP crystal up to 212 ◦C suggests its good crystalline quality desirable 
for NLO applications. The good crystalline quality, high transmittance, 
low dielectric parameters, high SHG efficiency and high LDT of LC-KDP 
crystal serve highly advantageous for applications in laser frequency 
conversion, photonics, NLO and UV-tunable laser device utilities. 
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